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Climate Change, Society Issues and Sustainable
Agriculture

Eric Lichtfouse

If you do not change direction, you may end up where you are
heading.
Lao Tsu

Abstract Despite its prediction 100 years ago by scientists studying CO,, man-
made climate change has been officially recognised only in 2007 by the Nobel Prize
Committee. Climate changes since the industrial revolution have already deeply
impacted ecosystems. I report major impacts of climate change on waters, terres-
trial ecosystems, agriculture and the economy in Europe. The lesson from the cli-
mate change story is that humans do not learn from scientists until it really hurts.
Furthermore, all society issues cannot be solved anymore using the old, painkiller
approach because all issues are now huge, linked, global and fast-developing. In
that respect, actual society structures are probably outdated. Here, agronomists are
the most advanced scientists to solve society issues because they master the study
of complex systems, from the molecule to the global scale. Now, more than ever,
agriculture is a central point to which all society issues are bound; indeed, humans
eat food.

Keywords Climate change - CO, - Agriculture, Europe climate - Greenhouse
gas - Temperature - Soil C - Plant - Birds - Flood - Growing season - Drought - Food
price

1 A 100 Year-Old Prediction

More than 100 years ago, the Nobel Prize winner Svante Arrhenius (1859-1927)
estimated that a doubling of atmospheric CO;, concentration would cause a temper-
ature rise of about +5—6°C (Arrhenius, 1896, Wikipedia). Remarkably, his crude
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2 E. Lichtfouse

estimate is higher but not largely different from the +2.0—4.5°C rise now estimated
by the Intergovernmental Panel on Climate Change (IPCC, 2007). Combining his
calculations with existing work suggesting that the burning of fossil fuels could
significantly alter the concentration of carbon dioxide in the atmosphere (Hogbom,
1894), Arrhenius later became the first person to predict the possibility of man-made
global warming (Arrhenius, 1908; Weart, 2008).

Now, the recent record of atmospheric CO, levels at the Mauna Loa Observatory
in Hawaii, known as the “Keeling curve”, clearly shows a steady increase from
1958 (Fig. 1, Keeling et al., 2001, 2005; Scripps, 2008). Moreover, the comparison
of modern CO; levels with ancient ones clearly shows that atmospheric CO, has
now reached an unprecedented high level during the last 400,000 years, reaching
383 ppm in 2007 (Fig. 2). Despite accumulating evidence from various fields of
science, the human origin of climate change has been challenged during the last 30
years. Finally, in 2007, the IPCC and Albert Arnold (Al) Gore Jr. were awarded the
Nobel Peace Prize “for their efforts to build up and disseminate greater knowledge
about man-made climate change, and to lay the foundations for the measures that
are needed to counteract such change”. In the next section I report some effects of
climate change in Europe (see also Feehan et al., 2009; Jones et al., 2009; Lavalle
et al., 2009).

CO, atmospheric concentration 1958-2007 (ppm)
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Fig. 1 The Keeling curve. Concentration of atmospheric CO, recorded at the Mauna Loa Obser-
vatory, Hawaii. The increase from 1958 to 2007 is driven by the burning of fossil fuels. The short
annual variations reflect the seasonal growth and decay of land plants in the northern hemisphere.
The data are from the Scripps CO» program. Reprinted with permission of Dr. Ralph Keeling
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CO, atmospheric concentration over past 420,000 years (ppm)
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Fig. 2 CO; concentrations over the past 420,000 years. The figure shows that in 2007 the
CO; level has reached an unprecedented high level of 383 ppm. During ice ages, the CO, lev-
els were around 200 ppm, and during the warmer interglacial periods, the levels were around
280 ppm. Ancient data are based on reconstructions from polar ice cores. Modern data are from
the Mauna Loa record of the Scripps CO; program. Reprinted with permission of Dr. Ralph
Keeling

2 Climate Change in Europe

2.1 Impact on Climate and Water

The European Environment Agency has recently reviewed major observed and pro-
jected climate changes in Europe (EEA-JRC-WHO, 2008). Here I report the major
changes that are relevant for agriculture. In Europe, the mean temperature for land
has increased by +1.2°C compared with pre-industrial times. There have been more
frequent hot extremes and less frequent cold extremes in the last 50 years. Dur-
ing the twentieth century, precipitation has increased by +10—40% in northern
Europe and decreased by up to —20% in some southern parts. The intensity of pre-
cipitation events has increased in the past 50 years. Dry periods are projected to
increase in southern Europe. Annual river flows have increased towards north and
decreased towards south. Strong seasonal changes, such as lower flows in summer
and higher flows in winter, are expected. Droughts will increase, notably in summer
and in the south. Climate change has increased ozone concentrations in central
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and south-western Europe. European glaciers have lost 33% of their volume since
1850, with loss accelerating since 1980. Snow cover has decreased by 13% dur-
ing the last 40 years. Mountain permafrost is reducing due to temperature increase.
Temperatures of lakes and rivers have increased by +1—3°C during the twentieth
century.

2.2 Impact on Terrestrial Ecosystems

Warmer temperatures, notably in winter, have shifted plant species northward and
uphill. The rate of change will exceed the ability of many species to adapt. Seasonal
events in plants are occurring earlier as shown by spring occurring 7 days earlier
in 2000 than in 1971, on average. Birds, insects and animals are moving northward
and uphill. The life cycles of many species such as birds, frogs and butterflies are
advancing. Information on the effect of climate change on soil is scarce. Both ris-
ing temperatures and changing precipitation may lead to a decrease in soil organic
carbon, and, in turn, an increase in CO, emissions. Rainfall changes should also
increase soil erosion. In Mediterranean parts and central-eastern Europe intense soil
degradation may lead to irreversible desertification.

2.3 Impact on Agriculture

Climate change is affecting the growing season and yields. In the north, the length
of the growing season has increased, favouring the introduction of novel crops,
whereas in the south, the length of the growing season has decreased locally. Flow-
ering and maturity of plant species occur 2-3 weeks earlier, thus inducing a higher
risk of frost damage in spring. Extreme climate events such as the 2003 heat wave
and the 2007 spring drought have increased the variability in crop yields. In Mediter-
ranean areas the water demand for agriculture has increased by +50—70%. In con-
tinental Europe, most forests are growing faster due to better management, higher
N deposition, less acidification, increasing temperature, and increasing atmospheric
CO; concentrations. Drought and warm winter increase pest populations, and tem-
perature increase raises the risk of forest fires.

2.4 Impact on Economy

Since 1980, about 90% of natural disasters are due to weather and climate. They
represent 95% of economic losses caused by catastrophic events. Losses due to
climate events have increased during the past 25 years. The economic losses as
a consequence of extreme flood in central Europe in 2002 were estimated at
17.4 billion Euro. The economic losses as a consequence of the hot 2003 summer
were estimated at 10 billion Euro.
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3 A Novel Approach to Solve Society Issues

The lesson from the history of climate change is that humans do not learn from
scientists’ predictions until it really hurts. This principle has always been true
throughout history. It can easily be applied to most current society issues. What
has changed, however, is the nature of today’s negative impacts. While impacts
were mainly small, local and slow to develop before the industrial revolution, they
are now huge, global and fast. As a result, while it was previously possible to
solve issues by treating only impacts, because impacts were rather isolated from
the whole system, this “painkiller” or “fireman” approach does not work anymore
because all issues are now closely interconnected in space and time. For instance,
hunger and poverty of African nations is now closely linked to global warming,
which, in turn, is mainly due to excess fossil fuel consumption of rich nations.
Hunger and poverty in poor nations is also caused now by growing energy crops
in rich nations. For instance, switching the use of maize from food to biofuel
has dramatically increased maize prices in the world market. Therefore, providing
food to poor countries, the painkiller approach, will not succeed in the end if the
energy issue is not dealt with at the same time. In that respect ecological activists
were right in the 1970’s to claim that treating issue sources is better than treating
impacts.

However, treating an individual issue source is not sufficient anymore today
because all issue sources are closely linked. For instance, decreasing fossil fuel con-
sumption in rich countries implies using cars less and less cars. This will be difficult
on two grounds, at least. First, modern nations such as the United States of America
have built their towns to fit with car use, with rather long distances from home to
workplace and shopping malls. It will thus be difficult to turn back to using bicycles.
Europe is actually adapting better in that respect because towns were built in a much
more concentrated way in the Middle Ages when citizens were walking. Nonethe-
less, all citizens of rich nations should rethink their whole actual way of life, instead
of applying the “I shop therefore I am” principle (Kruger, 1987). Second, the obe-
sity issue in rich nations has increased so much that about half of the people will
not even be able to turn back to walking and cycling on health grounds (Wall-E,
2008). Unexpectedly, poor nations may adapt better in that respect, because they are
less “artificialised”. To conclude, these examples demonstrate the dependence of
seemingly independent, far-reaching issues: hunger in poor nations, global warm-
ing, energy crops, obesity in rich nations, spatial structure of modern towns, etc.
Other recent, striking examples that show that society issues have no frontiers are
World Wars and Chernobyl. Advices to solve major society issues are given in my
previous article (Lichtfouse, 2009). It is suggested in particular to study artificiali-
sation and to change sharply the society structures to adapt to current issues.



6 E. Lichtfouse
4 Sustainable Agriculture for Solving Society Issues

All society issues such as health, hunger, poverty, climate change, energy, econ-
omy, employment, politics and war are related to agriculture. Hunger and poverty
in poor nations is related to crop production. Diseases in poor nations are linked
to poverty and, in turn, to competitiveness of agriculture in a global market. Fast-
emerging health problems such as cancer are partly due to food and water contam-
ination by pesticides and other agrochemicals. Atmospheric pollution is caused in
part by trucks and planes carrying food over long distances. Industrial agriculture
is transferring soil carbon in the atmosphere as CO and, in turn, increasing global
warming. War is historically linked with agriculture because early agriculture was
at the origin of territories and borders. War is economically related to agriculture,
because wars are usually fought to control or develop markets. And so on. Agri-
culture is thus a central point to address most society issues. Here agronomists are
thus the most advanced scientists because they are used to decipher complex scien-
tific, social, political and economic issues at various levels in space and time (Lal,
2009a,b; Lichtfouse et al., 2009). Indeed, agronomists usually address a problem
using the “system” approach which considers that a specific problem is never iso-
lated and is part of a whole system of factors that can impact positively or negatively
the problem. Now, by developing principles of sustainable agriculture, agronomists
have thus the potential to solve not only common agricultural issues such as “low
crop yield”, but also world issues such as wars, poverty and climate change.
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Tragedy of the Global Commons: Soil,
Water and Air

Rattan Lal

What is common to the greatest number gets the least amounts
of care. Men pay most attention to what is their own: they care
less of what is common.

Aristotle

Abstract Soil and water resources, essential to the wellbeing of humanity, are
severely degraded and polluted. Degradation of natural resources, caused by misuse
and mismanagement, is intertwined with poverty and desperateness. Poor people do
not care about stewardship, and pass on their sufferings to the land. Extractive farm-
ing is the principal cause of mining soil fertility and depleting carbon resources.
There is a need for developing strong ethics for sustainable management of soil,
water, and natural resources.

Keywords Sustainable Agriculture - Soil Degradation - Food Security
Environmental Quality

The Prasna Upanishad, an ancient Sanskrit scripture, states ‘“Kshiti (soil), jal
(water), pawak (heat), gagan (sky), smeera (air); Panch (five) tatva (elements) yah
(from) adham (made) sharira”, or the human body is comprised of soil, water, heat,
ether and air. The importance of the quality of soil, water and air for welfare of
the biosphere in general and of the human in particular has been recognized for
millennia. Yet, these three vital components of the environment have been taken
for granted; misused, abused and exploited for short-term material gains; and often
ignored and left to fend for themselves. The degradation and abuse of these common
resources raises several questions:
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e Why are these basic truisms, e.g., Prasna Upanishad, so fundamental and vital to
human welfare and recognized for millennia by most ancient cultures and civi-
lizations, forgotten and ignored?

e Why was the desertification (dust-bowl)-related poverty and economic collapse
in the USA serious in the 1930s but not so since the World War II and the latter
half of the twentieth century?

e Why were poverty and environmental degradation serious issues in Iceland until
1950s but followed by an era of prosperity and land stewardship?

e Why are agriculture and economy thriving in Israel despite the harsh arid envi-
ronments normally prone to desertification and poverty trap?

e Why did the Aral Sea and Lake Chad suffer a catastrophic demise since 1960s?

e Why did the once highly productive and profitable agriculture of Rhode-
sia/Zimbabwe collapse since 1980s?

e Why has it been difficult to break the vicious cycle of soil degradation-poverty-
more degradation in Sub-Saharan Africa?

e Why nutrient mining at 20-40 kg/ha/yr of NPK has perpetuated at continental
scale since 1950s in Sub-Saharan Africa with the attendant decline in soil pro-
ductivity and increase in hunger and malnutrition?

Perhaps the answer to these and similar questions for other ecoregions lies in:
(a) governance, political will and visionary leadership; (b) public awareness about
land stewardship and land ethics; (c) use of modern technology; and (d) attitude
towards management of the global commons. Garret Hardin (1968), in his essay
“The Tragedy of the Commons”, reinforced what the Greek philosopher Aristotle
(384 BC-322 BC) wrote “What is common to the greatest number gets the least
amounts of care. Men pay most attention to what is their own: they care less of what
is common”.

The tragedy of the environmental commons has exacerbated the problems of: (a)
pollution of the oceans and rivers, (b) pollution of the atmosphere, (c) mining of soil
carbon for plant nutrients (NPK) leading to emission of CO», (d) over-exploitation
and poisoning of the ground water, and (e) deforestation of the world’s pristine
forests including those in North America and Europe.

The good news is that we do now recognize that mismanaging the commons
causes serious problems: deforestation causes flooding and landslides, fossil fuel
combustion causes global warming, acid rain kills trees, and mining soil fertility
causes hunger, malnutrition and social/political instability. The bad news is that we
do not yet recognize the need for using the collective wisdom and for cutting-edge
science to address the problems of the global commons. It is logical that we invest
in common resources, €.g., soil, water and air, to restore and improve them, and to
enhance their ecosystem services for present and the future generations. Institutional
arrangements, nationally and internationally, are needed to identify policies based
on “mutual coercion mutually agreed upon”. Institutional interventions can address
the problem of soil degradation, global warming, hypoxia of coastal ecosystems,
decline in biodiversity and extinction of endangered species including some soils,
e.g., peat soils.
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As a famous Latin proverb goes “Ex nihilo nihil fit” — from nothing comes noth-
ing. Indeed, there is a price attached to every solution. Any strategy to address these
commons reflects the value that our carbon civilization places on the benefits yielded
by a given technological advance and the harm that we associate with the hazards
foreseen. Such benefits and hazards must be objectively assessed, not just in mon-
etary value but, more importantly, in terms of their ecological footprints. We must
pay for all ecosystem services provided by world soils, e.g., water harvesting, water
purification, biodiversity, mitigation of climate change, denaturing of pollutants, dis-
posal of waste — nuclear, urban and industrial. The abuser/polluter must also be
required to pay even more.

It is about time that we move away from the empty rhetoric’s and capture
reality, and develop global action plans. We must develop and respect the “Land
Ethic”. As Aldo Leopold (1981) stated “There is as yet no ethic dealing with man’s
relationships to land and the animals and plants which grow upon it. Land, like
Odysseus’ slave girls, is still property. The land-relation is still strictly economic,
entailing privileges but not obligations.”

The Sanskrit scriptures sum up human relation with nature: “Everything within
the world is possessed by God. He pervades both the animate and the inanimate.
Therefore one should only take one’s fare share, and leave the rest to the Supreme”
(Isa Upanishad, Mantra 1). The concept of stewardship is ingrained in all ancient
cultures. Srimad Bhagavatam (10.22.23-35) states, “The whole life of these trees
is to serve. With their leaves, flowers, fruits, branches, roots, shade, fragrance, sap,
bark, wood and finally even their ashes and coal, they exist for the sake of others”.

The importance of using modern and innovative technologies cannot be over-
emphasized. In the context of improving agriculture in Sub-Saharan Africa, it is
important to refer to the Law of Marginality. It states that marginal soils cultivated
with marginal inputs produce marginal yields, support marginal living, and cre-
ate marginal environment prone to physical, social and economic instability. With
the world population expected to increase from 6.6 billion in 2007 to 8 billion by
2020, there is no choice but to use cutting-edge science including nanotechnol-
ogy, biotechnology, information technology and knowledge management to address
issues of soil quality restoration, water purification, soil fertility enhancement and
climate change. It is about time that we make an objective assessment of the over-
reliance on traditional knowledge, which was decisively beneficial when the pop-
ulation was small and the societal expectations were low. At present, we have to
build upon the traditional knowledge, and use the modern technology to address the
modern issues of the twenty-first century. As Francis Becon once stated “He who
will not apply modern remedies must expect new evils.”
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A Traditional Cropping System for Future
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Abstract Intercropping has a 1000-year old history in Chinese agriculture and is
still widespread in modern Chinese agriculture. Nowadays, agricultural systems in
China are stigmatized to exhaust high levels of input factors like N fertilizer or
irrigation water and to contribute severely to environmental problems like desertifi-
cation, river eutrophication, soil degradation and greenhouse effect. In this context,
monocropping systems have to be revised and may not be the best performing sys-
tems any more, considering sustainability, income security and nutritional diversity
in rural areas. Therefore, intercropping systems offer alternatives for a more sus-
tainable agriculture with reduced input and stabilized yield. Especially in the last
decade this cropping system has been rediscovered by scientific research. Studies
showed increased yield of maize and wheat intercropped with legumes: chickpea
facilitates P uptake by associated wheat, maize intercropped with peanut improves
iron nutrition and faba bean enhances N uptake when intercropped with maize.
China’s intercropping area is the largest in the world. Nevertheless, there are only
few international studies dealing with intercropping distribution, patterns and crops.
Most studies deal with nutrient-use efficiency and availability. This study is a first
approach to gain an overview of intercropping history, basic factors about interspe-
cific facilitation and competition and distribution of Chinese intercropping systems.
Finally, four intercropping regions can be distinguished and are explicitly described
with their intercropping intensity, potential and conditions.
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1 Introduction

It may be referred to as an ancient and traditional cropping system, but has a serious
potential to contribute to a modern and sustainable agriculture in China. Intercrop-
ping, defined as a kind of multiple cropping system with two or more crops grown
simultaneously in alternate rows in the same area (Federer, 1993) while minimizing
competition, is practiced in China for thousands of years. In general, intercropping
can be done with field, vegetables and even tree crops. Available growth resources,
such as light, water and nutrients are more completely absorbed and converted
to crop biomass by the intercrop as a result of differences in competitive ability
for growth factors between intercrop components. The more efficient utilization of
growth resources may lead to yield advantages and increased stability compared to
sole cropping and, hence, offers an option for a sustainable low-input cropping sys-
tem and economic benefits. Though this practice may have some drawbacks, some
may be overcome by proper intercrop selection and management. Table 1 lists possi-
ble benefits and uncertainties of intercropping compared to classical monocropping
systems.

In China, estimations between more than 28 million ha (Li et al., 2007) and
3.4 x 107 ha (Li, 2001) of annually sown area are under intercropping, with a big
share in agroforestry (Table 2).

Table 1 Benefits and uncertainties of intercropping systems

Benefits Uncertainties
Maximized land use Limited possibilities for production
mechanization

Allows more than one harvest per year (e.g. with Harvesting produce more difficult
relay intercropping)

Diversification of crops for market supply Higher management demand
Risks of crop failure may be reduced No extensive production of stable or cash
crops
Farmers may be better able to cope with price A poorly chosen intercrop competes with
variability main crop

Higher yield and improved resource efficiency Intercropping may not significantly improve
the soil nitrogen levels
Boost the soil nitrogen content in the Herbicide use may be constrained
medium-to-long term especially when
legumes are involved
Soil structure may improve if plants with various
root structures are grown
Rotation effect and improving soil erosion
control
Reducing pests and weeds
Reducing reliance on energy-intensive farming
inputs and therefore less eutrophication and
emission
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Not only tradition and extent of intercropping practice in China are liable for
the appearance of a great number of studies dealing with intercropping in China,
but the alternatives and options of this cropping system for ecological and sustain-
able agriculture, especially over the last decade. Foremost in the last decade, Chi-
nese researchers showed an increasing interest in this cropping system. However,
research on intercropping has mostly been carried out in Africa, India and Australia,
leading to a better understanding of these systems in these countries.

Internationally published studies dealing with intercropping convey the impres-
sion that the main interest of these systems lies upon plant nutrition as most of them
consider the increased nutrient availability and uptake, the soil nitrate content and N
leaching under intercropping in comparison with monocropping (Table 3). However,
there is still a research gap considering crop production and cropping designs, espe-
cially as the studies about nutrient supply and availability in intercropping systems
are mostly conducted under controlled conditions. The performance and behavior of
intercropping systems in comparison to monocropping systems under field condi-
tions are still fairly unknown. In addition, other aspects like N-efficiency, water-use
efficiency, influence of tillage, pests and diseases or even the calculation of land
equivalent ratios (LERs) have not been considered in the international literature
so far. Further, in contrast to other countries like India or Africa, in China there
is no special breeding of varieties suitable for intercropping comparable to a few
approaches in some African regions. In rural areas, intercropping is practiced as a
so-called unconscious cropping system, which forms a big part of the whole inter-
cropping area in China: monocropped fields that are enclosed with one row of a
different crop to separate them from neighbouring fields, limited field size turning
the borderlines of one field to another to an intercropping pattern (Fig. 5). Of course,
intercropping is common and widespread, but the main reason for a farmer to carry
out intercropping is to use all available land for production, as arable land is scarce.
Due to restricted land-use rights Chinese farmers are not able to increase the size of
their farms and expand cropping areas. Hence, maximizing yields is only possible
by optimizing crop management strategies leading to a better utilization of natural
resources over space and time. Intercropping may be a suitable strategy to do so
as multiple crops can be grown simultaneously over space and time offering the
chance to better utilize solar radiation, nutrients and water over the growing period.
Intercropping bears more advantages and is more than maximized field exploitation.

In China, two main systems of intercropping are common: strip intercropping
and relay intercropping (Fig. 1, 3). Strip intercropping is defined as cropping two or
more crops simultaneously in different strips, wide enough to permit independent
cultivation but narrow enough for the crops to interact agronomically (Vandermeer,
1989). Relay intercropping means the maturing annual crop is interplanted with
seedlings or seeds of the following crop (Federer, 1993). Intercropping can be prac-
ticed further as an additive or a replacement system (Fig. 2). Additive means that
one crop is planted in a similar arrangement to its sole-crop equivalent, and a second
crop is added, so that the total plant density increases (Keating and Carberry, 1993).
In contrast, a number of a few rows of one crop can be replaced by a second crop
with total plant density not necessarily changing.
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Table 3 Overview over experiments and main researches dealing with intercropping cereals

in China
System Main research References
wheat/maize Spatial compatibility and Li and Zhang (2006);
temporal differentiation of Li et al. (2006);
root distribution
Competition-recovery Li et al. (2001b);
production principle Zhang and Li (2003).
NO3" content in the soil profile Li et al. (2005);
or NO3~ concentration in Song et al. (2007);
the rhizosphere or N Ye et al. (2005);
uptake Zhang and Li (2003).
Inner- and border-row effects Liet al. (2001).
wheat/soybean N, fixation rate and/or N Li and Zhang (2006);

wheat/faba bean or
maize/faba bean or
wheat/chickpea or
maize/chickpea

maize/peanut

uptake

Competition-recovery
production principle

Inner- and border-row effects

Utilization, availability and
uptake of P

Utilization, availability and
uptake of N

NO3~ content in the soil profile

Spatial compatibility and
temporal differentiation of
root distribution

Reduction of Fe chlorosis

N, fixation rate and/or N
uptake

Nutrient (Fe, P, N, K, Ca, Zn,
Mn) supply

Liet al. (2001b);
Zhang and Li (2003).
Li et al. (2001D).

Li et al. (2001a).

Li and Zhang (2006);
Li et al. (2003);

Li et al. (2004);

Li et al. (2004);

Li et al. (2007);
Zhang and Li (2003);
Zhang et al. (2004).
Li et al. (2003);
Song et al. (2007);
Xiao et al. (2004);
Yu and Li (2007);
Zhang et al. (2004).
Li et al. (2005).

Li et al. (2006).

Inal et al. (2007);
Zhang and Li (2003);
Zhang et al. (2004);
Zheng et al. (2003);
Zuo et al. (2004).
Zuo et al. (2004).

Inal et al. (2007).

Two practical examples, first for strip or row intercropping, second for relay inter-
cropping, should be mentioned which show the positive implications of intercrop-
ping. First, in China’s northeast 0.3 x 10° ha of maize fields have been converted
to intercropping with sweetclover. Even by planting one-third of the field with
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Fig. 1 Scheme of the two main intercropping systems in China: Strip intercropping (A), where
two or more crops are grown simultaneously on the same field in different strips, e.g. four rows
of crop A and four crops of crop B. Relay intercropping (B), where the maturing annual plant is
interplanted with seeds of the following crop, e.g. 75% of wheat is sown in autumn and a few days
or weeks before wheat harvest, maize is interplanted

sweetclover, the results in maize yields are about the same as those from monocul-
ture. But there are additional 15 t/ha of sweetclover to feed three cows a year (Wen
et al., 1992). Thus,without maize yield reduction, the amount and quality of pasture
can be improved leading to an extension or an increase in livestock, as livestock
farming is often based upon substrate fodder. Especially around the big cities Bei-
jing, Tianjin and Shanghai and in the provinces Jiangsu, Zhejing and Fujian, cattle
are mostly used for unimproved production and draught (Guohua and Peel, 1991).
Improved production for milking is necessary to increase in nearly all provinces,
and therefore, good and enough pasture is a big point. Second, relay intercrop-
ping showed that it is possible to increase grain yields of summer maize without a
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Fig. 2 Considering plant density, two main systems of intercropping exist. (A) In an additive
intercropping system (1.), crop A is planted in a similar arrangement and amount to its sole-cropped
equivalent, and a crop B is added. Total plant density increases. (B) In a replacement system (r.), a
few rows of crop A are replaced by crop B. Total plant density does not necessarily change
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Fig. 3 Two examples of typical intercropping systems in the North China Plain: (A) Strip inter-
cropping of maize and soybean (l.), where two or more crops are grown simultaneously on the
same field in different strips. Three rows of soybean alternate with maize. These small strips often
mark the borderline between two fields owned by different farmers and are the so-called uncon-
scious intercropping. (B) Relay intercropping of wheat and maize, where the maturing annual plant
is interplanted with seeds of the following crop (r.). Wheat and maize have a few days or weeks
of overlapping growing season. When the wheat is harvested, the maize still grows for more than
3 months. In such a system plant density of maize is less than in monocropped systems (pictures:
Zhang, F. and Feike, T.)

decrease in winter wheat productivity. This is remarkable, since only 75% of winter
wheat sowing acreage is cultivated (Boning-Zilkens, 2004). But there is additional
summer maize yield because of an elongated growing season.

2 General Questions About Competition and Facilitation

A brief basic introduction on intercropping, the influencing factors like competition
for radiation, CO,, water and nutrient availability, the ratio of competition and facil-
itation, resource capture and conversion efficiency is given by Vandermeer (1989)
and Fukai and Trenbath (1993). Previous studies mainly dealt with competition
(Keating and Carberry, 1993; Tsubo et al., 2001) and less with facilitation. However,
interspecific competition and facilitation are two aspects of the same interaction,
turning the system of intercropping to a successful one under some circumstances.
Jolliffe (1997) pointed out that mixtures are significantly more productive than pure
stands on an average of 12%. Current studies pronounce the interspecific facilita-
tion (Li et al., 2001a,b, 2007; Zhang and Li, 2003) and hence, cultures or cereals
suiting to each other for a better cropping management. Factors like root distribu-
tion (Li et al., 2006), root interactions (Inal et al., 2007; Li et al., 2003b; Zhang
et al., 2004; Zheng et al., 2003), above- and below-ground interactions meaning
row effects (Li et al., 2001a; Zhang and Li, 2003), N, P, K (Li and Zhang, 2006; Li
et al., 2003b, 2004, 2007) and Fe (Zheng et al., 2003; Zuo et al., 2004) supply or
modeling competition (Bauer, 2002; Kiniry et al., 1992; Piepho, 1995; Rossiter and
Riha, 1999; Yokozawa and Hara, 1992) have been studied recently.
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Competition or facilitation extents are difficult to class with their overall extent
because of their intermingling. The success of intercropping is attempted to be mea-
sured by calculating the relative performance of the species. The most common
parameter for judging the effect of intercropping is the land equivalent ratio (LER).
A long, detailed and comprehensive list of international studies using the LER as an
indicator of success is shown by Innis (1997). There, in almost all studies, LER was
greater than 1 indicating that the intercropped species overyielded its monocropped
counterparts. The LER is defined as

n
LER = " Y;i/Yjs (Wubs et al., 2005).
j=1

Y ji = yield of component crop j in intercropping
Y js = yield of component crop j in sole cropping

Jolliffe (1997) promoted the relative yield ratio (RYT) instead of the LER, but
the RYT may be equivalent to LER as the same formula is used:

RYT = [(Ym / (Fm] + [(%), / (¥),] (Jolliffe, 1997).

Y =yield

i, j = species 1 and 2
m = species mixture
p = pure stand

RYT and LER do not express the simple ratio of mixture to pure stands, nor
do they involve equal populations and areas allocated to mixture and pure stands
(Jolliffe, 1997). Instead, Jolliffe calculated the relative land output (RLO):

RLO = (Yi +Yi+.. ')m / (Yi +Yi+.. ')p (Jolliffe,1997).

In order to get some information about the competitive ability of one species to
another, the aggressivity (A) can be calculated:

Aab = [Yia/ Ysa % Fa) | — [Yin/ (Ysp * Fp) ] (Li et al., 2001a).

Y = yield

s = sole cropping

i = intercropping

F = proportion of the area occupied by the crops in intercropping
a,b=crop 1 and 2

When A, > 0, the competitive ability of crop A exceeds that of crop B. In addi-
tion, the nutrient competitive ratio (CR) is given in the following equation:
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CRyp = [NUja/ (NUg, % Fy)] / [NUiy (NUs, * Fp)] (Li et al., 2001a).

NU = nutrient uptakes by species

When CRyp, > 1, the competitive ability in taking up nutrients of crop A is more
efficient than that of crop B. At least, the cumulative relative efficiency index (REI)
is a measure that compares the proportional change in total dry matter within a given
time interval of one species relative to another:

REL = Keorp a/Kerop b (Hauggaard — Nielsen et al., 2006).

Kcropab = dry matter,, at time #,/dry matter,y, at time 7

3 A Traditional Cropping System as a Contribution
to Sustainable Agriculture in China

Historically, intercropping has already been proven for the Dong Zhou and Qin
dynasties (770-206 BC) as a special form of crop rotation. Initiated from cropping
of forests together with grains or cereals, the intercropping practice went further on
with hemp, soybean, mung bean, rice and cotton as well as a system of intercropping
of grains with green manure plants.

One of the early and important written documents about crop rotation and inter-
cropping as a sub-item was the “Important Means of Subsistence for Common Peo-
ple”, dated back to the period of Wei and Jin dynasties (200-580 AD). It pointed out
the possibility to improve soils by multiple cropping of red bean, mung bean and flax
and described the theoretical and technical basis for proper rotations of leguminous
plants and cereals. During the Ming Dynasty (1368-1644), the “Complete Works
of Agronomy” was written by the agronomist Xu Guangqi, who summarized his
experience on intercropping of wheat and broad bean (Gong et al., 2000). Besides,
multi-component systems with some pertaining to intercropping are often reported
in ancient literature, e.g. “Essential Farming Skills of the People of Qi” (~600 AD),
“Agricultural Treatise of Chen Fu” (1149) and “Complete Treatise on Agriculture”
(~1600) (Li, 2001).

In ancient Chinese agronomy literature it is postulated that farming activities
should be in accordance with seasons, climate, soil conditions and nutrient input.
Ellis and Wang (1997) showed in their regional field study on traditionally cul-
tivated and used agroecosystems in the Tai Lake Region that these systems were
capable of sustaining high productivity for more than nine centuries. Further, Chi-
nese philosophers always pronounced the harmonious relationship between humans,
nature and environment, e.g. Zhou Yi’s famous treatise “The Book of Change” or the
Yin and Yang theory (Li, 1990), which had profound influence on the practice and
formulation of integrated farming systems in modern Chinese agriculture policies,
e.g. China’s Agenda 21. This Agenda, approved on 23 March 1994 in the form of
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Multiple cropping

“Growing two or more crops on the same field in a year”

- sequential cropping

- relay intercropping

- strip intercropping

Time (1 year)

Rotation

“Successive cultivation of different crops in a specified order on the
same fields over a period of years”

|
Time (4 years)

Fig. 4 Differences between and definitions of rotation, multiple cropping and intercropping
(Graphic taken from Wageningen University, presentation 2002, definition of rotation added by
the author)

the White Paper on China’s Population, Environment and Development, lays down
some basic principles for the comprehensive management of a sustainable agricul-
tural development. As a consequence, Chinese Ecological Agriculture, not to con-
fuse with European Organic Farming, puts a great deal of emphasis not only on
the protection of the environment and the saving of resources but on the all-around
development of the rural economy and specifically on rural income-generating activ-
ities (Sanders, 2000). Intercropping might be one suitable strategy.

In a public western view, modern agricultural development, except some Euro-
pean organic farming labels, has less to do with ancient philosophy, but more with
intensive monocultures (cash crop), extensive use of energy, fertilizer and pesticides
and machinery replacing manpower and human labour force. Considering the actual
agricultural situation in China (Lin, 1998; Liith and Preusse, 2007) — production as
well as markets — intercropping as a well-adapted cropping system in this country is
an option to solve the massive environmental problems caused by high use of fossil-
energy-based inputs and a non-resource-preserving agriculture. Hence, a traditional
cropping system could turn out to be a modern one (Lu et al., 2003; Zhen et al.,
2005).

Intercropping is known as a system being more efficient in poorer soil and
environmental conditions — because of a higher uptake and utilizing efficiency of
resources like nutrients — and low-input cultivation, but losing this advantage in
high-input cultivation. A theory about intercropping and input level says that the
productivity of intercropping systems is higher than for pure crop situations when
the input is low, but that this advantage decreases as the inputs increase (Wubs et al.,
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2005). Besides, seriously managed intercropping grants an option for a sustain-
able low-input cropping system with some kind of rotation effect, reducing pests
and weeds, reducing reliance on energy-intensive farming inputs and therefore less
eutrophication and emission, improving soil erosion control and, after all, giving
economic benefits.

The enormous increase in grain yield and production per capita in the last 50
years in China appeared mostly due to the increased industrial energy inputs, espe-
cially in the form of chemical fertilizer (Tong et al., 2003) and irrigation water
(Binder et al., 2007). It is not only to increase yield, but to compensate for the
loss and degradation of the best lands through industrialization, erosion and soil
misuse because of excessive irrigation, unadjusted cropping systems and chemical
fertilizer.

For example, in the middle reaches of Heihe River in the Hexi Corridor region,
the change of cultivation modes — crop—grass intercropping instead of monocrop-
ping — intimated a reduction in soil wind erosion and a halt in sand entrainment
(Su et al., 2004). In this region it occurs that dust transport from farmlands is about
4.8-6.0 million tons per year and consequently higher than that of sandy desert dust
transport in the same region.

In entire China, the use of mineral fertilizers grew more than 50 times from
1962 (0.63 million tons) to 1994 (33.18 million tons) with 80% being N fertilizer
(Inal et al., 2007). The average fertilizer consumption in 2002 was 277.7 kg ha™!
arable land (FAO, 2006), rising in the irrigated areas to 450 kg ha~—!. Consider-
ing N-fertilization amounts, China ranks first in the world. Simultaneously, the
yield per unit chemical fertilizer use decreased from 164 (rice), 44 (wheat) and
93 (maize) kg kg_l in 1961 to 10 (rice), 6 (wheat) and 9 (maize) kg kg_1 in 1998
(Tong et al., 2003). This decline appears as a result of fertilizer saturation, soil degra-
dation, strong soil, atmosphere and water pollution and poor and low-quality land
use. Further, more than 100,000 people were poisoned by pesticides and fertilizers
during 1992-1993, and more than 14,000 of them died (Sanders, 2000). Thus, low-
input cropping systems sometimes yielding (economically) as high as high-input
cropping systems are to be favored, further offering the change to save natural and
ecological resources.

China is such a large country that any land use (Xiaofang, 1990) change would
contribute greatly to changes in the global world (Tong et al., 2003). The country
is known as an important source of methane from rice paddies as well as atmo-
spheric nitrous oxide generated by the increasing use of large amounts of low
grade and highly volatile ammonium bicarbonate fertilizers. In contrast, China has
an urgent demand for food for a rapidly growing population (Gale, 2002; Lu and
Kersten, 2005; Ministry of Agriculture of the People’s Republic of China 2004).
Only 25.7% of Chinese agricultural area is suitable for arable land usage, with 2.2%
being permanent crops (FAO, 2006). With 1.32 million people, China has 20% of
the world’s population but only 9% of the world’s arable cropland. There is only
0.1 ha per capita, which is one-third of the world’s average (Wen et al., 1992). Fol-
lowing Tong et al. (2003), more than 60% of all cultivated land is poor in nutri-
ents, and only 5-10% is free from drought, water logging or salinity. Two percent
of China’s total land area can be considered desertified by human-induced resource
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degradation (Sanders, 2000). This shows that China has a great demand for resource-
and environment-saving agriculture systems being able to feed the country. Inter-
cropping as a widely practiced and accepted cropping system could contribute to a
more sustainable land use in this context.

In respect of the enormous environmental problems, like water shortage and pol-
lution, over-fertilization, high nitrous emissions, leaching, soil degradation, erosion,
etc., caused by agriculture in China, sustainability is an increasing factor to con-
sider in future preventing natural catastrophes and preserving production levels (Lei,
2005). Climate change and resulting implications for sustainable development was
a topic in the Regional Implementation Meeting of the United Nations Economic
and Social Commission for Asia and the Pacific, held in November 2007. Around
15.5% of the GDP in 2006/2007 in China came from agriculture, animal husbandry
and forestry, though more than 50% of the population depends on agriculture for
their livelihoods and hence, a large proportion of the population depends on the cli-
mate and the climate change (Prabhakar, 2007). For 2050, the UN figures on scarcity
of freshwater availability affecting more than a billion people in Central, South, East
and South-East Asia. Additionally, crop yields are predicted to decline in parts of
Asia between 2020 and 2050 about 2.5 to 30%. Freshwater availability, droughts and
floods due to greenhouse gas emissions, water pollution and soil degradation will
be the main problems. Therefore, natural resource and integrated ecosystem man-
agement are identified to be major priority actions. The Commission accentuated
clearly (Prabhakar, 2007): “Revisiting the existing cropping patterns and systems is
needed”. As monocropping means higher risk, in terms of income security, nutri-
tional diversity in rural areas and the possibility of severe impacts to large areas
due to pest and disease outbreak in a changing climate, mixed and intercropping
practices are the only alternative that may have multiple benefits.

4 The Nature and Extent of Chinese Intercropping

One-third of China’s cultivated land area is used for multiple cropping (Fig. 4),
and a half of the total grain yield is produced with multiple cropping (Zhang and
Li, 2003). At present, about more than 70% of farm products are attributed to the
improved multiple cropping systems like rotations or intercropping (Zhang et al.,
2004). Between 1949 and 1995, the multiple cropping index, meaning the sown
area:arable area ratio, increased from 128% to 158%, according to an increase of 2.7
x 107 ha of farmland (Li, 2001). Although, intercropping is only one example of the
various aspects of multiple cropping, it is substantial as China’s intercropping area
is the largest in the world. As an example, in 1995 the area under wheat intercropped
with maize was about 75,100 ha in Ningxia, producing 43% of total grain yield for
the area (Li et al., 2001a). While the most common agricultural land use in the Heihe
River Basin before 1980 was to crop wheat, the intercropping of wheat together
with maize increased after 1980. Today, 20% of the agricultural land in this region
is sown with wheat, 40% with maize and 40% with wheat intercropped with maize
(Yamazaki et al., 2005). Furthermore, intercropping has become the most common
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cropping system for peanut production in northern China (Zuo et al., 2004). Of 31
provinces 27 have land under peanut production. In 1991, the UNEP granted the
Zhang Zhuang region the Global 500 award, given for sustainable farming systems
in the sense of Chinese Ecological Agriculture (Sanders, 2000). In this region there
were altogether ten different modes of intercropping, including cereals and oil crops
and cereals and vegetables.

The most common intercropping types considering cereals or grains are those of
wheat and maize, wheat and cotton, wheat and faba bean, wheat and soybean, maize
and soybean, maize and faba bean and maize and peanut. Sorghum and maize are
often used to enclose fields. In addition, there is a vast range of possible combi-
nations of grains together with vegetables. Rice is mostly cultivated in the south
where most of the high-quality land is found. In contrast, wheat is cultivated in
central China and in the north, and maize is cultivated in central, the northeast and
the north of China. The center of cereal production moved slightly towards north-
ern China (Tong et al., 2003), with the North China Plain being China’s granary.
Various inter- or relay-cropping patterns are practiced mainly in the north, the
northeast and northwest and the southwest, especially in Xinjiang, the corridor in
the Gansu, Yinchuan plain, Hetao in Inner Mongolia, the Northeast Plain, the North
China Plain, along the Yangtze and Yellow rivers, and also in lower dry lands and in
hilly areas of South China (Ren, 2005). Wheat intercropped with maize has become
increasingly popular in the irrigated area of the Hexi Corridor in the Gansu province,

Fig. 5 Average field size in China is very small, so the collectivity of field borders can be con-
sidered as intercropping in a larger scale (pictures: Feike, T.). Typical sequential borderlines in the
North China Plain are between soybean, cotton, maize or sorghum, various vegetables, especially
cabbage, and interjacent poplar trees
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Hinjiang

Fig. 6 Provinces where intercropping with cereals is popular (grey); regions where intercropping
with cereals is less common (white) (Graphic taken from USDA, 2007, marking of intercropping
regions added by the author). In a rough and simplified visualization, China can be classified into
four intercropping regions I to IV: Going from Northeast and North (I) to Northwest (II) and
Yellow-Huai River Valley (III) and finally to Southwest (IV) the cropping systems change from
one crop a year (I + II) with a great potential for intercropping to relay intercropping (III) of
especially maize and wheat and double cropping systems and at least three cropping seasons per
year (IV) with different kinds of rotations, and rotations replacing intercropping

along the Huanghe River in Ningxia and in Inner Mongolia regions (Zhang and
Li, 2003). In China’s northwest, wheat/soybean and maize/faba bean intercropping
systems are well established, and peanut/maize intercropping is widespread in the
northern parts of the country (Zhang and Li, 2003). In the southwest, wheat—maize
intercropping predominates within irrigated spring maize cropping systems. Also
within rainfed spring maize cropping systems, intercropping is common. Especially
in Sichuan province, wheat-maize intercropping is the most common agroecosys-
tem model (Meng et al., 2006) (Fig. 6).

5 Intercropping Types and Regions

There are different approaches to divide China’s agricultural land into specific agri-
cultural regions. The most common is to partition the country into nine, respectively
ten, agricultural regions (Guohua and Peel, 1991) situated in middle and eastern
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parts of China, depending on percentage of cultivation, climatic features and pro-
duction systems. The agricultural region boundaries are not necessarily authorita-
tive. The agriculture production system zone code of the PR China actually splits
the country into 12 zones (FAO, 2007). As the title already tells, the production sys-
tem — whether it is single or multiple cropping, cropping for uplands or paddy field —
is decisive. Meng et al. (2006) analyzed the various cropping systems and potential
production with regard to maize production, and divided China’s cultivated land
into six agricultural regions depending on significant differences in maize cropping
patterns and practices.

Concerning intercropping, China’s cultivated land can be classified into four
main types and regions — illustrated in Fig. 6 — which is just a first and general
approach to classify intercropping regions at all because there has been no detailed
statistic or documentation dealing with intercropping in particular so far. This basic
classification takes the underlying potential for intercropping and the intercropping
practice into account (Atlas of the PR of China, 1989; Meng et al., 2006). In general,
the agricultural regions in the north, northeast and northwest have more potential
for intercropping than the regions in the south, even if the southeast has the highest
average precipitation per year, a subtropical, humid and monsoonal climate and with
around 135-242%, the highest multiple cropping index in China. The southwest is
a very important agricultural region for China with a great diversity of crops, fruits
and vegetables, but the climate conditions allow more flexible rotations, thus replac-
ing intercropping systems. Going from north to south the cropping systems change
from one crop a year with a great potential for intercropping to relay intercropping
of especially maize and wheat and double cropping systems and at least three crop-
ping seasons per year with different kinds of rotations and increasing number of
paddy fields (Table 4).

5.1 Type I: Single Cropping with Great Intercropping Potential

The Northeast is characterized by a cold-temperate/semi-humid and temper-
ate/humid climate zone in the north of the agricultural zone and temperate conti-
nental monsoonal climate zone. But there are also temperate, humid, monsoonal to
subtropical, semi-humid, monsoonal climate conditions to be found.

In the North, there is a warm-temperate, semi-humid, monsoonal and
also temperate continental climate. Dark brown soils, phaeozems, chernozem-
castanozem-dark loessial soils, brown soils and cinnamon soils are predominant
with high accumulation of organic matter. Especially in the Northeast, the soils tend
to be slightly acidic or calcareous, with the latter being a problem for, e.g., peanut
production. In calcareous soils, the Fe availability is weak because of immobiliza-
tion of Fe in alkaline soils. Peanut is an important crop in this region, and the disad-
vantage of Fe availability can be remedied through intercropping as shown later.

In both, Northeast and North of China, with the provinces and municipalities
Liaoning, Jinlin, Heilongjiang, parts of Inner Mongolia, Beijing, Tianjin, parts of
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Hebei and Shanxi, intercropping is widespread. The climatic features allow only
one crop per year. The average precipitation is between 200 and 800 mm/year with
rain falling mainly in summer, whereas spring droughts are frequent. The winters
are long and cold, and there is a large daytime—nighttime temperature gap during
the whole growing season. In addition, the average temperature is very low. The
varieties grown in this region have to be fast-maturing varieties. Only crops which
prefer semi-moist and warm conditions can be grown, thus reducing the cultivation
range to especially maize, soybean, peanut, potato, spring wheat and millet. Gener-
ally, the production system is based upon rainfed conditions. In Hebei, Shanxi and
around Beijing, irrigation is also practiced. In the northeast as well as in the north,
intercropping can provide an optimal site utilization, a higher yield compared to
monocropping and an improved diet diversification.

5.1.1 Intercropping Maize with Peanut

Peanut is the major oilseed crop in China constituting 30% of the land’s total oilseed
production and 30% of the cropped area (Zhang and Li, 2003). But especially in
north China with its calcareous soils, iron deficiency chlorosis is often observed and
Fe deficiency is one of the most common yield-limiting nutrients that causes serious
economic problems in peanut monocropping systems (Zuo et al., 2004). Maize has a
great potential to improve the Fe nutrition of peanut within an intercropping system
by rhizosphere interactions (Fig. 7). In an experiment of Zhang and Li (2003), young
leaves of peanut plants in rows 1-3 from the maize grew without visible symptoms
of Fe deficiency, while those in rows 5-10 showed a variable degree of chlorosis.
They were all chlorotic when roots were separated. Peanut is a strategy I, and maize
a strategy II species. Strategy I plants respond to Fe deficiency with increased ferric
reductase activity of roots and acidification of the rhizosphere by releasing protons
from the roots. Strategy II plants excrete phytosiderophores into the rhizosphere
thus being more efficient in Fe deficiency surroundings. They mobilize Fe (III) and
benefit the iron nutrition of maize as well as peanut (Marschner, 1986).

The results indicate the importance of intercropping systems as a promising man-
agement practice to alleviate Fe deficiency stress (Inal et al., 2007), because soil
amendments and foliar application of Fe fertilizers are usually ineffective or uneco-
nomical for correcting Fe chlorosis. But in addition and especially in calcareous
soils, the effects of soil moisture on soil iron availability under intercropping could
be more complicated compared to monocropping. Zheng et al. (2003) showed that
the Fe nutrition of peanut intercropped with maize could be affected by soil mois-
ture condition. Root growth of peanut was significantly inhibited at 25% soil water
content compared to those at 15% soil water content. Also, chlorophyll content in
the new leaves of intercropped peanut decreased and leaves became chlorotic at 25%
soil water content.

The improved Fe availability is the underlying reason for an increased N uptake.
Competitive interactions between maize and peanut for N and improvement of Fe
uptake by peanut were likely to be important factors affecting N, fixation of
peanut (Zuo et al., 2004). Also the nitrate concentration in the soil rhizosphere of
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Fig. 7 Intercropping of maize and peanut reduces iron chlorosis in peanuts on calcareous soils
(pictures: Zhang, F.). (A/B): Differences between (strip) intercropped (l.) and monocropped (r.)
peanut in the field. (C/D): Differences between intercropped (1.) and monocropped peanut (r.) in a
pot experiment. In the pot experiment as well as in the fields, peanut shows less Fe chlorosis when
intercropped with maize

intercropped peanut did not increase, nor did the N uptake by peanut compared
to sole stand. The authors concluded that the improvement in Fe nutrition was an
important factor promoting N, fixation by peanut. The competition for N between
maize and peanut was not the stimulating factor for N, fixation, but the increased Fe
availability and uptake by peanut. Both peanut and the root nodule bacteria require
Fe for many metabolic functions at several key stages in the symbiotic N, fixa-
tion. Furthermore, high levels of soil nitrate can be a potent inhibitor of N, fixation
because then the legumes thrive without fixing atmospheric N (Zuo et al., 2004).
Competition for N in a cereal/legume mixture acts as a stimulator for N, fixation.

5.2 Type II: Single Cropping for Cold Climate and Semi-Arid
Crops to Double Cropping for Irrigation Farming

The north-western intercropping region includes the provinces Gansu, Qinghai,
Nigxia, Xinjiang, parts of Inner Mongolia and parts of Shaanxi. In comparison to
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the provinces in the North and the Northeast, the Northwest of China has higher
average temperature and more frost-free days, but the average precipitation with
10-250 mm per year is very low. The climate is temperate continental and subtropi-
cal, humid in the east and west of the agricultural region changing to dry, continental
temperate in the middle. There are long, cold winters and short, hot summers with
temperature shifting greatly from day to night as well as from season to season.
The crops and varieties grown are fast-maturing ones. Usually, the region was a one
harvest-one year district and intercropping wheat with soybean, wheat with mil-
let and maize with faba bean was the main planting system before 1960. From the
1960s onwards, relay intercropping systems with wheat and maize established more
and more due to irrigation and varieties improvement. The improvements also led
to a gradual shift to a double cropping system in irrigation farming. Although the
Northwest is a typical intercropping region with a long intercropping tradition and
with intercropping systems being more differential than in the Northeast and the
North, the potential for intercropping changes in direction from strip intercropping
to relay intercropping and finally to double cropping. Nowadays, intercropping prac-
tice in this region is almost all relay intercropping of wheat and maize or wheat and
cotton.

5.2.1 Intercropping Wheat or Maize with Legumes

Intercropping wheat with faba bean or soybean increases the yield of wheat in nearly
all studies: yield and nutrient acquisition by intercropped wheat and soybean were
all significantly greater than for sole wheat and soybean (Li et al., 2001a). Here,
intercropping advantages in yield were between 28% and 30% for wheat/soybean.
Wheat/soybean had also significant yield increase of intercropped wheat over sole
wheat in the study of Zhang and Li (2003). Intercropping resulted in a yield increase
in wheat as well as in faba bean between 7% and 46% (Song et al., 2007).

One reason is the effect intercropping has upon N uptake and availability. Zhang
and Li (2003) showed that yield increased of about 53% in wheat/soybean, where
aboveground effects contributed 23% and belowground effects contributed 30%. For
increased N uptake they measured a contribution of 23% aboveground effects and
19% of belowground effects, resulting in an increased overall N uptake of 42%. In
contrast to soybean wheat had a greater capability of acquiring nutrients because
of the enhanced aggressivity of wheat over soybean. A greater competitive abil-
ity and aggressivity of wheat as well as the better nutrient CR led to a greater
capability of wheat to acquire nutrients, concerning not only N, but also P and
K (Li et al., 2001a). The N accumulation by wheat was mainly due to increased
border row N uptake which shows that intercropping is based upon an edge
effect.

Besides nutrient acquisition, additional components like border row effects con-
tribute to the overyielding of intercropped wheat. Yields of wheat in border rows
significantly increased compared with yield in the inner rows or in rows of sole.
Zhang and Li (2003) pointed out that out of a 64% overall increase in yield in inter-
cropped wheat, about 33% came from inner-row effects and about 67% came from
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the border-row effects. The higher crop overyields due to extra sunlight that taller
crops receive on their borders. But accordingly, the N and P accumulation in the
border row were significantly greater than in inner row or in sole wheat. Both, bor-
der row and inner row contributed to the increase in yield. Studies of Cruse (1996),
Ghaffarzadeh (1999), Leopold Center (1995) and Zhang and Li (2003) mentioned
that four to six rows seem to be the optimum. Up to six rows a mixed stand is com-
parable to a sole stand.

The main advantage of intercropping wheat with a legume like soybean or faba
bean is the complementary N use; that means, wheat competes much better for soil-
available N than the legume and, conversely, the legume is forced to get nitrogen
from atmospheric N fixation. The competition from wheat in acquiring N through
intermingling roots enhanced N fixation in faba bean by about 90% (Xiao et al.,
2004). In addition, there is a small N transfer from faba bean to wheat between
1.2% and 5.1% of faba bean N, according to the used measuring techniques, the
root distance and contact. This supports the hypotheses of N-sparing by faba bean
due to increased N fixation and the increased resource-use efficiency by cropping
wheat and a legume together.

Nevertheless, the enhanced N availability or uptake of a cereal crop combined
with a leguminous plant like faba bean is more investigated by intercropped maize
than intercropped wheat. As shown, the belowground interactions between inter-
cropped species can be more important than aboveground interactions. Intermin-
gling of roots makes sure that nutrients can be used more efficiently because of
different mobilizing processes, leading to a higher yield (Li et al., 2007; Zhang and
Li, 2003; Zhang et al., 2004). Intermingling of maize and faba bean roots increased
N uptake by both crop species by about 20% compared with complete or partial sep-
aration of the root system (Li et al., 2003b). The N uptake of faba bean was higher
than sole cropped faba bean during early growth stages and at maturity, whereas N
uptake of maize did not differ from that by sole maize at maturity, except when P
fertilization was high. Because organic acids and protons released by faba bean can
mobilize P by the acidification of the rhizosphere, both the N and P uptake by inter-
cropped maize was found to be improved compared with corresponding sole maize
(Zhang et al., 2004). Hence, the improved N and P nutrition by intercropping could
be characterized as a synergistic process.

A mixture of exudates released from two instead of only one species could
change rhizosphere conditions being responsible for the enhanced availability of
nutrients, e.g. phosphorus. Zhang and Li (2003) showed in a pot experiment that
chickpea facilitated P uptake by associated wheat. Wheat prefers inorganic P and
is less able to use organic P. In contrast, chickpea is able to use both P resources
effectively. As chickpea mobilizes organic P by releasing phosphatase into the soil
turning organic P into inorganic P, P gets available for wheat. Because wheat has
a greater competitive ability than chickpea, wheat acquires more inorganic P than
chickpea so that chickpea is forced to mobilize organic P. Hence, competition turns
into facilitation, because both species do not suffer in P supply. According to the
N uptake, P uptake is a combination between above- and belowground effects
and interactions. Aboveground interactions contributed 26% to a wheat/soybean
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mixture, whereas 28% of belowground interactions contributed to the grain yield
of wheat (Zhang and Li, 2003).

There are various studies dealing with P supply within intercropping systems,
especially maize/chickpea (Inal et al., 2007; Li and Zhang, 2006; Li et al., 2004)
and maize/faba bean (Li et al., 2003a/2007; Zhang and Li, 2003). But in most
cases, those studies were pot experiments in a greenhouse and not field experiments.
Experiments with chickpea promote scientific knowledge of plant nutrition being
different whether there are inter- or monocropping conditions, but indeed chickpea
is not popular in Chinese cropping systems.

Nevertheless, similar to wheat grown together with chickpea, maize intercropped
with chickpea too profits by the intermingling of their root systems. Both, faba bean
or chickpea and maize accumulated more P in the shoot when intercropped (Li et al.,
2003a). The total P uptake by intercropped maize supplied with phytate was twofold
greater compared to a monoculture (Li et al., 2004). Li et al. (2004) indicated clearly
that the improved growth of maize when intercropped with chickpea was not caused
by better N nutrition, but better P uptake. According to Li et al. (2003/2007) four
explanations for the increased P uptake by diverse species are plausible:

(1) Greater phosphatase activity in the rhizosphere in intercropping decomposed
soil organic P into an inorganic form, which can be used by both species.

(2) Improved P nutrition in maize could have resulted from an increased uptake of
P released during the decomposition of root residues after the harvest of e.g.
faba bean.

(3) Faba bean, for example, was better nodulated when intercropped, resulting in
more fixed N». While fixing atmospheric N, legumes take up more cations than
anions and release H* from the roots. Again, H* is important in dissolving P in
calcareous soils.

(4) The volume of soil exploited by the maize roots increased and led to a greater
ability to absorb P.

But considering intercropped wheat, Song et al. (2007) went beyond the N accu-
mulation in a plant and studied the community composition of ammonia-oxidizing
bacteria in the rhizosphere of wheat and faba bean at different growth stages.
Autotrophic ammonia oxidizers in the rhizosphere carried out the first and rate-
limiting step of nitrification, the oxidation of ammonia to nitrate. The authors con-
cluded that these bacteria could play a key role in N availability to plants and could
be important for the interactions between plant species in intercropping. During
anthesis the nitrate concentrations in the rhizosphere of wheat intercropped with
faba bean were nearly twice as high as in monocropped wheat. Song et al. (2007)
suggested that N released from faba bean roots was rapidly mineralized to ammonia
and then transformed to nitrate.

Intercropping is known to suppress weeds and pests, because of the higher bio-
diversity in comparison to monoculture. The soil is covered nearly all the time, and
the different plants give home to predators. Most studies dealing with the influence
of intercropping on pests and weeds investigated these aspects from the point of
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view of ecology and less from the point of relationships within a cereal-cereal mix-
ture. Li (2001) reported wheat—cotton relay intercropping being able to control the
cotton aphid as well as cotton—rape intercropping that reduced insect damage. The
cotton aphid is the main pest of cotton and appears in May. In early May the cot-
ton aphid’s natural enemy is the seven-point lady beetle, which is also the natural
enemy of the rape aphid. This supports strongly the enemies’ hypotheses (Andow,
1991) where the intercropping changes the environmental conditions in such a way
that the natural enemy activity is increased. Ma et al. (2007) showed that parasitism
of Allothrombium ovatum on alate aphids can significantly control the population
increase of wheat aphids. Within a strip intercropping of wheat together with alfalfa
they examined the possibility to improve the biological control of the wheat aphid by
the mite A. ovatum. The strip intercropping resulted in higher soil moisture, shadier
soil surface and thus a changed microclimate which caused adult female mites to lay
more egg pods. In addition, the non-furrow areas provided a more suitable habitat
for mites’ overwintering, so that the mean number of mites per parasitized aphid
was significantly higher in intercrops than in monoculture (Ma et al., 2007).

The different microclimate in intercropping compared to monocropping seems to
be substantial for suppressing or enhancing diseases. Chen et al. (2006) showed, that
under zero N fertilization, the appearance of powdery mildew in a field was simi-
lar in intercropped and monocropped cultivation of wheat and faba bean. They sup-
posed that under deficient N circumstances, plant growth is limited, thus leading to a
comparable microclimate within both cropping systems. However, under increased
N application rates, the microclimate differs regarding velocity of air movements
and correspondingly lower humidity. Chen et al. (2006) concluded that conditions
that prevailed in intercropped wheat with faba bean are less conductive to infection
by and growth of the powdery mildew compared with sole wheat, because the dif-
ferences in disease incidence and disease severity due to intercropping between zero
and increased N application were significant.

5.3 Type III: Double Cropping with Potential
Jor Relay Intercropping

Cereal — especially maize and wheat — production in the Yellow-Huai River Valley is
mostly practiced as relay intercropping and less as strip intercropping. Wheat, maize
and cotton are the most important and stable crops grown in parts of Hebei, Shanxi,
Shaanxi, Anhui and Jiangsu and in Shandong and Henan province. The region is
consequently China’s granary. With progress in engineering, breeding and irrigation,
relay intercropping within the widespread and current double cropping systems is
more and more decreasing. In addition, strip intercropping is the only way practised
in vegetable production, agroforestry and in fields along big roads. Single crop-
ping with potential for intercropping is common practice in rainfed upland farm-
ing, whereas double cropping in large scale or three harvests in 2 years as a more
adjusted and sustainable production are to be found in irrigation farming. For the
double cropping system, resistant varieties are needed, because of the narrow crop
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rotation consisting nearly completely of wheat and maize or cotton. Although, sum-
mer maize varieties have to be fast maturing because of the very short growing
season between June and September/October. Additionally, for implementing two
harvests within one year — wheat in June and maize in September/October — an
irrigation in springtime would be necessary. About 60—70% of the rain falls during
the hot summer. In contrast, the winters are cold and dry. Within the intercropping
region, the climate changes from temperate continental to subtropical-humid with
clear-cut seasons and plum rains between spring and summer.

5.3.1 Intercropping Wheat with Maize

Intercropping a cereal—cereal association such as wheat and maize become increas-
ingly popular in irrigated areas and in the North China Plain. Both species grow
together for about 70-80 days and yield more than 12,000 kg ha~! (Zhang and Li,
2003). Consequently, both species compete strongly for N and light during their
co-growth. Because there is no leguminous plant involved or no facilitation con-
cerning P or Fe supply, the competition seems to be more intrinsic. Nevertheless,
scientific research (Li et al., 2001a,b; Zhang and Li, 2003) found that grain yield of
both species increased and the N uptake and nutrient accumulation was greater than
that by corresponding sole cropping under the same N supply. Indeed, during co-
growth biomass yield and nutrient acquisition of the earlier sown wheat increased
significantly, whereas at wheat harvest, the biomass of maize in the border row was
significantly smaller than in sole maize (Li et al., 2001a). But there is a recovery-
compensation growth with the result that at maize maturity the disadvantages dis-
appeared with no significant differences in biomass between border-row maize and
inner-row maize or corresponding sole maize. First, the subordinate plant suffers
but after harvesting the dominant plant is able to compensate. This competition-
recovery production principle rests upon the ecological mechanism of niche differ-
entiation. Li et al. (2001b) suggested that interspecific interactions shifted the peak
nutrient requirement of dominated species like maize to after wheat harvest, which
was helpful for reducing interspecific competition during co-growth. This principle
is suitable to intercrop short-season species together with long-season species.

In addition, the more efficient and temporal distribution of soil nutrient consump-
tion results in a reduced nitrate content in the soil profile (Zhang and Li, 2003).
The NO3; ~ amounts after wheat harvest were greatest under sole wheat and small-
est under maize intercropped with wheat (Li et al., 2005). The decrease could be
amounting to 30—40% in a wheat/maize association compared to wheat or maize
sole (Zhang and Li, 2003). Hence, intercropping can reduce nitrate accumulation
and eluviation compared to monocropping.

Like biomass production, grain yield and nutrient accumulation, root growth and
root distribution show compatibility of species and niche differentiation of plants.
At symmetric interspecific competition, where both species are on an equal footing
for acquiring factors of growth, e.g. maize intercropped with faba bean, the spa-
tial root distribution is compatible and similar under inter- as well as monocropped
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cultivation. Faba bean had a relatively shallow root distribution, maize roots spread
underneath them. The shallow root distribution of faba bean results in lower com-
petition for soil resources with the deeper-rooted maize. In contrast, asymmetric
competition, where one species dominates over another, e.g. wheat intercropped
with maize, results from the greater root proliferation of overyielding species under-
neath the other. Li et al. (2006) showed that intercropped wheat had a greater root
length density compared to sole-cropped wheat, occupied a larger soil volume and
extended under maize roots. Roots of intercropped maize were limited laterally to
about 20 cm, whereas roots of sole-cropped maize spread laterally about 40 cm. The
failure of maize to extend into the soil immediately under wheat may help to explain
why maize does not respond positively to intercropping until after the wheat harvest
(Li et al., 20006).

5.4 Type IV: Three Cropping Seasons per Year with Rotations
Replacing Intercropping

Cultivation spectrum and species diversity is much wider in the southwest region,
including parts of Guangxi and Shaanxi as well as the provinces Sichuan,
Chongqing, Guizhou and Yunnan. Among others, rice, maize, wheat, sweet potato,
sorghum, rapeseed, sugarcane, peanut, tea, sesame, bean, vegetable, cotton, ambary
hemp, tobacco, millet, cassava, soybean and pea are cultivated, mostly within a rota-
tion and a double or even triple cropping system. In southern parts, double and triple
cropping including paddy fields get more and more common. In medium and high
plateau uplands, double cropping as well as single cropping for paddy fields are
practiced. The production account of wheat decreases more and more when going
southward, hence rice and paddy fields increase. Climate conditions allow more
flexible rotations, thus replacing and reducing intercropping potentials. Nearly the
whole year is frost free with an average temperature between 15°C and 18°C. From
the North of the intercropping region to the South, the climate changes from sub-
tropical, humid, monsoonal with intense sunlight and long, hot summers but low
temperatures to a more and more tropical climate with conspicuous dry and rainy
seasons. Average precipitation is between 800 mm and 1600 mm per year with
Guangxi being one of China’s most rainy areas. Rainy season is between May and
October with occasional droughts in springtime.

6 Conclusion

In conclusion this chapter shows that intercropping of cereals has a 1000-year old
tradition in China and it is still widespread in modern Chinese agriculture. As sus-
tainability is the major challenge for Chinese agriculture, intercropping bears the
potential for a more sustainable land use without introducing a new cropping sys-
tem. Nevertheless, there are still research gaps considering intercropping pattern
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improvements. This chapter is a first approach to take stock of intercropping history,
practice and distribution in China. Mostly, these factors are only worth footnotes in
international literature. Intercropping regions, area, cropping conditions and crops
are rarely part of statistics or reviews. The evaluation of available data on inter-
cropping in this chapter has shown that a classification of four Chinese cereal
intercropping regions may be possible, even if it is, in fact, an interim and general
classification. More detailed data and studies are needed for further specification of
intercropping regions and patterns. The four intercropping regions are the Northeast
and North, the Northwest, the Yellow-Huai River Valley and the Southwest. Going
from north to south the cropping systems change from one crop a year with a great
potential for intercropping to relay intercropping of especially maize and wheat and
double cropping systems and at least three cropping seasons per year with different
kinds of rotations and rotations replacing intercropping.

Maize and wheat cultivation is well documented and the main topic of Chi-
nese studies with irrigation and fertilization practice and improvement taking prece-
dence over interspecific competition. Both crops are mostly intercropped with each
other or intercropped with legumes and are common all over Chinese intercropping
regions. In most studies, maize yields increased when intercropped. Nutrient effi-
ciency increased while N input could be reduced and simultaneously leaching could
be reduced because of lower nitrate in the soil. It seems as if maize is a suitable
species for intercropping systems in China. Within the double cropping system of
wheat and maize, relay intercropping of wheat and maize is common practice. As
the region is China’s granary the irrigation area and the fertilizer consumption is the
highest compared to other intercropping regions, and it is important to reduce input
factors and to produce more sustainable output. Improved and adjusted intercrop-
ping systems could contribute, e.g. to replace a single maize cycle with an inter-
cropping system, especially in the system of three harvests in 2 years.

The range of species which can be grown in China, especially in the middle and
the south of China, is wide, so that there are various possibilities and combinations
of intercropping systems. The peanut production in the northeastern region showed
as well that intercropping could compensate soil property deficits by reducing Fe
chlorosis in peanut plants when intercropped with maize. As intercropping systems
offer great opportunities for a more sustainable cultivation, these systems have to be
studied more closely in future.

With floods, droughts, landslides and the snow disaster in February 2008, the
consequences of environmental pollution will come more and more into mind.
In this context, high-input agriculture and monocropping may not be the best-
performing systems any more, considering income security, nutritional diversity in
rural areas, and possibility of severe impacts to large areas due to pest and disease
outbreak in a changing climate.
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Abstract For centuries, microorganisms have served mankind in many ways. Rela-
tively recent developments include the use of bacterial inoculants for bioremediation
and agricultural purposes like biological control of plant diseases. Whereas agricul-
tural applications of bacteria have been successful to some extent, improvement of
their efficacy is necessary for commercial applications on a large scale. For instance,
the remediation of mixed organic and metal-contaminated sites poses problems that
may be overcome by introducing metal resistance in the bacteria used for bioremedi-
ation. For biological control of plant diseases the efficacy can be improved by com-
bining several mechanisms of antagonism against pathogens in a biocontrol agent.
Genetic modification now enables us to construct microbial strains with such novel
and enhanced properties. Large-scale introduction of genetically modified strains
into the environment poses some challenging questions.

This chapter provides an overview of studies concerning the application of bacteria
and their genetically modified derivatives, with the emphasis on their fate and effects
on the ecosystem. We limited this chapter to genetically modified microorganisms
(GMMs) for agricultural applications, as biosensors, and for bioremediation pur-
poses. Proliferation and survival of the introduced strains in the environment are
discussed, but we have mainly focused on recent studies concerning the possible
impact of GMMs on microbial communities and ecosystem functioning. Survival
and colonization of GMMs is either equal or less when compared to that of the
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List of Abbreviations

ARDRA  amplified ribosomal DNA restriction analysis
DAPG 2.4-diacetylphloroglucinol

DGGE denaturing gradient gel electrophoresis
2,4-DNT  2,4-dinitrotoluene

GMM genetically modified microorganisms

GM genetically modified

PCA phenazine- 1-carboxylic acid

PCB polychlorinated biphenyls

PCR polymerase chain reaction

PGPR plant growth-promoting rhizobacteria
SSCP single-strand conformation playmorphism

T-RFLP  terminal restriction fragment length polymorphism

1 Introduction

For more than a century, bacteria have been deliberately introduced into the envi-
ronment for specific purposes. The efficacy of microbial inoculants for remediation
and agricultural purposes is, however, in many cases not sufficient to allow large-
scale commercial application. Improved degradation of pollutants or resistance to
co-pollutants present in contaminated soils, or increased efficacy of disease suppres-
sion by combining different mechanisms of antagonism against pathogens, may lead
to increased opportunities for applicability. Current knowledge on bacterial genet-
ics allows us to construct new strains with exciting capabilities. Such genetically
modified microorganisms (GMMs) have been postulated to be applicable in agri-
culture for effective control of plant pathogens (biocontrol), and to improve plant
growth (biofertilizers) (Amarger, 2002). Moreover, GMMs have been employed for
degradation of polluting compounds in the environment (Dutta et al., 2003), or as
biosensors to determine levels of pollutants in soil and water (Belkin, 2003).

However, the success of applications of GMMs also appears to be variable and
is dependent on the survival and activity of bacterial species and the prevailing
environmental conditions. This situation emphasizes our lack of understanding of
the ecology of microorganisms in the environment (Prosser et al., 2007). While
a number of investigations have dealt with environmental aspects of genetically
modified (GM) plants, little is know on the fate of GM bacteria in the ecosystem
(Marchetti et al., 2007). Some constraints that currently prevent large-scale appli-
cation of GMMs is our lack of knowledge on the effects of the introduced strains
on the indigenous microflora (Winding et al., 2004), and public concern regarding
gene technology. In this chapter, practical and fundamental aspects of GMMs in
agriculture and potential effects on the ecosystem will be discussed.

2 Genetically Modified Bacteria for Agricultural Purposes

Many bacterial genera have members that can suppress plant diseases caused by
plant pathogens (biocontrol strains) or that can contribute to increased plant growth
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by enhancing the availability of nutrients (biofertilizers) (Weller, 1988). These so-
called plant growth-promoting rhizobacteria (PGPR) thrive at the interface between
soil and plant root (the rhizosphere). The cells can be applied as seed coating or
directly to soil. In order to exert their functions, sufficient numbers of the introduced
bacteria have to survive in soil and rhizosphere (Raaijmakers et al., 1995). However,
the efficacy of PGPR is not always sufficient for commercial applications and strate-
gies to improve their performance include genetic modification (Mark et al., 2006).

2.1 Survival of Genetically Modified Bacteria in Soil

Cells introduced into the environment will encounter a large number of biotic and
abiotic factors affecting their survival. The fate of bacteria is determined by an intri-
cate interplay between the environmental conditions and the physiological state of
the bacteria. As a reaction to these conditions, bacteria can revert to different phys-
iological states. From being in a “normal” culturable state, cells can become more
stress resistant or form dwarf cells (Van Overbeek et al., 1995), they can produce
exopolysaccharides for protection (Ophir and Gutnick, 1994), they can enter a viable
but non-culturable state (Colwell et al., 1985), and some are able to form spores or
associations with plants.

Both biotic and abiotic factors will affect bacteria introduced into soil. Factors
such as high clay content, high pH, and relatively high moisture content can have
a positive effect on bacterial survival (Da and Deng, 2003; Heijnen et al., 1988;
Van Elsas et al., 1986). Factors that may negatively affect numbers of introduced
bacteria include dry periods, presence of competing microorganisms, predation by
protozoa, and lysis by bacteriophages (Ashelford et al., 2000; Eberl et al., 1997,
Heijnen et al., 1988; Johansen et al., 2002; Smit et al., 1996; Stephens et al., 1987;
Tan and Reanney, 1976).

An important biotic factor affecting the activity and survival of introduced bac-
teria is the presence of plant roots that provide nutrients to the microorganisms
living in their vicinity (Lugtenberg et al., 2001). Many members of the genera
Agrobacterium, Azospirillum, Azotobacter, Bacillus, Erwinia, Pseudomonas, Rhizo-
bium, and Xanthomonas are microorganisms well adapted to the rhizosphere. Cells
of these genera can survive very well or might even increase in numbers in the rhizo-
sphere (Bashan et al., 1995; Liu and Sinclair, 1993; Lugtenberg et al., 2001; Rosado
et al., 1996). While most reports on the survival of pseudomonads in soil demon-
strated that their numbers decline rapidly (Table 1), some Pseudomonas strains have
been shown to increase in numbers in the rhizosphere (Bailey et al., 2000; Jaderlund
et al., 2008; Mavrodi et al., 2006; Raaijmakers and Weller, 1998). There seems to
be a continuous succession of different species or genotypes adapted to a certain
growth phase of the roots (Duineveld and van Veen, 1999; Ellis et al., 1999; Rainey
et al., 1994). Semenov and co-workers (1999) found wave-like patterns in micro-
bial populations along roots, which could result from subsequent root growth and
death. Such wave-like distribution patterns were also reported for a green fluores-
cent protein-marked Pseudomonas fluorescens strain that was introduced into the
rhizosphere of wheat plants (Van Bruggen et al., 2008).
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It seems logical to assume that GM bacteria would survive in a similar fashion
as their wild-type parents. However, expression of the inserted genes requires an
extra amount of energy, which could reduce their environmental fitness (Lenski,
1991); moreover, the insertion could have disrupted unknown functions debilitating
the competitiveness of the strains. On the other hand, GMMs could evolve and
adapt to the prevailing environmental conditions via natural selection. Velicer
(1999) showed that evolutionary adaptation of bacteria to degrade the herbicide
2,4-dichlorophenoxyacetic acid could result in increased competitive fitness to use
succinate as a substrate. More recently Kishony and Leibler (2003) reported that
environmental stresses could alleviate the debilitating effects of mutations. Their
results show that organisms may become more tolerant to genetic perturbations
under certain environmental stresses. However, GMMs have not often been shown
to acquire increased environmental fitness in microcosm studies. In the study of
Timms-Wilson et al. (2000), however, chromosomal insertion of the genes encoding
for phenazine-1-carboxylic acid (PCA) production in P. fluorescens resulted in
enhanced ecological fitness in a microcosm system.

Also in studies with artificial growth conditions, GMMs have been shown to
survive better than the wild-type strain (Biel and Hartl, 1983; Bouma and Lenski,
1988; Edlin et al., 1984). However, enhanced survival of GMMs has rarely been
observed under field conditions.

Often, numbers of introduced bacterial cells decline rapidly in soil (Table 1),
and the survival of GM bacteria is similar to that of non-modified bacteria.
There are quite a number of studies in which no difference in survival between
GMM and parent strain could be detected (Bailey et al., 1995; Blouin Bankhead
et al., 2004; Glandorf et al., 2001; Orvos et al., 1990; Timms-Wilson et al.,
2004; Viebahn et al., 2003). Gagliardi et al. (2001) found similar survival rates
of the wild-type strain and GM Pseudomonas chlororaphis and P. fluorescens in
five different soils. Schwieger et al. (2000) investigated survival of recA™ and
recA* luc-tagged Sinorhizobium meliloti in field lysimeters. Both strains declined
from 10° to 10* colony forming units per gram of soil in lysimeters planted
with alfalfa in the first year. However, the recA* strain survived significantly
better.

In other studies GMMs were reported to survive less than their non-modified
parent strains (Brockman et al., 1991; Bromfield and Jones, 1979; Da and Deng,
2003; De Leij et al., 1998; Van Elsas et al., 1991; Wang et al., 1991). In the study
of Blouin Bankhead et al. (2004) there was no difference in colonization of wheat
rhizosphere between P. fluorescens Q8r1-96 and its GMM that produces PCA when
they were inoculated separately. However, when co-inoculated the GMM was out-
competed by the parent strain. Results from a study of De Leij and co-workers
(1998) showed that the presence of a number of constitutively expressed marker
genes in a GMM had a negative effect on its survival in competition with the wild-
type strain. The place of insertion into the chromosome did not affect survival. The
evidence suggested that it was purely the metabolic load that was responsible for the
decreased fitness, since the study also indicated that this effect did not occur under
nutrient-rich conditions.
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The method of detection is of crucial importance for interpreting bacterial
survival data, since cells that have become non-culturable escape detection with
cultivation-based methods.

In a number of studies GMM:s introduced into soil were shown to have become
non-culturable (England et al., 1995; Kluepfel, 1993). The ecological significance of
the presence of viable but non-culturable cells, dead cells, or naked DNA, detected
with molecular techniques, remains largely unsolved and definitely requires to be
studied further.

Experimental design is of importance to assess the effect of the genetic modifi-
cation on the fitness of the GMM. Small differences in fitness only become appar-
ent when the GMM and its parental strain are co-inoculated and thus are in direct
competition. In most studies in which the GMM was less fit, such a combined inoc-
ulation of the parental and GMM strain was used (De Leij et al., 1998; Van Elsas
et al.,, 1991). However, commercial application of GMMs will not include direct
competition between GMM and wild-type strain. Therefore, results from such direct
competition experiments have to be interpreted with care.

A general conclusion regarding survival of GMMs as compared to their parental
strains cannot be drawn. Thus, in each case where colonizing ability and survival of
the GMM are of importance, these parameters will have to be determined.

2.2 Ecosystem Effects of Genetically Modified Microorganisms

Possible effects of the introduction of GMMs on natural microbial ecosystems range
from the input of organic substrate, displacement of species, changes in population
structure, and possible loss of certain functions, to the production of toxic metabo-
lites, which might lead to disturbance of key ecological processes (Smit et al., 1992).
However, small changes in community composition are difficult or even impossible
to determine, and the relationship between microbial diversity and ecosystem func-
tioning is not well understood (Prosser et al., 2007). Since the number of bacterial
species in 1 g of soil is estimated to range between 10,000 and 40,000 (Torsvik
et al., 1998), microbial diversity is enormous, and a high redundancy of functions is
expected to be present (Degens, 1998; Griffiths et al., 2000). Disappearance of a few
species with certain functions will be difficult to detect, since many functions can
be performed by a large number of different microbes. Only extreme disturbances
might affect soil microbial communities to the extent that certain functions will be
reduced (Griffiths et al., 2000).

One of the major problems in microbial ecology is the limited culturability of
the indigenous microflora (Amann et al., 1996; Bakken, 1997; Hugenholtz and
Pace, 1996; Pace et al., 1986; Schmidt et al., 1991). DNA- and RNA-based tech-
niques, which do not involve cultivation of the microorganisms, are currently used to
detect the impact of GMMs on the indigenous microbial community (Torsvik et al.,
1998). Methods such as denaturing gradient gel electrophoresis (DGGE) (Fischer
and Lerman, 1979; Muyzer and Smalla, 1998), amplified ribosomal DNA restriction
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Fig. 1 Denaturing gradient gel electrophoresis (DGGE) profiles showing ascomycete communi-
ties of rhizosphere samples of field-grown wheat and potato plants 59 days after sowing. Wheat
plants were grown from seeds that were untreated (contr), coated with P. putida WSC358r (wt),
its phenazine-1-carboxylic acid- or 2,4-diacetylphloroglucinol-producing GMMs (phz, phl), and
a combination of both GMMs (phz+phl). rp = samples taken from plots in which potatoes were
planted. DNA was extracted from rhizosphere samples and amplified with ascomycete-specific
primers. Two replicate plots were analyzed (a, b). Hypothetically, each band in the gel represents
one ascomycete species. Note that the potato rhizosphere (rp a, rp b) contains different ascomycete
species than the wheat rhizosphere. M = reference marker (Viebahn et al., 2005)

analysis (ARDRA) (Vaneechoutte et al., 1992), terminal restriction fragment length
polymorphisms (T-RFLP) (Marsh, 1999), and single-strand conformation polymor-
phism (SSCP) (Orita et al., 1989) are used to generate banding patterns repre-
senting the microbial community in the sample. These methods are more suitable
than cultivation-based methods to analyze shifts in community structures. Figure
1 shows DGGE profiles of ascomycete communities of rhizosphere samples from
field-grown wheat and potato plants 59 days after sowing, from the study by Viebahn
et al. (2005). The wheat plants were grown from control seed and seed treated with
wild-type or GM P. putida WCS358r. The profiles indicate different ascomycete
species in the rhizospheres of potato and wheat and no apparent effects of the bac-
terial treatments.

2.3 Fate and Effect of Biofertilizer Strains

In this section we will discuss GM derivatives of bacteria that contribute to
an enhanced nutrient availability for plants, and thereby increase plant growth.
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The most important biofertilizers are bacteria, such as Azospirillum and Rhizo-
bium, that can fix nitrogen. Rhizobium, Bradyrhizobium, and Sinorhizobium are
plant symbionts, which form root nodules in leguminous plants and fix atmospheric
nitrogen. These bacteria have been used widely as plant inoculants to increase yield
of leguminous crops. There is a long history of safe use of non-modified rhizobia
as inoculants to increase yields of crops (Anon, 1995). However, yield increase is
variable (Streeter, 1994), and the success of inoculants seems to be dependent on
competition with indigenous strains that are usually less effective (Triplett and Sad-
owsky, 1992). Rhizobium, Bradyrhizobium, and Sinorhizobium have been reported
to survive in soil for years, in some cases even without the presence of their spe-
cific host (Brunel et al., 1988; Diatloff, 1977; Hirsch, 1996, 2004; Schwieger et al.,
2000). Rhizobium was shown to be able to form nodules when its host plant was
planted again after several years (Hirsch, 1996, 2004). This shows that presence
of the host plant is not strictly necessary for their survival, but also characteris-
tics of the strain not related to symbiosis play a role in its survival in bulk soil for
years. Fast-growing Rhizobium species were found to be more susceptible to des-
iccation than the slower-growing Bradyrhizobium (Marshall, 1964). Several Rhizo-
bium species have been GM either to improve nitrogen fixation (Birkenhead et al.,
1988; Bosworth et al., 1994, Cullen et al. 1998, Hirsch, 2004; Wang et al., 1991), or
to study their survival making use of marker genes (Donegan et al., 1999; Hirsch,
2004; Hirsch and Spokes, 1994; Mendum et al., 2001, Van Dillewijn et al., 2002,
Watson et al., 1995).

Hirsch and Spokes (1994) studied a Tn5-marked R. leguminosarum strain intro-
duced into a field as an inoculant for peas and cereals. Cells were enumerated
by using a most probable number plant infection test and by direct plate counts.
The introduced strain persisted for 5 years in the plots where peas were grown.
The persistence of the marked strain was attributed to the soil type, the cultiva-
tion of the proper host plants, and the climatic conditions. Potential non-target
effects on the microbial ecosystem were not studied (Hirsch, 1996; Hirsch and
Spokes, 1994).

Bosworth and co-workers (1994) showed that the use of an improved R. meliloti
strain, with additional copies of nifA and dctABC, resulted in an increase of alfalfa
yield of 12.9% in a field study. However, at sites with high nitrogen concentra-
tions or native rhizobial populations alfalfa yield did not increase. The plots treated
with the recombinant strain target microorganisms were determined. Watson and
co-workers (1995) studied the fate of a Tn903-marked R. meliloti strain introduced
into alfalfa-planted field plots. Cell numbers, assessed by polymerase chain reaction
(PCR), decreased rapidly after inoculation. One year after introduction, numbers of
introduced cells had dropped to below the numbers of indigenous rhizobia.

In a contained field experiment a GM S. meliloti strain with enhanced com-
petitiveness for nodule occupancy was released in the rhizosphere of alfalfa (Van
Dillewijn et al., 2002). Effects of the GMM and the wild type on the indigenous
microbial communities were studied by restriction fragment length polymorphism
(RFLP) and temperature gradient gel electrophoresis (TGGE). Inoculation of wild
type and GMM had only limited effects. It appeared that alfalfa plants had a greater
influence on the microbial community than the inoculated strains.
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Schwieger and Tebbe (2000) studied both the fate and ecosystem effects of
a luc-marked S. meliloti in a field experiment with Medicago sativa. The bac-
teria were detected up to 12 weeks after introduction. No effects of the strains
on carbon and nitrogen concentrations in the soil could be detected, and there
were no differences in the total number of colony forming units of indigenous
microorganisms (Schwieger and Tebbe, 2000). Over a thousand bacterial isolates
obtained from the plots were further studied by ARDRA, and the dominant groups
were identified by 16S rRNA sequencing. In the rhizosphere of M. sativa num-
bers of Alcaligenes and Pseudomonas were reduced as a result of the inoculation.
Molecular analysis by studying SSCP banding profiles revealed shifts confirm-
ing the effect of the inoculum on the native microbial population (Schwieger and
Tebbe, 2000).

In the south of China both wild type and GM Alcaligenes faecalis isolates have
been introduced into rice fields at a large scale to improve crop productivity (You
etal., 1995; You and Zhou, 1991). A. faecalis, a non-nodule-forming nitrogen-fixing
isolate, was GM by insertion of a constitutively expressed nifA regulatory gene (You
and Zhou, 1991). Nitrogen fixation appeared to be 15-20% higher and yield was
5-12% higher compared to the non-treated fields (You et al., 1995). Lin et al. (2000)
studied possible ecosystem effects of the introduction of this GMM strain by DGGE
of amplified 16S rDNA in a microcosm experiment. The introduced GMM survived
well in the rhizosphere with cell numbers of about 107 per gram of soil through-
out the experiment. DGGE banding profiles of samples treated with the modified
strain closely resembled profiles of untreated samples throughout the 40 days of the
experiment, suggesting that there are no obvious effects on the bacterial commu-
nity. Overall, the survival of the strain and the increase in crop yield indicate that
this derivative of A. faecalis is a good candidate for commercial application, while
its ecosystem effects seem very limited.

The use of GM strains as biofertilizers seems promising. So far, non-target
effects of GM biofertilizer strains that have been reported are small and insignif-
icant compared to natural variations, such as differences between populations of
different plant species (Crawford et al., 1993; Da and Deng, 2003; Lin et al., 2000;
Schwieger and Tebbe, 2000; Van Dillewijn et al., 2002; Vizquez et al., 2002).
The monitoring of spread and survival of inoculants has been facilitated by use
of GM strains and has greatly improved our understanding of rhizobial ecology
(Hirsch, 2004).

2.4 Fate and Ecosystem Effects of Modified Biocontrol Bacteria

Many bacterial genera have been described to contain members that can suppress
plant diseases caused by soilborne pathogens (Cook et al., 1995; Glick et al., 1999).
These PGPR include members of the genera Azospirillum, Azotobacter, Bacil-
lus, Burkholderia, and Pseudomonas (Weller, 1988). Interest in the application of
microorganisms for protection of agricultural crops was stimulated by the public
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concern regarding environmental effects of agrochemicals. Many biological control
agents have been GM to enhance their biocontrol properties including the extension
of the metabolic repertoire by the insertion of novel genes and the increase of the
levels of active metabolites.

Investigations have mainly focused on fluorescent Pseudomonas spp. strains.
Pseudomonads are a metabolically diverse group of rhizosphere bacteria, and many
strains are able to suppress plant diseases caused by microbial pathogens (Défago
and Keel, 1995; Haas and Défago, 2005; Mercado-Blanco and Bakker, 2007). Mech-
anisms of disease suppression include siderophore-mediated competition for iron
(Bakker et al., 1993; Haas et al., 1991), competition for nutrients, induced systemic
resistance (Bakker et al., 2007; Van Loon et al., 1998), and antibiosis (Handelsman
and Stabb, 1996; Weller et al., 2002). The best-studied antibiotics with respect to
biocontrol are 2,4-diacetylphloroglucinol (DAPG) and PCA, which have antibacte-
rial and antifungal properties and play a major role in disease suppression (Raaij-
makers and Weller, 1998; Thomashow et al., 1990).

Quite a number of studies describe the potential use, survival or target effects
of GM biocontrol strains (Byzov et al., 1996; Choi et al., 2003; Jones et al., 1991;
Moénne-Loccoz et al., 1996; Nambiar et al., 1990; Palmer et al., 1997; Sitrit et al.,
1993; Van Overbeek et al., 1995; Volksch and May, 2000). However, only a few
studies focus on the effects on the indigenous microflora (De Leij et al., 1995;
Girlanda et al., 2001), and only some describe field releases of biocontrol agents in
the natural environment (Bakker et al., 2002; Glandorf et al. 2001; Jaderlund et al.,
2008; Johansen et al., 2002; Schwieger and Tebbe, 2000; Viebahn et al., 2003, 2005,
2006).

Delany et al. (2001) compared the naturally DAPG-producing P. fluorescens
F113 with its two GMMs modified to produce higher levels of DAPG in a micro-
cosm. All strains inhibited growth of Pythium, and the GMMs showed enhanced
control of damping-off, comparable to that of commercial fungicides. Natsch et al.
(1997) studied the effect of a genetically modified derivative of P. fluorescens strain
CHAQO on the diversity of resident pseudomonads in the rhizosphere of cucumber.
The modification consisted of the insertion of an extra copy of a housekeeping
gene, resulting in increased production of the antibiotics DAPG and pyoluteorin
and improved disease control. Several days after inoculation both the parent strain
and the GMM reduced the number of resident pseudomonads in the rhizosphere,
but the impact of the modified strain was more significant. Only the effect of the
modified strain persisted for more than a month. However, when considering the
composition of the Pseudomonas population on different developmental stages of
the cucumber roots, the effects of both modified and non-modified strains appeared
to be small and transient.

In the Netherlands, a number of field trials with GM biocontrol bacteria have
been performed to study their possible impact on the indigenous microflora (Bakker
et al., 2002; Glandorf et al., 2001; Viebahn et al., 2003, 2005, 2006). The fields were
carefully designed (Fig. 2) to meet permit requirements. They were surrounded by
reed mats to reduce spread of possibly contaminated soil particles outside the field,
and the fence and netting prevented entry of birds and rabbits. Weed-free buffer
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Fig. 2 Experimental field designed to study possible effects of genetically modified biocontrol
bacteria on the indigenous microflora of the wheat rhizosphere in Utrecht, The Netherlands. Each
treatment was applied to six 1-m? plots that were separated by non-planted buffer zones. The fence
and netting prevented entry of birds and larger animals, and the reed mats were placed to reduce
spread of soil to outside the experimental field (Glandorf et al., 2001)

zones around the experimental plots prevented spread of introduced bacteria by
root-root contact.

Possible non-target effects of GM Pseudomonas were studied by Glandorf et al.
(2001). The biocontrol strain P. putida WCS358r was GM with the phz locus from
P. fluorescens 2-79, resulting in constitutive PCA production. Phenazine production
in WCS358r resulted in improved biocontrol of take-all of wheat, caused by Gaeu-
mannomyces graminis var. tritici (Bakker et al., 2002). Two derivatives, one with
low and one with high levels of PCA production, were selected for further study
in two small-scale field experiments during two subsequent years (Glandorf et al.,
2001; Leeflang et al., 2002). Monitoring of various soil ecosystem functions, such as
substrate-induced soil respiration, cellulose decomposition, and nitrification poten-
tial activity, did not reveal effects of the introduction of any of the strains. Effects
of the GMM producing high amounts of PCA on the culturable fungal microflora
were transient and were further analyzed using 18S rDNA ARDRA. Introduction of
both the wild-type and the GMMs transiently changed the composition of the fungal
rhizosphere microflora. However, effects of the GM strains were distinct from those
of the parental strain and persisted longer.

In addition to the above-mentioned PCA-producing strain a DAPG-producing
GMM was introduced into a wheat field to study long-term effects on the rhizo-
sphere microflora in two consecutive years (Viebahn et al., 2003). In this case,
only the DAPG-producing GMM had a transient effect on the structure of the bac-
terial and fungal microflora, as determined with ARDRA, whereas there was no
effect of the PCA-GMM or the wild type. Using DGGE the ascomycete and the
bacterial microflora were studied for an additional 2 years (Viebahn et al., 2005,
2006). Whereas the ascomycete communities were not affected by introduction of
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the GMMs (Viebahn et al., 2005), the bacterial communities were differentially
affected by the parental strain and the GMMs, and especially the DAPG producer
had an effect in all 4 years of the field trial (Viebahn et al., 2006). In this field trial
the impact of the bacterial inoculants was compared to that of crop rotation between
wheat and potato, as an example of agricultural practice. In all cases, the effect of
the bacterial introductions never exceeded that of changing the crop (Viebahn 2005,
2006).

Two similar studies on the effects of DAPG- and PCA-producing GM
P. fluorescens strains were conducted by Timms-Wilson et al. (2004) and Blouin
Bankhead et al. (2004). The DAPG-producing P. fluorescens strain Q8r1-96 was
modified with PCA biosynthetic genes of P. fluorescens 2-79, and the result-
ing GMM was compared to the wild type in pot experiments with wheat.
T-RFLP profiles of amplified eubacterial ribosomal sequences demonstrated that
inoculation with the wild type or the GMM strain resulted in minimal changes
of the bacterial population structure in the rhizosphere (Blouin Bankhead et al.,
2004). Chromosomal insertion of the PCA biosynthetic genes in P. fluorescens
SBW25 resulted in enhanced efficacy of damping-off disease of pea seedlings
caused by Pythium ultimum (Timms-Wilson et al., 2000). Possible impact of
this PCA-producing GMM on bacterial and fungal microbial diversity was stud-
ied in pot experiments with pea, wheat, and sugarbeet, and with or without
Pythium disease pressure. In all these experimental conditions, factors like plant
species or development of disease had a greater impact on microbial diversity in
the rhizosphere than inoculation with the PCA-producing GMM (Timms-Wilson
et al., 2004).

In line with these studies a recent paper by Scherwinski et al. (2008) convincingly
shows that introduction of active biocontrol agents (Serratia plymuthica, P. trivialis,
and P. fluorescens) results in negligible, short-term effects on the indigenous bacte-
rial and endophytic fungal populations.

A different approach is to study the impact of GMMs on specific non-target
microbial taxa with an important soil function. Enhanced biocontrol properties of
pseudomonads by increased antibiotic production could result in adverse effects on
the arbuscular mycorrhizal symbiosis. The hypothesis was tested by Barea et al.
(1998) using P. fluorescens strain F113 and two GM derivatives: wild-type strain
F113, a natural DAPG-producer, and two GM derivatives that either produced no
DAPG or had enhanced DAPG-production. Colonization of tomato roots by the
arbuscular mycorrhizal fungus Glomus mossae was not affected by any of the bac-
terial strains. Moreover, enhanced DAPG production did not inhibit spore germina-
tion and mycelium growth. Apparently, production of DAPG by Pseudomonas sp.
F113 does not affect the beneficial fungal symbiont G. mossae.

From these studies with GM biocontrol strains it can be concluded that effects
on non-target microorganisms in soil ecosystems do occur; however, if they
occur they are transient and small compared to natural variation. To our knowl-
edge long-term changes in community structure and adverse effects on the func-
tioning of the soil ecosystem after introduction of GM strains have not been
reported.
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3 Genetically Modified Microorganisms as Biosensors
and for Bioremediation

3.1 Genetically Modified Biosensors

An exciting application of GMMs is their use as a sensor for biologically relevant
concentrations of agrochemicals, petroleum products, heavy metals, and toxins in
environmental samples (Belkin, 2003; Kim et al., 2003; Lei et al., 2006; Shao et al.,
2002; Stiner and Halvorson, 2002). GM biosensors are usually not applied in situ
to soil or water, but samples are taken from polluted sites and incubated in in vitro
assays. Thus, survival and persistence of the GM biosensor strain is not an issue,
since the organism remains contained in the laboratory or in the measuring equip-
ment, and incubation periods are short.

Most of the microorganisms used as biosensors are modified with reporter genes
such as gfp or lux fused to a promoter that induces its expression depending
on nature and concentration of the compound(s) of interest. The choice of the
promoter determines the applicability of the strain. Some researchers used pro-
moters that respond specifically to certain compounds. For instance, Stiner and
Halvorson (2002) used the toluene—benzene transcriptional activator that is
only induced by the petroleum products toluene, benzene, ethylbenzene, and
trichloroethylene for the detection of contamination in soil and surface water. Miller
et al. (2001) used the sucrose repressor gene scrR fused to several promoter genes
for assessing sugar availability on plant leaves. In order to detect a wider range
of toxicants stress-specific promoters such as the SOS and heat shock promoters,
recA and grpE and fabA or KatG, are fused to the reporter gene (Kim et al., 2003;
Sagi et al., 2003). Such strains produce signals when they are exposed to substances
that exert a stress response. Currently, biosensors are being developed that allow
high-throughput monitoring of toxins in waste water (Kim et al., 2003; Philp et al.,
2003). Although the future for the application of biosensors is promising (Belkin,
2003), there are a number of problems that have to be solved. Development of highly
suitable microbial biosensors is as yet hampered by their long response time, low
sensitivity, and poor selectivity (Lei et al., 2006). Non-specific toxic effects of other
compounds on the bacteria can influence the measurements, temperature sensitivity
of some strains can affect the results, and the need to contain GMMs in the equip-
ment could pose difficulties (Philp et al., 2003, Mirasoli et al., 2002).

3.2 Genetically Modified Microorganisms for Bioremediation

Once the nature and severity of a chemical pollution has been established, GMMs
can be applied to clean up the environment by bioremediation. Bioremediation is
the reduction or removal of toxic or polluting substances from the environment
using microorganisms. Current knowledge on the genetics of metabolic pathways in
microorganisms allows the construction of new biochemical pathways to increase
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their capabilities to degrade environmental pollutants or herbicides (Dutta et al.,
2003; Haro and de Lorenzo, 2001; Lange et al., 1998; Mauro and Pazirandeh, 2000;
Mitra et al., 2001; Sriprang et al., 2002; Strong et al., 2000). Although a myriad
of different GM strains for bioremediation has been constructed, successful appli-
cations in the field are rare (Haro and de Lorenzo, 2001; Morrissey et al., 2002;
Van Limbergen et al., 1998). Two factors are crucial for successful bioremedia-
tion: the microorganisms have to survive in high numbers and the microorganisms
have to be metabolically active. Moreover, difficulties to scale up the laboratory
experiments, low bioavailability of the compound, and legislative problems with
applying GM strains have precluded wide-scale use. Since soil is often an olig-
otrophic environment cells usually decline after introduction, and they have a low
metabolism. Bacterial survival and degradative activity can be enhanced by choos-
ing the right species and by nutrient amendment. Halden and co-workers (1999)
studied the degradation of 3-phenoxybenzoic acid in soil and could increase GMM
survival and 3-phenoxybenzoic acid degradation six orders of magnitude by adding
phosphate and nitrogen.

Microorganisms should be chosen depending on the environmental conditions in
which they have to function. Lange and co-workers (1998) constructed a recom-
binant Deinococcus radiodurans expressing toluene dioxygenase to clean up toxic
solvents in radioactive waste sites. D. radiodurans is extremely radiation resistant,
the strain can degrade chlorobenzene in a highly radioactive (60 Gy/h) environ-
ment. However, D. radiodurans can only grow up to 39°C, and since many radioac-
tive waste sites have high temperatures, there was need for a bacterium that could
function at higher temperatures (Brim et al., 2003). Deinococcus geothermalis is a
remarkable organism since it cannot only thrive in radioactive environments, but it
is also resistant to high temperatures. Brim and co-workers (2003) constructed a D.
geothermalis strain, which is able to reduce ionic Hg(II) to the less toxic elemen-
tal Hg at elevated temperatures and in the presence of high radiation levels. Such
applications have great value for future remediation, since it is estimated that 40
million cubic meters of soil and 4 trillion liters of groundwater are contaminated
with radioactive and toxic waste in the US alone (Brim et al., 2003).

So far, field applications of GM strains for bioremediation are scarce. An exam-
ple of a field-scale remediation is the study of Strong et al. (2000). P. fluorescens
HK44 with a lux gene fused to a naphthalene-degradative pathway was the first GM
strain approved for field release in the US (Ripp et al., 2000; Strong et al., 2000). The
strain survived for 660 days, and degradation of hydrocarbons was detected with a
fiber optic-based biosensor. Strong and co-workers (2000) also applied chemically
killed recombinant Escherichia coli to remediate atrazine by bioaugmentation. The
addition of phosphate and the chemically killed cells resulted in a 77% reduction of
atrazine levels as compared to the controls, in which no significant reduction took
place.

A combined inoculation of microorganism and its host plant by providing extra
nutrients could enhance microbial survival and activity (Brazil et al., 1995). Such
use of a dual microorganism—plant system, in which the plant supports microbial
growth and the microorganisms perform the bioremediation, is known as rhizore-
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mediation (Kuiper et al., 2004; Yee et al., 1998). This strategy was adopted by Dutta
et al. (2003), who used a GM S. meliloti to degrade 2,4-dinitrotoluene (2,4-DNT) in
soil. This symbiotic nitrogen-fixing bacterium can nodulate leguminous plants such
as alfalfa. Seeds of alfalfa were coated with the engineered strain and seeded in soil
contaminated with 2,4-DNT. At moderate pollution levels plant growth was stimu-
lated by the bacterium, and the level of 2,4-DNT was reduced by 60%. At higher
levels, plants could not grow, but application of the bacteria to the soil reduced
2,4-DNT levels up to 90%. P. fluorescens strain F113 is a good colonizer of
rhizospheres of different plant species and could be exploited for rhizoremedia-
tion. A polychlorinated biphenyl-degrading derivative of F113, F113rifPCB, was
constructed (Brazil et al.,, 1995). Heavy metals and metalloids are serious co-
contaminants of polluted soils (Ryan et al., 2005) and can hamper the success of
rhizoremediation by inhibiting both the rhizobacterium and the plant. A recom-
binant derivative of F113rifPCB containing the arsenic resistance operon arsRD-
ABC was constructed, resulting in a strain that degrades biphenyl in the presence of
arsenate and that protects the plant to arsenic as well (Ryan et al., 2007). Further-
more, strain F113 was modified with the bph operon from Burkholderia sp. strain
LB400, under the control of a nodbox cassette (Villacieros et al., 2005). This GM
derivative of F113 (F113L::1180) had a high level of BphC activity, and in com-
bination with willow plants is expected to degrade a large spectrum of PCB con-
geners in soil (Rein et al., 2007). In a 168-day microcosm experiment the possible
impact of F113L::1180 on bacterial communities in soil and in the rhizosphere of
Salix viminalisx schwerinii was investigated. The modified strain did affect com-
munity structure of the eubacteria and specific bacterial populations (a- and -
proteobacteria, acidobacteria, and actinobacteria) in the Salix rhizosphere, but not
in the bulk soil (de Céarcer et al., 2007).

Bioremediation of pollutants in soil and water using GMMs has been accom-
plished with success on a laboratory scale; however, field applications have been
limited. Long-term field studies are now needed to evaluate their effectiveness. Con-
cerns have been made regarding persistence of GM strains and possible evolutionary
adaptation that could increase its environmental fitness (Velicer, 1999). Impact on
the natural microbial community by GM bioremediation bacterial strains is a com-
plex issue, since the breakdown of pollutants itself will most likely affect microbial
communities.

4 Conclusion

Whereas only a limited number of field trials with GMMs have been conducted, it
appears that they can have improved performance in agricultural and bioremedia-
tion applications. GM biocontrol bacteria seem to be a suitable alternative for agro-
chemicals used for crop protection, and modified biofertilizers have been used with
success. The success of the introduction is partly related to the survival and activity
of the inoculum, which is dependent on the environmental conditions. While the
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questions related to field introductions of GMM:s have helped to develop tools in the
area of molecular microbial ecology, our knowledge on the benefits, fate, and effects
of GMMs in the environment is still limited and fragmentary. For sensible applica-
tions this knowledge needs to increase rapidly, focusing on specific areas. Questions
to be addressed include, how and in which physiological state do bacteria survive
in soil, and what effects do they exert on the natural microbial community. More
knowledge on microbial community structure and functioning is a prerequisite for
optimizing the use of GMMs in agriculture.

Only very few studies have focused on ecosystem effects of GMMs, and in
most of those cases the GMM used was modified to express certain markers. More
recently studies have been performed using GMMs expected to have an impact on
non-target organisms, for instance through the production of antimicrobial metabo-
lites with a broad-spectrum activity. Also in this last category of experiments,
effects on the microbial ecosystem were found to be small and transient or were
not detected.
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Climate Change and Plant Water Balance:
The Role of Aquaporins — A Review

M. Carmen Martinez-Ballesta, Luis Lopez-Pérez, Beatriz Muries, Olaya
Muiioz-Azcarate, and Micaela Carvajal

Abstract In the context of global change, attention has been focused on the
increases in CO, and temperature, as well as a reduction in the global solar irra-
diance. In this chapter we have explored how components of global change such
as COy, temperature and radiation will affect water uptake by plants. We focus on
how aquaporins will respond to these environmental factors in order to maintain
water balance in plants according to the water demand. Plant growth may be stim-
ulated directly by increasing CO, concentration, through enhanced photosynthesis,
or, indirectly, through induced plant water consumption. However, the fine regu-
lation of aquaporins, also involved in CO; transport through membranes, will be
crucial in the control of H,O and CO, diffusion. Raised temperatures may ben-
efit some crops but disadvantage others through increased evapotranspiration and
thermal damage. However, in general, plants can develop different adaptive mecha-
nisms in order to avoid water-deficit stress and excess transpiration modulating the
hydraulic conductance, which involve the expression and activity of aquaporins. In
the same way, the response of plants to the amount of perceived radiation affects
water balance. Therefore, the study of aquaporin regulation is necessary for estab-
lishing future adaptation of plants to global change.

Keywords Climate change - CO, - Water - Plant - Aquaporin - Temperature -
Radiation

1 Introduction

1.1 A Global Change Scenario

Climate change models suggest an increase in global average temperature, shifts in
rainfall pattern and an increase in local climatic extremes. The changes in climate
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and population which are predicted during this century are certain to modify the
demands on irrigation and water supply. This also means changes in evapora-
tive demand, irradiance, ultraviolet (UV) irradiance and secondary factors, such
as stratospheric ozone concentration, as well as in the prime causative agent, car-
bon dioxide itself. Therefore, as far as the plant response is concerned, all of these
parameters are interlinked and include those with potentially positive, negative,
additive and antagonistic effects.

Gases, water vapour and other particles arising from anthropogenic activities are
causing changes in the composition of the atmosphere, leading to an increase in the
absorption of thermal infrared radiation by the atmosphere, thus over-warming the
Earth’s surface. However, the complexity and large number of feedbacks in the cli-
mate system, including soil composition (Lal, 2007), could modify this prediction.
Increasing temperature would be expected to increase the amount of water vapour
in the atmosphere, by increasing evaporation and the water-holding capacity of the
air; this, in turn, affects the atmospheric absorption of thermal radiation.

Anthropogenic combustion of fossil fuels has caused mean concentrations of
CO; in the atmosphere to reach and exceed 380 pmol mol~!, a level that is about
0.32 times greater than in pre-industrial times (Keeling and Whorf, 2005). Predic-
tions of atmospheric CO;concentrations in the year 2100 range between 540 and
970 pwmol mol ! (Houghton et al., 2001), unless emissions decrease — for example,
through the use of biofuels (Hammond et al., 2008). However, in a recent review,
it has been postulated that human use of hydrocarbons has not caused the observed
increases in the earth surface temperature (Robinson et al., 2007) and, in addition,
atmospheric CO; could have beneficial effects, such as fertilisation of plants and
enabling plants to grow faster and larger, allowing increases in water uptake.

Also, in the context of the global change, attention has been focused on strato-
spheric ozone depletion, which is leading to increased UV radiation reaching the
biosphere and accumulation of atmospheric greenhouse gases, producing a reduc-
tion in the global solar irradiance (Morton, 2007), principally due to blockage of
sunlight. Roderick and Farquhar (2002) mentioned that considerable scepticism
exists about the reported large declines in global solar irradiance. However, this
effect on solar radiation is very important in the context of global climate change,
since the increased cloud coverage and/or aerosol concentration should result in a
decrease in the diurnal temperature range (DTR) (Ramanathan et al., 2001), affect-
ing not only water uptake, but whole-plant physiology (Roderick et al., 2001).

1.2 Plant Water Relations

Water absorption from the soil into the root tissue is how plants maintain their water
status in a suitable range. The water is then distributed in plant tissues, and approxi-
mately 95% evaporates from the leaves through the stomata. The movement of water
through plant tissues may occur by the following coexisting pathways: apoplas-
tic, symplastic and transcellular (Steudle and Peterson, 1998). The apoplastic path-
way involves water flux around the cells, in the symplastic pathway the water is
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transported across cells involving plasma membrane, and in the transcellular path-
way water is transported also through vacuoles involving tonoplast. The symplastic
and transcellular, together comprising the cell-to-cell pathway, are under fine regu-
lation, since they involve transport through plasma membranes (Fig. 1). In the root
cortex, the flow of water is largely apoplastic, but at the endodermis, the Casparian
band, a deposit of suberin and/or lignin, restricts the radial water movement in the
apoplast and cell-to-cell transport is carried out (Zimmermann and Steudle, 1998).
Thus, there are different pathways for water movement and they are used with dif-
ferent intensities depending on the species, the plasticity of the root and the nature
of the driving forces. Therefore, depending on the environmental conditions and
transpiration demand, plants can modify the apoplastic and “cell-to-cell” pathway
contributions. For instance, in the presence of hydrostatic pressure gradients (such
as in transpiring plants), water flow is largely apoplastic, since this route represents
a low hydraulic resistance. However, under osmotic gradients (in the absence of
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Fig. 1 In plants, water is transferred from the roots, in response to hydrostatic and osmotic gra-
dients, to the aerial parts, where it evaporates in the transpiration stream through the stomatal
pores. The movement of water through plant tissues may occur by three coexisting pathways: the
apoplastic pathway involves water flux around the cells, in the symplastic pathway the water is
transported across plasmodesmata and the transcellular pathway involves water transport across
the plasma membrane and vacuolar membrane. There are no approaches to separate the symplastic
and transcellular pathways and they are summarised as the “cell-to-cell” pathway
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transpiration, i.e. during the night when stomata are closed, in water-stress condi-
tions or during an exudation phenomenon of an excised root), water flow is low and
occurs mainly through membranes predominating a fine regulation of water uptake
by a group of membrane proteins called water channels or aquaporins. The aquapor-
ins belong to the major intrinsic protein (MIP) family and facilitate the flow of water
across cellular membranes (plasma and vacuolar membranes), following osmotic or
hydrostatic pressure gradients (Chrispeels and Maurel, 1994). These proteins give
the plant the possibility of accelerating water movement through membranes, but
diffusion will still occur in parallel (Fig. 2). Thus, the biological significance of
aquaporins in plants is their ability to modulate transmembrane water transport in
situations where adjustment of water flow is physiologically critical (for reviews
see Baiges et al., 2002; Luu and Maurel, 2005, Martinez-Ballesta et al., 2006). Fur-
thermore, the ability to increase or decrease the water permeability of a cell justi-
fies the very high diversity of MIP homologues in plants: the complete genome of
Arabidopsis thaliana has 35 full-length MIP genes (Johanson et al., 2001; Quigley
et al., 2002) and similar diversity was found in other plant species such as maize
(Chaumont et al., 2001) and rice (Sakurai et al., 2005). The two major sub-groups
are the plasma membrane intrinsic protein (PIP) and the tonoplast intrinsic pro-
tein (TIP), localised in the plasma membrane and tonoplast, respectively (Maurel
et al., 1993; Kammerloher et al., 1994). PIPs play an important role in control-
ling transcellular water transport whereas TIPs seem to be involved in the water
exchange between the cytosolic and vacuolar compartments (Maurel et al., 1997;
Tyerman et al., 1999). The highly regulated expression of aquaporins in plants sug-
gests that transmembrane water transport may be important not only in root water
uptake but also in many other processes in addition to those related to transpiration.
Furthermore, the recent localisation of the Nicotiana tabacum AQP1 in chloroplast
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membrane, in addition to the plasma membrane, suggests that its classification as
PIP is misleading (Uelhein et al., 2008).

In this review, we will explore how components of global change such as CO;,
temperature and radiation will affect water uptake by plants. We will focus on how
aquaporins will respond to these environmental factors in order to maintain water
balance in the plants according to the water demand, enabling plants’ adaptation to
future changes in the environment.

2 Plant Water Relations at Elevated CO,

Recent reviews confirm and extend previous observations that elevated CO, concen-
trations stimulate photosynthesis, leading to increased plant productivity and mod-
ified water and nutrient cycles (Nowak et al., 2004, Soussana and Liischert, 2007).
Plant growth may be stimulated directly, through enhanced photosynthesis, or indi-
rectly, through induced plant water consumption. This includes the effects on root
mass and whole-plant water transport, the consequences for water-use efficiency
(WUE) and soil water content and, finally, the reduction in stomatal conductance
and its impact on leaf water potential. As it has been reported that some aquaporins
also transport CO; (Uehlein et al., 2003), the involvement of aquaporins is crucial
for studying the response of plants to increased atmospheric CO;.

2.1 Effect of CO; on Root Proliferation

For a long time, it has been known that root systems become larger when plants are
grown at elevated CO», but the capacity of the root system to take up water depends
not on root mass but on rooting volume (or rooting depth) and fine-root area and
activity (Wullschleger et al., 2002). Previous work in intact, native grassland sys-
tems has revealed that significant stimulation of the size of root systems (biomass,
length, density or root number) is not a universal response to elevated CO, (Arnone
et al., 2000). Some studies showed little or no change in root-system size under ele-
vated CO, (Handa et al., 2008), while others showed marked increases (Norby et al.,
2004) or a slight decrease (Brown et al., 2007). High concentrations of CO; can
also modify the distribution of roots in the soil, stimulating the production of larger
roots, highly branched at shallow depths, which may improve resource acquisition
in annual herbaceous plants (Pritchard et al., 2006) or stimulating root proliferation
into deeper soils in sweetgum (Norby et al., 2004) and loblolly pine (Pritchard et al.,
2008). Although greater root volume is related to higher root hydraulic conductiv-
ity (Fernandez-Garcia et al., 2002), other results have shown that an increase in the
fine roots of a standing crop was not related to a higher water uptake (Matamala
and Schlesinger, 2000). This was in agreement with the results obtained by Hux-
man et al. (1999), which showed that root hydraulic conductivity decreased under
elevated CO». Therefore, the functionality of aquaporins is of extreme importance,



76 M. Carmen Martinez-Ballesta et al.

since it is involved directly in the water conductivity of the root independent of root
volume (Martinez-Ballesta et al., 2003a).

A way to relate more closely the size of the root system to the water balance is
to consider the ratio of fine-root mass to leaf area (FR/LA), which corresponds to
the balance between the supply organ and the demand organ. High concentrations of
CO3; have been shown to have contrasting effects on this ratio. In some experiments,
this ratio increased (Norby et al., 1999), whereas in other reports no differences were
observed (Centritto et al., 2002). Therefore, the assumption that an increase in root
growth in a CO;-enriched atmosphere may increase water uptake must be evaluated
under the influences of other, interacting environmental effects (Wullschleger et al.,
2002), and the role of aquaporins has to be taken into account.

2.2 Water-Use Efficiency at High CO; Concentration

Although an increase in instantaneous transpiration efficiency (ITE) for leaves at
high concentrations of CO, has been observed as a result of reduced stomatal con-
ductance and/or improved photosynthesis (Johnson et al., 2002), it is difficult to
relate this parameter to water relations. It has been recognised that, in water-limiting
environments, the primary productivity of crops may be estimated simply from the
amount of water available for transpiration and the WUE for biomass production
(Fischer and Turner, 1978). Thus, WUE conveys a more integrated measure of plant
responses to high levels of CO;. Several studies have suggested that whole-plant
WUE increases significantly with elevated CO; (Centritto et al., 1999; Wullschleger
and Norby, 2001). In general, this effect appears greater in plants and ecosystems
under drought conditions (Centritto et al., 2002; Robredo et al., 2007). However,
this increase in WUE may result from an increased biomass accumulation in plants
grown in a CO;-enriched atmosphere (Centritto et al., 1999). On the other hand,
increased soil moisture under elevated CO, has been widely reported in grassland
systems (Moore and Field, 2006), with similar results in soybean (Bernacchi et al.,
2007). Nevertheless, an increase in WUE at elevated concentrations of CO, does not
ensure that water uptake will decrease, to increase soil moisture (Moore and Field,
2006).

2.3 Reduction in Stomatal Conductance Under Elevated CO;

The response of plants to elevated CO; is to reduce stomatal conductance
(Medlyn et al., 2001; Ainsworth and Long, 2005). Stomatal responses to CO;
involve direct responses, resulting in stomatal closure, and more indirect responses,
via long-term changes in soil water availability. Stomatal closure is generally asso-
ciated with reduced leaf-level transpiration. Bernacchi et al. (2007) showed that
elevated CO; resulted in a highly significant decrease in ecosystem evapotranspira-
tion (ET), closely correlated with a decrease in upper-canopy stomatal conductance.
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In addition, Gedney et al. (2006) suggested that decreasing gg, with rising CO;, will
lower water transfer to the atmosphere, so altering regional hydrology and climate.
The reduced leaf conductance and transpiration occurring under elevated CO, often
lead to more negative leaf or stem xylem water potentials (Morgan et al., 2004),
but it is not clear if this impact on leaf water potentials is of sufficient magnitude for
plant survival during periods of drought stress. The close relationship between stom-
atal conductance and soil water status (Tardieu and Davies, 1993) may explain the
lack of a significant reduction in stomatal conductance in water-stressed seedlings
of Prunus persica grown at elevated CO; concentrations (Centritto et al., 2002).
Therefore, this is in agreement with the results obtained by Martinez-Ballesta et al.
(2003b), where the control of water transport through the plant was suggested to be
in the root, indicating their involvement in maintenance of plant homeostasis.

Aquaporins were characterised originally as being selective for H,O, so facilitat-
ing water permeability through biological membranes (Kammerloher et al., 1994).
However, the possible role of aquaporins in CO» diffusion in higher plants was first
examined by Terashima and Ono (2002) and confirmed by Uehlein et al. (2003).
These latter authors speculated that increased CO; permeability through aquapor-
ins is related to the signals regulating stomatal guard cells, resulting in high stom-
atal conductance g in transgenic tobacco plants over-expressing NtAQP1 (Uehlein
et al., 2003). However, Hanba et al. (2004) showed that the increase in gg in trans-
genic rice leaves over-expressing the barley aquaporin HvPIP2;1 caused a loss of
water from the leaves. Thus, intrinsic WUE was slightly decreased, indicating that
the increase of the aquaporin HvPIP2;1 in the leaves enhanced water loss from the
leaves to a greater extent than the CO; assimilation rate. Therefore, if the level of
aquaporins exceeds a certain threshold, the plants might have higher growth rates,
as a consequence of the increased CO, diffusion and photosynthesis, but they could
be more susceptible to water stress. Recently, it has been reported that mesophyll
conductance to CO; (gn) changes in response to varying CO, even faster than gg,
suggesting also the possible role of aquaporins in mediating the CO, responsive-
ness of gn, (Flexas et al., 2006). Therefore, if they are expressed in stomatal guard
cells, the influence on photosynthesis could be due to an effect on HyO transport
across the guard cell plasma membrane, resulting in a decreased or increased stom-
atal aperture. Moreover, when considering the different concentrations of H,O and
CO; in the water phase surrounding photosynthesising cells, as well as the differ-
ences in the concentration gradients of HoO and CO; across the plasma membrane
of these cells, the involvement of aquaporins is crucial for studying the response of
plants to increased atmospheric CO».

3 Plant Water Relations and Increase in Temperature

The air and surface temperatures are two of the main factors affecting crop pro-
ductivity. In the past century, the net global change in the mean temperature of
the terrestrial surface was 0.6 = 0.2°C (Folland et al., 2001), and there is a high
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probability that both atmospheric CO; and global mean temperatures will continue
increasing substantially during this century (Albritton et al., 2001). Although there
are a lot of studies on the effects of the increased temperatures on plant water rela-
tions, it is still not known clearly whether the primary response is to avoid direct
thermal damage or to minimise transpiration water loss. However, the clearest obser-
vation is that water conservation tends to have higher priority than minimising leaf
temperature.

3.1 Leaf and Root Responses to Increasing Temperature

Temperature is one of the main factors influencing ET in plants. Thus, Goyal (2004)
reported an increase of 14% in total ET demand with an increase in temperature
by 20% (maximum 8°C) along 32 years (1971-2002) in a case study performed
at an arid zone of Rajasthan (India). It is known that the driving force for transpi-
ration is the water vapour pressure gradient between the air spaces within the leaf
and the surrounding air (Aw). Because the amount of water needed to saturate a
body of air rises exponentially with temperature, increased air temperature com-
monly results in an increase in the capacity of air to hold water vapour, increasing
also the potential for transpiration, and decreasing WUE. The increasing rate of ET
with temperature reaches a critical point, which varies, depending on the species,
from 30°C to 40°C, at which stomata close abruptly in order to avoid water loss.
This closure, although reducing transpiration water loss, disturbs gas exchange and
photosynthesis (Jones, 1998) and affects negatively plant growth and production.
However, when more environmental factors are taken into account, responses can
be more complex. In this respect, Matzner and Comstock (2001) observed in Phase-
olus vulgaris that when temperature was raised without raising absolute humidity
there was stomatal closure, but if Aw was kept constant and temperature was raised,
there was an opening response.

Temperature-induced changes in stomatal conductance have been found to show
a linear correlation with temperature-induced changes in plant hydraulic conduc-
tance, which could be, in part, explained by larger tracheid lumen diameters in
the xylem at elevated temperatures (Maherali and DeLucia, 2000). Hence, a ques-
tion to be answered is: do stomata respond primarily to changes in temperature,
with their responses inducing changes in hydraulic conductance, or do changes in
hydraulic conductance due to increases in temperature provoke stomatal responses?
According to Whitehead (1998), rapid and reversible short-term changes in stom-
atal conductance following a perturbation of the water potential gradient in the
flow pathway suggest that stomata respond directly to hydrostatic signals. Ripullone
et al. (2007) manipulated plant hydraulic conductance in Pinus pinaster to study its
effects on regulation of stomatal conductance, finding a strong and positive relation-
ship between the two parameters. Their results were consistent with the hypothesis
that two parallel modes of stomatal regulation explain the rapid responses of stomata
to changes in hydraulic conductance: one involving leaf water status, and another
involving ABA as a root-to-shoot signal.
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The soil-root system can also be influenced by an increase in the environmen-
tal temperatures, affecting root temperatures and growth. Roots play critical roles
in plant survival in environments with high soil temperatures, due, in part, to their
lower optimum temperature range for growth and higher sensitivity to fluctuations of
environmental conditions (Nielsen, 1974). Moreover, most of the functions of roots,
like uptake of water and nutrients, are very sensitive to heat stress (Urrestarazu et al.,
2008); normal root growth, root dry weight and root/shoot ratio are also affected,
specially at early vegetative stages (Tahir et al., 2008). Root temperature is reported
to affect both water and ion transport (BassiriRad et al., 1991) and either of these
changes could affect shoot growth by limiting the supply of water and nutrients
to the expanding tissue. Supra-optimal root zone temperatures can induce shoot
water deficit in pepper, by altering the balance between water uptake by the root
system and water loss from the shoots (Dodd et al., 2000). Cochard et al. (2000)
observed that increased soil temperature induced a great increase in root and shoot
hydraulic conductance for Quercus robur, and, as a consequence, plant transpiration
responded linearly to these temperature-induced changes in whole-plant conduc-
tance. Cabafiero et al. (2004) observed an increase in root hydraulic conductance
dependent of aquaporins in response to a temperature increase. However, previ-
ous changes in root hydraulic conductance with temperature have been attributed
to changes in membrane fluidity and permeability (Carvajal et al., 1996), changes
in water viscosity (Hertel and Steudle, 1997) or a combination of both (Sellin and
Kupper, 2007).

3.2 The Role of Aquaporins in Plant Water Status Under
High Temperature

Changes and adaptations in root physiology can be developed, also, in order to avoid
water deficit without suffering losses in productivity. An alternative mechanism of
water-regime regulation is the modulation of the amount of water coming from the
roots, due to a reduced resistance to water flow. Following the discovery of aquapor-
ins as specialised water-channel proteins, it was elucidated that plants could increase
rapidly water flux from the roots, in response to environmental changes, by chang-
ing aquaporin abundance and activity (Luu and Maurel, 2005). Aquaporin gene
expression is activated during the daytime, accelerating water inflow as the transpi-
ration rate increases (Henzler et al., 1999). According to aquaporin gene expression,
root hydraulic conductance could be changed as well during the daytime (Henzler
et al., 1999; Martinez-Ballesta et al., 2003a). In this case, an increase in the rate of
transpiration with increasing air temperature is compensated by a reduction in the
hydraulic resistance, mediated by the regulation of aquaporin expression or func-
tionality, which provides for the maintenance of water content in the leaves with-
out stomatal closure. Thus, an increase in root hydraulic conductance permits the
stomata to remain open in spite of increased water deficit in the air (Farkhutdi-
nov et al., 2003). In this study, when the air temperature was elevated by 3—4°C,
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transpiration was accelerated and remained high. However, it did not result in a
decrease of water content in the shoot, due to an increased hydraulic conductance. It
has been postulated that stomata could respond directly to changes in root hydraulic
conductance, via an ABA-mediated mechanism (Steudle, 2000). Kamaluddin and
Zwiazek (2004) also proposed that ABA could have a direct effect on root water
channels. The effect of ABA in aquaporins has been widely studied by several
authors, and a clear conclusion could not still be established. Beaudette et al. (2007),
for example, using ABA in Pisum sativum roots in order to decrease hydraulic con-
ductivity, observed variable changes in PsPIP2-1 gene expression, and that the direc-
tion of the response was strongly dependent on the dose of ABA that was applied.
Also, the interesting analysis of the effect of ABA on the expression of the 13 PIP
genes in Arabidopsis, performed by Jang et al. (2004), revealed that the responsive-
ness of each aquaporin to ABA was different, implying that the regulation of aqua-
porin expression involves both ABA-dependent and ABA-independent signalling
pathways. When plants experience any biotic or abiotic stress, including heat stress,
ABA accumulates rapidly, leading to active plant response to these stresses (Xiong
et al., 2002). Heat treatments (38°C) performed by Wang et al. in 2005 in Vitis
vinifera plants observed a rapid increase in ABA contents as a response to heating,
and an improved thermotolerance in treated plants, indicating that both plant regu-
lators could be involved in thermotolerance regulation. At a molecular level, Zhang
et al. (2008) analysed heat shock and ABA content in ABP9 transgenic Arabidop-
sis(constitutively expressing a transcription factor for the ABA response element),
concluding that expression of ABP9 might be enhanced by abiotic stresses like heat,
and it has an important role in the increase of ABA content and expression of other
stress-defensive genes.

Recently, some authors have highlighted the importance of aquaporins, not only
in water transport in roots, but also in leaf hydraulic conductance. Cochard et al.
(2007) found in Juglans regia a positive relationship between leaf conductance and
the abundance of two PIP2 aquaporin isoforms, in response to light and temperature
increases. Some earlier physiological studies seem to support this idea; for instance,
in 2005, Nardini et al., using HgCl, as an aquaporin blocker, showed a reduction in
leaf hydraulic conductance in sunflower (Helianthus annuus).

4 Plant Water Relations and Solar Radiation

In recent decades, the natural UV-B distribution has been affected significantly by
anthropogenic activities, primarily through the release of man-made chlorine and
bromine compounds, which result in stratospheric O3 depletion (Giorgi et al., 2003;
Forsher and Joshi, 2005). A small decrease in ozone levels may cause a large rel-
ative increase in biologically effective UV radiation, with significant consequences
for plant biochemistry, physiology and productivity (Searles et al., 2001; Robson
et al., 2003; Glenn et al., 2008; Kristian et al., 2008). The use of aerosols also alters,
indirectly, the amount of solar irradiance incident on the earth’s surface, by modify-
ing the frequency and lifetime of clouds (Hobbs, 1993).
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4.1 Light Intensity and UV Radiation Effects on Plant Water Status

One of the most important aspects of global change is that of stratospheric ozone
depletion resulting from air pollution, and the resulting increase in UV radiation
reaching the surface of the Earth (Blumthaler and Ambach, 1990; Gleason et al.,
1993). Adaxial stomatal density has been found to be depressed by the direct action
of UV upon the developing epidermal structures (Gitz et al., 2005); stomatal con-
ductance generally exhibited a response pattern similar to that of the reductions
in stomatal density. However, Nogués et al. (1999) found that reductions of the
conductance in pea (Pisum sativum) plants exposed to high levels of UV-B were
largely the result of altered stomatal (guard cell) functioning rather than of stomatal
density. Water uptake and transport in the plant can be affected by changes in the
stomatal conductance and density. Thus, alteration of stomatal conductance in the
absence of reduced CO, assimilation could enhance instantaneous WUE or increase
the stomatal limitation to photosynthesis. In addition, it has been hypothesised
that UV signal perception can lead to photomorphogenic responses in plants that
may confer adaptive advantages under conditions associated with high-light envi-
ronments, such as water stress (Gitz and Liu-Gitz, 2003). Also, other researchers
have reported anatomical changes that could lead to improved water relations upon
exposure to UV-B radiation under drought conditions (Manetas et al., 1997; Laakso
et al., 2000). However, Nogués and Baker (2000) found no effect of UV-B on the
drought response in three Mediterranean species grown under enhanced UV-B radi-
ation before and during the imposition of drought treatments. Also, reductions in
transpiration and conductance with UV-B have been reported in soybean, but altered
carbon isotope ratios were attributed to photosynthetic disruption (Feng et al., 2003).

High light intensity may tend to intensify the water flow across living tissue (Sack
et al., 2003; Lo Gullo et al., 2004), but as soon as the water status (turgor/water
potential) declines, cell hydraulic conductivity (Lp) is reduced, most likely via a clo-
sure of aquaporins (Kim and Steudle, 2007). This seems to be a reasonable response
to minimise water loss and to keep cell turgidity, but there may be other variables in
the system. Thus, changes in symplastic or apoplastic pH or pCa, which are known
to affect aquaporin activity (Johansson et al., 1996, 1998; Tournaire-Roux et al.,
2003; Alleva et al., 2006), must be considered, since light can change the pumping
of protons and Ca?* (Shabala and Newman, 1999). In addition, light irradiation has
been shown to cause a significant influx of ions such as K*, CI', Ca?* and NO3", and
this could originate changes in the plasma membrane polarisation (Weisenseel and
Ruppert, 1977; Takagi and Nagai, 1988; Stoelzle et al., 2003; Stiles and Van Volken-
burgh, 2004; Zivanovic et al., 2005 and 2007) that may affect the functionality of
plasma membrane proteins.

The attenuation of solar radiation by atmospheric aerosols simultaneously
decreases the amount of radiation reaching the surface and increases the fraction
of radiation which is diffuse. Decreasing the total amount of photosynthetically
active radiation (PAR, 400-700 nm) tends to decrease the amount of photosynthe-
sis occurring in plant leaves. In addition, the variations of hydraulic conductance in
the whole plant with the irradiance may depend greatly on the amount of the solar
radiation.
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4.2 Leaf and Root Responses to Light Availability: Involvement
of Aquaporins

It has been proposed that leaf hydraulic conductance (Kjea) increases during the
day in response to the increased water demand, due to stomatal opening (Tsuda and
Tyree, 2000). The higher Kje,s in the light period might be due to light-dependent,
new expression/activation of aquaporins (Nardini et al., 2005). Recently, Cochard
et al. (2007) showed that the Kjear of walnut leaves (Juglans regia) was low under
dark conditions, increasing by 400% upon exposure to light. The authors associated
this low Kjear in the dark with down-regulation of JrPIP2 aquaporin, whereas high
Kiear in the light was associated with up-regulation of/rPIP2. Thus, these walnut
leaves could rapidly change their hydraulic conductance during the dark-light cycle
by regulation of the expression of plasma membrane aquaporins. Similar results
were observed by Tyree et al. (2005). These authors showed that the increase in
Kiear mediated by irradiance could be due to the de novo expression of aquaporins
in addition to the activation of pre-existing aquaporins and the consequent enhance-
ment of water transport.

In addition, the responses of leaf conductance to irradiance may vary depend-
ing on the leaf position. The water flow to the shade foliage has to overcome a
greater resistance than that to the sun foliage. Thus, Sellin and Kupper (2005)
found that silver birch trees adjust their water relations to the prevailing environ-
ment by coordinating hydraulic capacity with changes in stomatal conductance,
to prevent leaf water potential from reaching critical values. These results sup-
port the idea that stomatal conductance at the base of the live canopy is lim-
ited not only by low light availability but also by the liquid-phase transport
capacity.

Other studies have shown a correlation between diurnal variations in root
hydraulic conductivity and the expression of aquaporins. Thus, it has been reported
that water uptake and aquaporin transcript levels increased during the light cycle
in Lotus japonicus (Henzler et al., 1999) and Arabidopsis (Martinez-Ballesta et al.,
2003a), in the dark in barley (Katsuhara et al., 2003) and in both light and dark
in maize (Lopez et al., 2003). These data indicated that roots can alter their water
permeability within a few hours depending on light, and the rapid changes in water
permeability are most likely mediated by aquaporins.

5 Conclusion

The components of global change reviewed here, elevated CO;, high temperature
and low radiation, will affect plant water uptake and transport involving aquaporins.
However, if the effect of each component is difficult to quantify and interpret, the
global effect is really unpredictable. Therefore, a better knowledge of the mecha-
nisms implicated in these processes, including the role of aquaporins in CO, and
water diffusion, is required to predict the responses of terrestrial plants. Moreover,
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the degree to which changing environmental conditions produce direct or indirect
responses and the relationships between variables need to be assessed. Furthermore,
the climate change is expected to cause a net increase in the proportion of land
classed as semi-arid, which will affect plant production as well as obviously plant
water relations due to frequency of drought conditions. This outlook complicates
even more the whole picture.

Temperature affects a great number of physiological and metabolic processes in
plants, and therefore it is difficult to establish whether future increases of tempera-
ture will affect whole-plant physiology negatively or positively. Raised temperatures
may benefit some crops but disadvantage others through increased ET and thermal
damage. The way in which recent increases in temperature due to global change
could affect plant water relations is still not clear. Many studies with different plant
types, including trees, grasslands, crops and ornamental plants, show that they are
developing different adaptive mechanisms in order to avoid water-deficit stress and
excess transpiration, like increases in WUE and hydraulic conductance — involving
the expression and activity of aquaporins.

The use of halocarbons causes other components of global change, such as the
stratospheric ozone depletion that makes plants vulnerable to the increased UV-B
radiation. However, the response of plants to UV-B radiation can be altered by con-
current changes in other micro-climatic factors such as PAR (Mirecki and Teramura,
1984; Cen and Bornman, 1990), nutrient status (Murali and Teramura, 1985) and
water stress (Sullivan and Teramura, 1990; Nogués et al., 1998). The response of
plants to the amount of perceived radiation has been studied extensively and there
are numerous reports about the effect of light and shade on water relations. However,
the combined effect of different environmental factors must be considered in order
to elucidate the effect on plant water balance (Sellin and Kupper, 2007, Cochard
et al., 2007; Maherali and DeLucia, 2000). In addition, it is now established that
aquaporins are expressed widely, in all organs of the plant, allowing fine physiolog-
ical regulation of water transport. Also, their involvement in CO;, conductance has
been recently identified, which emphasises the central role of aquaporins in plants —
for modulation of water and CO, uptake by cells.

All the results summarised in this chapter reinforce the importance of aquaporin
regulation under environmental changes, such as those that will produce climate
change. However, the large number of aquaporins present in each species and the
different types of protein regulation make a complicated picture. Therefore, a com-
plete knowledge of aquaporin function in plants is necessary before interpretation
of their key role in the response to environmental changes.
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Responses of Cereal Plants to Environmental
and Climate Changes — A Review

Vaclav Hejnak, Milan Skalicky, Frantisek Hnilicka, and Jan Novak

Abstract The projections of the global climate changes on the Earth expect a rise
in the concentration of greenhouse gases, increase in temperature and aridisation
of the environment. By the middle of the twenty-first century, the concentration of
CO; will probably rise up to 500 wl 1= of air. Already now, 61% of the area of
land on the Earth has precipitation lower than 500 mm. One-sixth of the world’s
population can be affected by an acute shortage of water. A total of 35-50% of
inhabitants of the Earth are struggling with salinity of soil. All this currently has
and will have consequences for the agricultural production. The areas between 15°
and 30° of the north and south longitude and the deep inland areas are endangered
the most. Cereals are major crops with respect to human nutrition. In order to ensure
permanently sustainable production of cereals, it is important to study the diversity
of their production under the influence of natural and climate changes. Based on this
analysis, it is necessary to design measures to stabilise yields. This is the purpose
of this chapter. Based on the study of a number of literature sources, we presume
that the increased concentration of CO, will only partly compensate for the losses
of the yields of cereals resulting from the increase in temperature and aridisation of
the environment taking place on a global scale. However, cereals have a number of
adaptation mechanisms to maintain turgor and to improve water management in dry
and salinised habitats. With a view of ensuring permanent sustainability of agricul-
tural production under the changing natural and climatic conditions, we present two
options of using the diversity of adaptation mechanisms: (1) to adapt the composi-
tion of the cereals grown to changing conditions; (2) to breed varieties more resis-
tant to changing conditions. Breeding resistant genotypes is the least costly solution
to ensure sustainable development of agriculture in arid areas. We believe that the
choice of suitable selection criteria is most important. For the screening of genotypes
resistant to drought and salinisation, it is important to use more parameters: physi-
ological and biochemical indicators at the cellular level and the genes of resistance
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to drought and salinisation. The suitable selection criteria and the important fea-
tures of drought and salinisation resistance are a high level of osmotic adjustment,
low stomatal conductivity and good growth of roots. Breeding aimed at achieving
a higher degree of drought resistance should be focused on (1) improvement of
the availability of water through the root system; (2) the limitation of water loss
through transpiration and higher water use efficiency for production of biomass; (3)
prolongation of the activity and increase of the power of the sink. In the selection
of the genetic sources of resistance to abiotic stresses, we recommend paying an
even greater attention to wild species and region-specific and primitive varieties of
cereals, originating from worse natural and climatic areas. Another promising path
is to use gene transfers to improve the photosynthetic and growth capacity of cereals
during the presence of stress factors. In order to improve the water management in
cereals under dry conditions, we also suggest using growth regulators to a greater
extent. Abscisic acid applied on plants can serve as an antitranspirant. It can increase
water use efficiency.

Keywords Cereals - Climate changes - Environmental stress factors - Elevated CO;
concentration - Drought - Salinisation

1 Introduction

The growing number of the Earth’s inhabitants places constantly increasing
demands on the environment. One of the risks, which could substantially influence
human society’s life with its long-term character, is the climate change. Prognoses
of global climate changes on the Earth expect the increase of greenhouse gases
(CO,, CH4 and CFx, etc.) concentration in the air, natural global warming and the
aridisation of plant environment with consequences for the agricultural production.
From the middle of the nineteenth century until now, the concentration of CO; in
the air increased from 270 ul CO, 1-! nearly up to the present 400 ul CO517 1. Tt is
expected, that it will rise up to 500 1 CO,17 tin the following decades (Natr, 1998;
Kimball et al., 2002; Rizza et al., 2004; Ainsworth and Long, 2005; Long et al.,
2006). On a worldwide basis, drought is the most serious factor limiting yields of
the main crops. It influences the natural ecological systems as well as the production
of agricultural systems (Solomon and Labuschagne, 2003). Sixty-one percent of the
areas on the Earth have precipitation lower than 500 mm (Deng et al., 2005). The
most endangered parts of the planet are the regions between 15° and 30° of the north
latitude and south latitude, the localities on the lee side of mountains and areas sit-
uated in the deep inland. Up to one-sixth of the world’s population can be affected
by an acute shortage of water (Larcher, 2003). The annual average temperatures
are showing an upward trend and evapotranspiration requirements for the water are
growing. Periods without water are becoming longer; thus, plants often suffer from
water shortage (Rizza et al., 2004). The result is instability of the quantity and qual-
ity of production. The path leading to better stability leads through limitation of the
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effect of the risk, stress and other reduction factors. This is important for further
development of not only intensive systems but also the environment-friendly land
management systems based on the concept of permanently sustainable development
of plant production (Marcelis, 1996).

Cereals are probably the oldest and most important crops with respect to human
nutrition. They are grown in both warm and cold areas, dry and humid areas, and
lowlands and higher mountainous areas. The total area of agricultural land on the
Earth amounts to approximately 19,824,000 km?, of which cereals occupy around
35%. The expected growth of the total population on the Earth, the increasing
requirements for the quality of life as well as the requirement for production of
energy biomass will bring about increased pressure on the global plant production,
particularly on the production of cereals. In addition to that, this desirable increase
of production must be accompanied by a high degree of sustainability (Spiertz et al.,
2007). This is why the purpose of this study is to analyse the diversity of the physio-
logical reactions and the production processes of cereals in the changing conditions
of the environment. The output should consist of proposals for limiting the effect of
stress factors of the environment and for ensuring steady sustainable production of
cereals even under the changing natural and climatic conditions.

2 Responses of Cereals to Elevated CO; Concentration in Air

Professor Natr (1998) examined the influence of the changes in the concentration
of CO» in the atmosphere on the dissemination of plant species in the publication
titled “Plants, People and Sustainable Life of Man on the Earth”. Significant dis-
semination of C4 plant species occurred at the end of the Miocene Period. This
was related to the decrease of the concentration of CO; in the atmosphere down to
approximately 180 1 CO51~! of air. This favoured the C4 plants where the enzyme
PEP-carboxylase has a higher affinity to CO; than the RUBISCO enzyme in the
C3 species. During the last 160,000 years the CO, concentration in our atmosphere
varied from 0.020% to 0.030% (200 and 300 .1 CO,17! of the air). In the last 2,000
years until the middle of the nineteenth century the CO, concentration was generally
constant at the level of 270 ul CO,17!. Since that time, that is, from the beginning of
what is referred to as the Industrial Revolution, it has been continuously increasing.
The average CO, content in the air currently hovers around 0.038% and is con-
stantly increasing. This amount varies moderately in the course of the year. On the
land hemisphere, the highest CO, concentration is present towards the end of the
winter period and the lowest concentration is present at the end of the summer, that
is, in the period of maximum photosynthetic CO» fixation by the plant communities
(Natr, 1998).

Photosynthesis starts approximately at the level of 0.01% of CO; in the air, but
even at the concentration level of 0.38% the photosynthesis of C3 plants is not fully
saturated. It is expected that the CO, content in the atmosphere will be increas-
ing gradually up to 500wl CO>1~! of air, possibly even higher, in the following
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decades and centuries. In combination with a higher temperature, this can signif-
icantly influence the water regimen of the plants. This currently has and probably
will continue to have a great effect on plants: on the production of biomass and the
dissemination of the C3 and C4 species (Natr, 1998; Kimball et al., 2002; Rizza
et al., 2004; Ainsworth and Long, 2005; Long et al., 2006).

In recent years, there has been an increase in the number of experimental works
which bring information into this area — on the supposed influence of the global
climate changes on the Earth, on the phylogenesis and the dissemination of various
plant species. While increasing temperatures and altered soil moisture arising from
climate change in the next 50 years are presumed to decrease yield of food crops,
elevated CO; concentration is predicted to enhance yield and offset these detri-
mental factors. However, C4 photosynthesis is usually saturated at current CO, and
theoretically should not be stimulated under elevated concentration of CO, (Leakey
et al., 2006). However, the highest quantity of results about reactions of plants to the
increased CO; concentration was achieved on young individuals during the short-
term application of an increased CO; in an assimilation chamber, particularly with
herbs or agricultural crops. The overwhelming majority of these trials were carried
out on plants not adapted to a higher CO, concentration. The informative value of
such experiments can be disputable on the global environmental scale. In general,
there is very little data on the influence of the long-term effects of the increased CO»
concentration on the photosynthesis, growth and other physiological characteristics
of, for example, cereals.

It is presented in the literature that an increase of the CO; concentration above its
common level in the atmosphere (approximately 400 wmol mol~!) or on the con-
trary its decrease directly influences, for example, the stomata density per leaf or the
water use efficiency (WUE) levels. In the experiments of Ulman et al. (2000) with
wheat plants the decreased CO> concentration (150 pmol mol~!) manifested itself
on the leaves of cultivated plants by a higher stomata density and a higher stom-
atal conductivity. Conversely, an increased CO» concentration (800 pwmol mol~!)
caused reduction of these parameters. The photosynthesis rate of the trial plants was
inversely proportional and on the contrary their leaf area was directly proportional to
the CO; concentration under which they were cultivated. The changes in the physi-
ological traits induced at a very early ontogenetic phase persist also after the termi-
nation of the effect of the increased or decreased CO; concentration. It is interesting
that certain effects manifested themselves not only on the directly affected leaves
but also on the leaves that emerged from the plant after the termination of the effect
of the increased or decreased CO; concentration. In the experiments of Mitchell
et al. (1999) with spring wheat plants, the increased CO, concentration at the level
of 650 mmol mol~! CO; in comparison with 350 mmol mol~! CO, was mani-
fested on flag leaves by an average decrease of the stomatal conductivity by 10%.
Del Pozo et al. (2007) identified a significantly lower chlorophyll and RUBISCO
enzyme content in wheat under an increased CO, concentration for the upper sun-
exposed leaves as well as the lower shaded leaves in comparison with plants which
grew under the standard CO, concentration. Kurasova et al. (2003) studied the
response of spring barley to elevated CO5 (700 mmol mol~!). In comparison with
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the barley grown under ambient CO, (350 mmol mol™!) the elevated CO, acclima-
tion resulted in a decrease in photosynthetic capacity, reduced stomatal conductance
and decreased total chlorophyll content.

The growth “sink™ also has an important effect on the photosynthetic efficiency
of the plants under an increased CO; concentration. The beginning of the vegetation
period is generally associated with the positive effect of the increased CO; concen-
tration on the photosynthetic assimilation. In the leaves of plants growing under the
effect of an increased CO, concentration, it was found out that there was a signifi-
cantly higher starch accumulation (De Lucia et al., 1985; Wong, 1990; Wullschleger
etal., 1992). The relation between the accumulation of the reserve form of the assim-
ilates (starch) and the photosynthesis rate (Py) is inverse; that is, the accumulation
of starch is connected with a decline in the photosynthesis rate (Johnsen, 1993).
The starch accumulation thus indicates a situation in which the photosynthetic pro-
duction of the assimilates in chloroplasts exceeds their transport from chloroplasts
and their subsequent consumption. The transport of assimilates from chloroplasts
then becomes the limiting factor. This means that it is only possible to maintain a
high photosynthesis rate under the effect of an increased CO; concentration if there
is a permanently active and strong “sink” (Stitt and Quick, 1989; Stitt, 1991). If
such “sink” is not present, then a feedback limitation of the photosynthetic activity
occurs and therefore a decline in the photosynthesis rate (Slafer and Savin, 1994;
Slafer et al., 1999).

Brestic and Olsovska (2001) state that the key issue of the plant resistance to
the water stress is the solution of the conflict between biomass production on one
hand and water loss prevention on the other. The plant “strives” for an ideal compro-
mise between a degree of the stomatal openness when a high water loss through the
transpiration does not occur and when, at the same time, there is a sufficient CO;
diffusion through the stomata into mesophyll for the photosynthesis requirements.
Marek (1998) shows that the general response of the guard cells of the stoma to an
increase of CO, concentration in the ambient air around the leaf is a partial closing
of the stomatal aperture and a perceptible decrease of the stomatal conductivity (gs).
In this connection, hypotheses have been raised that the increasing CO, concentra-
tion on the global scale enables the same photosynthesis rate with less open stomata
and therefore with a lower transpiration loss. It would mean a better plant potential
for the growth in drier environment than up until now in connection with the growth
of the WUE level (Brestic and Olsovska, 2001). The relation between the WUE
level and CO, concentration in the atmosphere is linear (Tolley and Strain, 1984).
But Natr (1998) presents that a higher dry matter production under the higher CO,
concentration will lead, in spite of the more favourable WUE, to a total higher water
consumption for the biomass production. This would mean a faster depletion of the
water reserves and the aridisation of many habitats still before the end of the veg-
etation period. In addition to that, a number of studies from the recent years show
that the yield of field crops, and consequently the yield of cereals, too, is favourable
influenced by an increased CO; concentration far less than it had been presumed
(for example, Ainsworth and Long, 2005; Leakey et al., 2006; Long et al., 2006;
Ainsworth, 2008). This provokes doubts, not only on our part, about the capability
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of an increased CO» concentration to compensate, in the first half of the 21st century,
for the losses resulting from the continuous temperature increase and aridisation of
the environment taking place on a global scale.

3 Responses of Cereals to Drought and Salinisation

3.1 Limitation by Water Supply

Drought globally ranks among the most serious problems, which stems from the
fact that 61% of the areas on the Earth have precipitation lower than 500 mm (Deng
et al., 2005). Drought influences natural ecosystems as well as cultural ecosystems’
production (agri-environmental systems). The term “drought” includes also irregu-
larities in the distribution of natural precipitation over time during the main vegeta-
tion period of plants. Maracchi et al. (2005) state that the agriculture in the northern
areas of Europe may be positively influenced by the climate changes by introduc-
ing new crops and varieties, by increased crop production and enlargement of the
areas suitable for cultivation. In the southern areas where there already is the typical
temporary soil water deficit, the negative phenomena, such as extreme weather fluc-
tuations, increase of water deficit and high fluctuations in the yield of agricultural
crops, including cereals, will be predominant.

For plants in the moderate zone it is decisive whether drought occurred dur-
ing the vegetation period or whether the plant grows in a relative drought from the
very beginning. As Lewitt (1980) explains, if drought had occurred not until in the
course of the vegetation period, the effect of water stress on metabolism is stronger;
whereas during the growth in a relative drought from the beginning of the vegetation
period, the plant manages to adapt to these conditions better — it has a root system
reaching to a greater depth, thicker cuticle, lower number of stomata as well as a
relatively smaller leaf area.

If there is not enough precipitation in the humid areas, this disrupts the water bal-
ance and the result is a water deficit. The cereal plants limit the opening of stomata
and also shorten the period for which they are open. At the beginning of the stress
the transpiration decreases during noon hours, latter on it again restores. When a
water shortage continues, a subsequent afternoon increase of the transpiration will
cease to occur and still later stomata are opening only in the morning when there is a
relative drop of the temperature. In the end, but when the plants still have sufficient
water content, the stomatal transpiration completely stops and the plants transpire
only through cuticle. Under extreme conditions, if the plant is unable to adapt, irre-
versible wilting and dying of plants takes place (Jones, 1998; Orcutt and Nielsen,
2000; Larcher, 2003).

The significant role of water is to maintain turgor. This is important for the
growth of the plants, that is, speaking precisely, during the elongation growth of
the cells and during the opening of the stomata. This is why the elongation growth
of cells is the process that is most sensitive to a water shortage from all physiological
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processes (Hsiao, 1973). From a certain threshold level, the growth rate is dependent
linearly on the turgor pressure. A measurable decrease in the growth occurs even
when there is a very small water loss when turgor decreases only by 0.1 MPa through
0.2 MPa. A decrease of the water potential down to approximately —0.1 MPa
through —0.2 MPa corresponds to this. The growth comes to a complete halt when
turgor decreases to the threshold level, which is usually between 0.3 MPa and
0.4 MPa. A halt in the growth occurs before the leaf wilting is evident or before
the main metabolic processes, including photosynthesis, are affected evidently. If
there is further decrease of the water potential of cells, approximately to the levels
between —0.4 MPa and —1.2 MPa, a very substantial (up to a 40-fold) increase of
concentration of the abscisic acid (ABA) occurs in the cells. Its content is increased
through synthesis or through release of the reserves in chloroplasts. The conse-
quence of this is particularly the closing of stomata of the leaves. The change in
the opening of the stomata leads to decreasing the photosynthesis and transpiration
rate. Within this range of the levels of water potential fast changes in enzymatic
activity occur as well: enzymatic activity of nitrate reductase decreases, on the con-
trary alpha-amylase, ribonuclease and hydrolase activities increase. The synthesis
of proteins and cytokinins decreases and the cell division slows down (Hsiao, 1973;
Orcutt and Nielsen, 2000; Larcher, 2003; Hejnak et al., 2004; Taiz and Zeiger,
2006). Dehydrins are a special group of approximately 20 stress proteins, which
are newly generated during shortage of water. The generation of dehydrins depends
on the increased concentration of ABA. For survival of a high dehydration, they
are absolutely necessary (Close, 1996). Dehydrins are exclusively intracellular pro-
teins. They are hydrophilic and they bind a considerable quantity of water in their
molecules. They were identified in virtually all intracellular organelles in all organ-
isms using photosynthesis (Saavedra et al., 2006). The decrease of a water potential
down to the levels around —1.0 MPa and lower is linked to the creation of amino
acid proline, carbohydrates, alcohols and other compounds. During a longer water
deficit other metabolic changes begin to manifest, particularly in photosynthesis and
transport processes in a cell (Cornic, 2000; Griffiths and Parry, 2002).

The majority of crop plants are classified as mesophytes, meaning that they are
not specially adapted to survival in dry conditions. In contrast to xerophytes that
can survive leaf water potentials (i )as low as —10 MPa, most crop plants start to
exhibit signs of physiological damage and leafwilting at about —1.5 MPa (Hsiao
et al., 1976; Fitter and Hay, 2002; Hay and Porter, 2006). Leaf and cell water poten-
tial are used as indices of drought or water stress in plant physiology, with the con-
vention that ¥ is said to drop and drought increase as water potential becomes more
negative. Water flows from regions of higher to lower water potential (less to more
negative); thus water flows from a soil at field capacity where V¥ 4oj is zero to the
leaves where /1e4f can be —0.5 MPa to —1.0 MPa on a day when leaves are freely
transpiring. Water stress for a typical mesophyte has been characterised into three
classes (Hsiao, 1973): mild stress, i between 0 and —0.5 MPa; moderate stress, i
between —0.5 and —1.2 to 1.5 MPa; severe stress, ¥ below —1.5 MPa.

An alternative method for expressing the water status of the plants is using the rel-
ative water content (RWC). This expresses the ratio between the total water content
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and the water content in full turgescence. There is a mild water stress if RWC
around 90% and lower results in a decreased intensity of cell elongation and organ
growth, increasing ABA accumulation in the leaves and the beginning of the stom-
ata closing. The level of 80% and lower represents a strong water stress. This level is
accompanied by changes in tissue structure, metabolic changes, proline accumula-
tion, possibly changes of other osmotically active substances. The level below 70%
represents an intervention into the mechanism of the basic physiological processes,
irreversible metabolic disorders occur and leaf apparatus damage occurs, etc. (for
example, Rulcova and Pospisilova, 2001; Brestic and Olsovska, 2001; Pospisilova
et al., 2005).

The majority effect of a mild water stress in leaves consists primarily in the clos-
ing of stomata. Disorders of the photosynthetic apparatus usually do not occur. The
result of the stomata closing during a drought is a reduction of CO» internal pressure
and subsequently reduction of photosynthetic assimilation. In the relation between
O, and COa», priority is given to photorespiration (Sharkey and Seemann, 1989;
Ghashghaie and Cornic, 1994). Decreased CO, diffusion through cell walls, mem-
branes, cytoplasm and chloroplast coats of mesophyll cells leads to the decrease
of CO, concentration in chloroplasts and to photosynthesis rate reduction (Flexas
et al., 2002, 2004a,b, 2006). The initial effect related to the stomata closing and the
depletion of CO»in intracellular spaces is referred to as stomatal inhibition of pho-
tosynthesis (Cornic et al., 1992). However, this mechanism does not explain all the
effects of drought. Under a strong water stress, it is presumed that there is also non-
stomatal inhibition of photosynthesis. A strong water stress results in a decrease of
carboxylation and the activity of the electron transport chain. It also induces ultra-
structural changes in chloroplasts, which concern the oxidative damage to lipids,
proteins and pigments (Tezara et al., 1999; Foyer and Noctor, 2000; Maroco et al.,
2002; Johnson et al., 2003; Flexas et al., 2004a,b; Selote and Khanna-Chopra, 2004;
Hura et al., 2006).

The ratio of net photosynthetic rate (Pn) and transpiration rate (E) labelled as
water use efficiency (WUE) indicates whether photosynthesis is limited only with
respect to stomata or whether it is also limited in ways other than by stomata. A
notable decrease of this indicator during the course of water stress shows that the
photosynthesis is limited also non-stomatally. Under a mild water stress the stom-
atal limitation of the photosynthesis markedly predominates over non-stomatal lim-
itation (for example, Escalona et al., 1999; Rulcova and Pospisilova, 2001; Maroco
et al., 2002).

The atmospheric drought affects the leaves and the stomatal apparatus directly.
Soil drought develops gradually. When a plant is exposed to a gradual dehydra-
tion of the soil substrate, it maintains the relatively high water content for a longer
time. This leads to hyperproduction of ABA, formation of proteins, dehydrins and
osmotins, etc. A plant can gradually adapt osmotically and redistribute water in
organs, if the water is not too strong and if the integrity of the physiological systems
of the plant is not affected (Hay and Porter, 2006).

It can be summarised that agricultural crops have a number of physiological
adaptation mechanisms to maintain turgor and to improve water management in
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dry conditions. The time factor and the intensity of the water stress are important.
Most cereals are able to adapt if the water potential of the soil solution does not drop
below —1.5 MPa for a longer time (Larcher, 2003; Hay and Porter, 2006).

3.2 Limitation by Salinisation

Soil salinity is an important worldwide problem mainly in arid and semiarid regions.
El-Hendawy et al. (2007) show that the issue of soil salinity is addressed by 35-50%
of the world’s population from approximately 80 countries.

A high Na* and Cl~ ion concentration in the soil solution affects the balance
in the nutrient uptake and reduces the soil’s osmotic potential. The plants respond
to the reduced water availability by the stomata closing and restricting the water
release. As a result of salinity restricting the water uptake into the plant, it also
adversely influences the plant elongation growth (Mc Kersie and Leshem, 1994;
Fricke and Peters, 2002; Munns, 2002; Koyro, 2006). The elimination of CO; avail-
ability for photosynthesis occurs simultaneously with the partial closing of stomata,
which is one of the causes of the productivity reduction under the stress conditions
(Hasegawa et al., 2000; Flexas et al., 2004b; Abdelkader et al., 2007; Balogh et al.,
2007).

The capability of plants to resist salinisation is determined by a number of bio-
chemical and physiological changes. These facilitate retention or reception of water
by the plant, regulate the concentration of ions in the protoplast and protect the
cellular organelles, particularly chloroplasts, from damage. The synthesis of osmot-
ically active substances, specific proteins, the activation of enzymes regulating the
reception and output of ions of salts and the activation of the enzymatic antioxi-
dants for detoxication of the active forms of oxygen are most important (Parvaiz
and Satyawati, 2008).

It was found out that the genotypes tolerant to salination have a capability to
eliminate the undesirable ions. Garthwaite et al. (2005) identified this ability in wild
barleys that have, in comparison with the cultivated species, significantly higher
tolerance to salination. A similar potential for ion elimination was established as
well for rice. Jiang et al. (2006) state that barley is the agricultural crop that has the
highest tolerance to salination. While wheat is able to grow in soils containing up to
5% of salt, barley tolerates even a double of that amount of salt in soil (Santrucek,
2003; Colmer et al., 2005, 2006; Munns et al., 20006).

High nutrient and salt concentrations in the soil solution generally affect
adversely the plant mineral nutrition. At the same time they adversely influence
the plant water regime, because they reduce the osmotic potential of the soil solu-
tion. Thus a high salination is often a source of water stress. Piterkova et al. (2005)
state that it is possible to reduce the effect of salinity on the productivity of plants
by adding Ca>* ions into the irrigation water.

We can say that the stress resulting from salinisation is causing great damage
to agricultural production all over the world. Therefore, fast implementation of the
results of biological research in practice is necessary. The main intention of the



100 V. Hejnak et al.

eco-physiologists, production physiologists, biochemists and geneticists is to choose
the suitable selection criteria. For the screening of the genotypes resistant to drought
and salinisation, it is important to use more parameters: physiological and biochem-
ical indicators at the cellular level and the genes of resistance to drought and salin-
isation. For the sake of permanently sustainable agriculture, breeding the resistant
genotypes is the least costly solution.

3.3 Osmotic Adjustment

Osmotic adjustment of the tissues to a water deficit maintains the gradients of the
water flow and water intake from soil during the period of low water potential levels.
It also makes stomatal adjustment and continuation of transpiration and photosyn-
thesis possible (Subbarao et al., 1995; Gonzalez et al., 2008). Osmotic adjustment
takes place very slowly, sometimes even several days. In the majority of cases, the
concentrations of substances such as carbohydrates (sucrose), organic acids (malic
and citric acids), amino acids and inorganic substances (K*) increase during osmotic
adjustment (Moinuddin et al., 2005). During the stress, the concentration of highly
soluble (osmotically active) substances as well as the metabolically still unused
low-molecular organic substances further increases. The said substances include for
example the proline amino acid (Sanchez-Urdaneta et al., 2005). Its accumulation
is almost a general response of plants to a water stress, while the capability to accu-
mulate other groups of components is more or less species specific (Meloni et al.,
2004). To carry out the osmotic adjustment, the plant needs to expend extra energy,
which negatively influences its further development. Therefore the breeders’ work
is aimed at breeding cereal varieties with a higher osmotic adjustment because suit-
able genotypes are the least expensive solution to the entire problem (Muramoto
et al., 1999). In this respect Liao et al. (2005) point out that in their experiments
with six wheat cultivars, the cultivars with a medium drought resistance featured a
significantly higher Py and grain yield than the cultivars with a high or, conversely,
decreased resistance to drought. Breeding wheat only to achieve increased drought
resistance could thus result in a yield depression, unless a strong water stress occurs.
In trials with spring barleys, Arnau et al. (1997) found out that the variety with the
highest potential for osmotic adjustment can also maintain the highest level of RWC.
Such a variety also shows the highest photosynthetic activity under stress conditions.
As Morgan (2000) presents, wheat plants with a higher osmotic adjustment provide
a yield higher by up to 40% when in dry conditions. Also, according to Gonzalez
et al. (1999), the resistance to drought is characterised by a high osmotic adjustment,
low stomatal conductivity and good growth of the roots. Thus, osmotic adjustment
is a suitable characteristic for screening genotypes for a higher drought resistance.
A higher capability of osmotic adjustment to water stress was found in the roots
rather than in the shoots. The moderate osmotic stress leads to a fast growth inhi-
bition of the leaves and stems, while the roots can usually continue their growth
(Spollen et al., 1993, 2008). As a result of the halt of the plant’s growth, carbohy-
drates are preserved in the cells for the basic metabolism of the plants and for fast



Responses of Cereal Plants to Environmental and Climate Changes 101

establishment of balance in the cells when the effect of the stressor disappears. The
growth inhibition of the shoots during the influence of water stress contributes to the
accumulation of osmotically active substances inside the cells and thereby to their
adaptation, too. On the contrary, root growth is the plant’s adaptation mechanism
which contributes to water absorption from lower soil layers. With this, it helps to
thin the substances accumulated inside the cells and to restore the plant into a state
without stress (Osorio et al., 1998). For barley the osmotic stress is manifested by
the fast growth of the root part, faster ontogenetic development and earlier flowering
(Munns et al., 2000).

The osmotic adjustment capability varies according to the drought resistance of
the species. In wild cereals coming from areas with low availability of water, a
higher capability of osmotic adjustment was identified than in the cultural species
(Oukarroum et al., 2007; Suprunova et al., 2007). In barley, the osmotic adjustment
capability is very good; in wheat, it tends to be lower. This is why barley is a sig-
nificant cereal in dry areas. In comparison with the other C3 cereals, barley has a
better strategy for water management. Of course a short vegetation period and a
weaker root system increase the agro-technological requirements for its cultivation
(Samarah, 2005).

It follows from the above text that one of the most important properties of cereals
for adaptation to drought is their ability to tolerate a temporarily reduced water con-
tent in tissues, without growth and development processes being disrupted by this.
Osmotic adjustment is a significant feature for drought resistance. In our opinion, it
is therefore very important to breed new varieties of cereals with a higher level of
osmotic adaptation. The genetic properties of the wild plants can be the basis of the
breeding process. The new varieties obtained in this way would apparently be the
least costly input with respect to permanently sustainable cultivation of cereals in
drier areas.

3.4 Effect of Phytohormones

The stomata openness is generally in closer correlation with the soil water content
than with water content in the leaves. This indicates the existence of a chemical
signal between roots and leaves, which can, independently of the hydraulic effect,
regulate the opening and closing of stomata. In many species of plants, the chem-
ical signals are produced before the hydraulic signals and they give the plants “an
early warning” about the water deficit in the soil (Goodger et al., 2005). Although
the stomata can respond to all classic groups of phytohormones, the most attention
is paid to the ability of ABA to induce the closing of stomata. ABAis synthesised
mainly in the mature leaves. Roots are also important places of ABA synthesis.
It was found that roots exposed to water stress generate more ABA. ABA is trans-
ported to the leaves via xylem and it induces the closing of stomata in the leaves (Liu
et al., 2005). In this case, ABA plays the role of the said correlation signal between
a root and a stem (Liang et al., 1997; Wittenmyer and Merbach, 2005; Jiang and
Hartung, 2008). The stomatal sensibility to ABA varies across various species and
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cultivars depending on the nutritional condition of plants, ion composition of the
solution in xylem, time of day, temperature, radiation, air humidity, concentration
of CO» in the environment, leaf age and its water status (Auge et al., 2000).
Exogenously applied ABA also induces stomata closing. ABA reduces the gas
exchange rate, and consequently also the photosynthesis and transpiration rates.
This happens without any radical change in the water status of the leaf. ABA thus
favourably influences the drought resistance of plants. The plant responds to ABA
application very quickly by closing the stomata. For example, the stomata of barley
start to close already 5 min after its application (Mc Ainsh et al., 1992). In the exper-
iments of Stuchlikova et al. (2007) with maize and Safrankova et al. (2007) with
barley, the strong effect of ABA on limitation of the parameters of gas exchange
during a moderate water stress was observed. The mean levels measured on the sev-
enth and eighth days after interruption of irrigation in the examined group of barley
genotypes are shown in Fig. 1 (the photosynthesis rate) and Fig. 2 (the transpiration
rate). The stronger effect of ABA applied through irrigation at the roots than the
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Fig. 1 The effect of water stress and abscisic acid (ABA) on the net photosynthetic rate (Py)
of spring barley. Expressed in wmol CO,m~2s~!. The average levels measured on the seventh
and eighth day after interruption of irrigation in the group of genotypes of various proveniences
are shown here. S.E. = standard error. Genotypes: Namoi from Mexico, Adagio from France,
Novosadski 420 from Yugoslavia, Braemar from United Kingdom, Maridol from the Czech Repub-
lic and a wild barley Hordeum spontaneum Koch genotype W154 from Israel. (Adapted from-
Safrankova et al., 2007)

Note: Notice the strong, statistically provable effect of ABA on reduction of the photosyn-
thetic rate. The stronger effect of the ABA applied through irrigation at the roots is appar-
ent, as compared with the effect of the ABA supplied to the plants by being sprayed on their
leaves.
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Fig. 2 The effect of water stress and abscisic acid (ABA) on the transpiration rate (E) of spring
barley. Expressed in mmol HoOm™2 s~!. The average levels measured on the seventh and eighth
day after interruption of irrigation in the group of genotypes of various proveniences are shown
here. S.E. = standard error. Genotypes: Namoi from Mexico, Adagio from France, Novosadski
420 from Yugoslavia, Braemar from United Kingdom, Maridol from the Czech Republic and a
wild barley Hordeum spontaneum Koch genotype W154 from Israel. (Adapted fromSafrankova
et al., 2007)

Note: Pay attention particularly to the statistically provable effect of ABA on the reduction of the
transpiration rate. The ABA applied through irrigation at the roots has a stronger effect than the
ABA supplied to the plants by being sprayed on their leaves.

effect of ABA supplied to the plants by spraying is apparent. Table 1 show that the
provenience of the examined barleys is related to their capability of managing water
during a moderate water stress.

Since ABA supports the growth of roots and limits the growth of the aboveground
parts of a plant, the plants exposed to drought can have a reduced ratio between the
shoots and the roots (LeNoble et al., 2004). Under the water deficit, ABA is also
among the significant mediators of the gene expression for what is referred to as
stress proteins. Its increased concentration is necessary for the generation of dehy-
drins. In this way, a part of the existing proteins is replaced with new proteins with
more suitable properties under stress conditions. Accumulation of stress proteins in
plants during a drought fairly well correlates with the degree of the plants’ resistance
to water stress. The evidence is that stress proteins are not synthesised in the plant
mutants, which have a limited capability to synthesise this phytohormone (Bray,
1993).

The content of endogenous ABA is a significant criterion of the plants’ drought
resistance. Brestic and Olsovska (2001) state that the high content of endogenous
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Table 1 The influence of the country of origin on the water use efficiency (WUE) in various
genotypes of spring barley. WUE is expressed as net photosynthetic rate/transpiration rate (Pn/E)
in mol CO;m~2s~!/mmol H,Om~2s~!. The averages (& standard error) of the levels measured
on the seventh and eighth days after interruption of the irrigation are shown here. The effect of
water stress and abscisic acid (ABA) is examined. (Adapted from Safrankova et al., 2007)

Country/Variants Control Water stress Water stress + Water stress +
ABA-spray ABA-irrigation

Israel/*W 154’ 3,435 £ 0,20 2,987 +0,18 2,856 £0,03 3,057 £ 0,20
Mexico/‘Namoi’ 3,355 £ 0,06 3535£031 2892+0,16 2,984+0,25
France/‘Adagio’ 4,543 £ 0,11 3,391 4+0,30 3,4714+0,20 3,079 +0,06

Yugoslavia/‘Novosadski’ 2,710 + 0,24 2,679 +£0,14 2235+0,36 3,0124+0,28
United Kingdom/‘Braemar’ 2,993 + 0,17 3,146 £ 0,03 2,857 +£0,18 5,322 4+ 0,03*
Czech Republic/‘Maridol” 3,482 + 0,17 2,923 £0,06 2,858 +0,22 4,946 + 0,07*

*bold font — significant differences.

Note: Notice especially the high level of WUE in the control variant of the Adagio variety
(France). This is probably the genotype with the highest photosynthetic performance from among
the examined genotypes. Also, notice that from among all the examined genotypes the Adagio
variety manifested the greatest decrease of WUE in the variant stressed by drought in comparison
with the control variant. This can be regarded as a proof of the sensitivity of the Adagio vari-
ety to water stress. In most of the genotypes, decrease of WUE occurred in the variant stressed
by drought as compared with the control variant. Only in the Namoi variety (Mexico), a slight
increase occurred. This indicates its higher resistance to drought as compared with the other
genotypes. In the Braemar (United Kingdom) and Maridol (Czech Republic) genotypes, notice
the strong effect of the ABA supplied through irrigation on the increase of WUE. It is probably a
case of ABA significantly improving water management in a sensitive genotype.

ABA prevents disruption of the ultrastructure of chloroplasts in some maize culti-
vars during drought. It is also known that maintaining the volume of chloroplasts
prevents non-stomatal inhibition. The reason is primarily the accumulation of K*
and an increase of the osmotic potential of chloroplasts. This increases the overall
resistance to drought. Potassium is often discussed as a factor increasing the drought
resistance of plants.

Other phytohormones can also influence the water management of plants, par-
ticularly through interaction with ABA. Cytokinins and auxins can reduce or defer
the closing of stomata induced by ABA or inhibit the ABA accumulation induced
by the water stress (Pospisilova et al., 2000, 2005; Tanaka et al., 2005; Veselova
et al., 2006; Stuchlikova et al., 2007). Jasmonates can stimulate this effect (Stoll
et al., 2000). Non-stomatal effects of phytohormones on the photosynthetic appara-
tus were also observed. However, most effects are concentrated on influencing the
photosynthesis by changing the stomatal conductivity and consequently the inner
concentration of carbon dioxide. However, the extent of this influence depends on
the plant’s uptake and degradation of the applied substance and its interaction with
the endogenous phytohormones. A different method is to use transgenic plants with
a modified content of endogenous phytohormones. Application of ABA can help the
plants survive for a certain period by closing the stomata.
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As a result of the ABA accumulation and redistribution in the leaves, stomatal
activity, effective osmoregulation, and as a result of the cell compartment volume
being maintained, the photosynthetic structures remain relatively undamaged until
the medium levels of water deficit in the leaves are reached. A high content of the
endogenous ABA and particularly the WUE (Blum, 2005; Safrankova et al., 2007;
Stuchlikova et al., 2007; Duskova et al., 2008) are the significant criteria for the
plant drought resistance assessment.

4 Ensuring Yield of Cereals under Environmental Stress Factors

For the production process of cereals, the photosynthesis rate, the size of the assim-
ilation apparatus and the duration of the process are the decisive aspects (Petr et al.,
2002; Hejnak, 2003a,b). These characteristics can be unfavourably influenced by
stress factors. The resulting effect of the stress is determined by its depth, duration
and the development stage, at which the plant is found (Hafsi et al., 2007). In cul-
tural plants, periods referred to as critical periods have been described with respect
to the requirements for water supply. Water stress during these periods can funda-
mentally influence the final yield. In most plants, these are the development stages,
at which sexual organs are differentiating and the growth of vegetative organs is
most intense (Orcutt and Nielsen, 2000). Cereals have little resistance to drought at
the stage of tillering and shooting (Brestic and Olsovska, 2001). In this period, there
is a fast growth and enlargement of the biomass of the plants and the demands on
their photosynthetic performance rise. This is related to the intensive growth of the
assimilation apparatus and the photosynthesis rate between the tillering stage and
the flowering stage. Subsequently, in the period after earing and after termination of
the flowering period, the number of photosynthetically active leaves is quite rapidly
decreasing. The ageing of the photosynthetic apparatus is also gradually manifested
by significant decline in the stomatal conductivity and by decrease of the photosyn-
thesis rate (Hejnak, 2003a; Hejnak and Krizkova, 2004). The photosynthesis rate
(PNn) during the ontogenesis of spring barley is shown in Fig. 3 on the Krona vari-
ety, as an example. A similar process was observed in the plants of winter wheat by
Hnilicka et al. (2000) and Hnilicka et al. (2004). As mentioned above, the photosyn-
thesis rate achieves the highest levels at the beginning of the flowering stage. The
research of Sanchez-Diaz et al. (2002) and Hejnak and Krizkova (2004) documents
that water stress significantly limits the photosynthesis rate during this period. Water
stress resulting from a decrease of soil moisture from 70% to 35% of the maximum
capillary water capacity reduced the photosynthesis rate in the Krona variety by
39% at the beginning of the flowering stage as compared with the non-stressed con-
trol group (Fig. 3). Such a significant decrease of the photosynthesis rate leads to
the presumption that non-stomatal factors might have also participated in the inhi-
bition of the photosynthesis in this case. These factors block the use of CO; by the
photosynthetic apparatus of the stressed plants. For example, the regeneration of
RuBP can be affected. This is stated by Escalona et al. (1999) as one of the possible
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Fig. 3 Net photosynthetic rate (Py) during ontogeny of spring barley cv. Krona (Germany).

Expressed in pumol CO;m~2s~! 4 standard error. MWC = maximum capillary water capacity.

DC = the ontogenesis stage according to Zadoks (Zadoks decimal code): 21 — Tillering (main
shoot and one tiller); 25 — Tillering (main shoot and five tillers); 31 — Stem elongation (first node
detectable); 61 — Flowering (10% of spikes are flowering); 75 — Milk development (mid milk,
increase in solids); 85 — Dough development (soft dough — kernels firm but finger nail impression
not held). Left: PN under soil moisture at the level of 70% MWC throughout the ontogenesis. Right:
Py influenced by soil moisture decreased from 70% to 35% MWC in the period from 25th DC to
61st DC. (Adapted fromHejnak and Krizkova, 2004)

Note: Left: Notice that the photosynthesis rate in the spring barley gradually increases during
the ontogenesis. It reaches the maximum level during the period of flowering. Subsequently, Py
decreases in connection with the ageing of the assimilation apparatus. Right: Compare the course
of Py with the levels shown on the picture on the left. Notice the statistically significant decrease
of Py induced by water stress. It decreased by up to 39% at the stage of the 61st DC.

general explanations in field conditions. Nevertheless, Bota et al. (2004) state that
the RuBP content and the activity of the Rubisco enzyme are only influenced under
a very strong water stress. However, the possibility of a direct influence on the pho-
tosynthetic apparatus of plants under a medium-strong water stress is also indicated
by the results of Gorny (2001a,b) or Loboda (2000). When the soil moisture was
decreased from 60% to 35% of the maximum capillary water capacity, he identified
twice as lower photosynthesis rate in four genotypes of spring barley and wheat as
compared with the non-stressed plants. And yet the availability of CO; from the
intercellular spaces was not influenced by the reduction of stomatal conductivity in
a statistically provable manner.

The quantity of organic matter created and translocated in a plant can be
expressed in grams of dry matter or carbon. We can assume that 1 g of dry matter
corresponds to approximately 0.5 g of carbon. Also, the energy-based expression
in kJ can be used. Then we speak about the energy content and flow (Duvigneaud,
1988). The energy value of dry matter is determined by its chemical composition.
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Carbohydrates have a lower energy content than proteins and lipids. In general, car-
bohydrates have 17.2 kJ, proteins 23.7 kJ and lipids 39.6 kJ of energy per gram
(Hejnak, 2003a).

From among plant organs of cereals, the reproduction organs usually have the
highest energy content and the straws have the lowest energy content. Kumar (1994)
arrived at this conclusion during experiments on spring barley. Krizkova and Hejnak
(2007) also identified the lowest levels in straws (13.3 kJ of net energy in 1 g of dry
matter on the average) and the highest levels in spikes (14.5 kJ of net energy per
gram of dry matter on the average). This is given by the fact that in the post-floral
period, a significant translocation of assimilates to the generative organs takes place.
This is manifested by an increase of the energy content in spikes. In most cases,
straws primarily serve as the transport routes for assimilates.

Stress is manifested by a decrease of the energy content in plants. In the experi-
ment of Krizkova and Hejnak (2007), water stress in spring barleys was manifested
by a decrease of the energy content particularly in the leaves (by up to approxi-
mately 1 kJ g~! of dry matter). This significantly limits the production performance
of stressed plants in the following stages of ontogenesis, which are important for
translocation of assimilates and for transfer of the energy from the leaves to the
generative organs.

The relation between the source of assimilates and the point of their consump-
tion or accumulation (sink) is often a discussed issue. We speak about a sink—source
relation. If the external conditions are not limiting photosynthesis, the primary role
in regulation of the creation and transport of assimilates is played by the sink. In
the work of King et al. (1967), the photosynthesis rate of the flag leaf decreased in
wheat after the spike had been cut off. A decrease of the photosynthesis rate was
also observed in the period shortly after anthesis. At that time, the growth of the
straw and the shoots is tiny and, at the same time, intensive growth of caryopses is
not taking place. The photosynthesis of the flag leaf again started to increase when
the caryopses started to grow. Abbad et al. (2004) state that in the past, the flag
leaf in wheat used to be regarded as the main source of assimilates for filling the
grain. Araus et al. (1993) had already accepted spike as a significant producer of
photosynthetic assimilates. They emphasise its contribution to the final yield partic-
ularly during the times of water stress. The experiments of Tambussi et al. (2005)
on wheat show that if there is water deficit during the period when the grain is being
filled, the spike is affected to a minimum degree. The drought resistance of a spike
is ensured by its higher ability to keep a sufficient amount of water, a high RWC,
during the water deficit as compared with the flag leaf. Wang et al. (1997) state
that in the wheat plants, during the stage of filling grains, the leaf blade accounts
for the highest amount of produced assimilates (more than 60%), the spike accounts
for 15% and the leaf sheath accounts for around 11% and the straw also accounts for
ca. 11%.

It follows from the work of Hejnak (2003a,b) and Hejnak and Krizkova (2004)
that in cereals there is no temporal accordance between the production of assimilates
and their accumulation in caryopses. The maximum production is shortly before and
after flowering. At that time, the plants and the whole vegetation have the maximum
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assimilation area. However, the growth of caryopses at this time is very gradual.
As the speed of growth of grains gradually increases in the post-floral period, the
production of assimilates decreases. It can be inferred from this that the dry matter
in caryopses particularly consists of assimilates, which were accumulated in some
other organs of plants for a variously long time. With regard to the morphological
and anatomic structure of cereals, it is clear that straw has the highest storage capac-
ity. It follows from the work of Takohashi et al. (1993) that the period of production
and filling of grains can be divided into four stages. The first stage is the stage of
initial filling of the grains. It takes place during the period from anthesis until the
end of shooting. At this stage, assimilates are used primarily for the growth of the
straw. For the growth of the generative organs, their use is negligible. The second
stage is characterised by frequent filling of the grain. It takes places from the begin-
ning of heading until the stage of milk ripeness. In this period, assimilates are used
evenly for the growth of the grain and they are also deposited as reserve materials in
straws. After this stage, the late filling of the grain starts. This begins at the stage of
milk ripeness and ends at the time of termination of photosynthesis. At this stage,
all assimilates produced by the photosynthesising leaves are used to fill the grain.
At the same time, reserves from the straws are translocated to the grain. The last
stage is defined as the final filling of the grain. It takes place from the termination
of photosynthesis until full ripeness. The growth of the grain at this stage only takes
place through translocation of assimilates from the straws because the photosyn-
thetic apparatus is not operational any more. This concept of the filling of the grain
with assimilates is also supported by the work of Przulj and Momcilovic (2003).
They state that during the growth of spike in barley, the grain is filled predomi-
nantly with the assimilates deposited in the vegetative parts of the plant or possibly
with the assimilates produced during the process of filling the grain.

In the experiments of Hejnak (2003a,b) with the old and modern varieties of
spring barley, the leaves accumulate the maximum quantity of dry matter mostly at
the beginning of the flowering period. The straws usually achieve the maximum
weight of dry matter later, at the stage of milk ripeness. Spikes show an inten-
sive growth of dry matter in the period from milk ripeness to full ripeness. Thus,
that is the period in which the dry matter of vegetative organs already stagnates or
decreases. The dynamics of this process is higher in modern varieties than in the
older varieties of spring barley. This is documented by comparison of the produc-
tion of dry matter in the Krona variety (Fig. 4) and the historically oldest preserved
Niirnberg variety (Fig. 5) from the year 1832. The results of Petr et al. (2002) were
confirmed with the old (Niirnberg) varieties of spring barley and oat.

For the yield of cereal grains, higher production of dry matter in the post-floral
period is more advantageous and the modern varieties are better in this respect. One
of the main successes in the breeding is the increased distribution of assimilates in
favour of spikes, that is, in favour of grains in the modern varieties. This is also
connected with the breeding efforts aimed at achieving short straws, which means
that with overall identical yield of dry matter, the modern varieties invest more into
grains and less into straws (Petr et al., 2002; Hejnak, 2003a,b). This corresponds to
the results of Mattsson et al. (1992) with a regional variety of spring barley called
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Fig. 4 Dry matter production during ontogeny of modern spring barley cv. Krona (Germany)
under normal moisture conditions. Expressed in g plant!+ standard error. MWC = maximum
capillary water capacity. DC = the ontogenesis stage according to Zadoks (Zadoks decimal
code): 21 — Tillering (main shoot and one tiller); 31 — Stem elongation (first node detectable);
61— Flowering (10% of spikes are flowering); 75 — Milk development (mid milk, increase in solids);
91 — Ripening (harvest ripe — can no longer be dented by thumb nail).(Adapted fromHejnak 2003b)
Note: Notice that the highest amount of dry matter is accumulated in the leaves at the beginning of
the flowering. Straws reach the maximum dry matter weight at the stage of milk ripeness. Spikes
show intensive growth of dry matter in the period of milk ripeness to full ripeness. The dynamic
translocation and accumulation of dry matter in spikes in the post-floral period is higher in com-
parison with the historical Niirnberg variety (see Fig. 5).

Laevigatum, which is region-specific and has low yield, and with two modern high-
yield Golf and Mette cultivars. Similarly, Uzik and Zofajova (2006, 2007) attribute
the increase of the share of the grain in the total biological yield of modern varieties
of cereals to the reduction of the height of the straw and to the increased distribution
of biomass to the grain. Liang et al. (2001) also identified fast accumulation of
assimilates in the caryopses of the modern varieties of rice.

It is presumed that the actual process of transporting assimilates between the
source and the sink is regulated by endogenous phytohormones, which play the role
of a correlation signal. The mutual relations between the source and the sink are
also strongly influenced by the environment.

Stress resulting from drought is a significant factor limiting the yield of cere-
als. In the period before the filling of the grain, it strongly reduces the number of
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Fig. 5 Dry matter production during ontogeny of historical spring barley cv. Niirnberg (Germany)
under normal moisture conditions. Expressed in g plant ' & standard error. MWC = maximum cap-
illary water capacity. DC = the ontogenesis stage according to Zadoks (Zadoks decimal code): 21
— Tillering (main shoot and one tiller); 31 — Stem elongation (first node detectable); 61 — Flowering
(10% of spikes are flowering); 75 — Milk development (mid-milk, increase in solids); 91 —Ripening
(harvest ripe — can no longer be dented by thumb nail).(Adapted fromHejnak 2003b)

Note: Notice the significantly lower production of dry matter in the post-floral period in compari-
son with the Krona variety. The distribution of assimilates for the benefit of spikes is slower and the
accumulation of dry matter in spikes is lower in comparison with this modern variety (see Fig. 4).

offshoots and accelerates the transition of the cereals from the vegetation stage to
the generative stage. This was proved by Samarah (2005). Ebadi et al. (2007) state
that under water stress, a higher quantity of assimilates are remobilised and re-
transported from other organs of the plant to the swelling caryopses. Thus, their
growth could be taking place without disruption, even if photosynthesis is tem-
porarily limited due to unfavourable conditions. This is also confirmed by Hejnak
(2003a,b) for a moderate water stress. However, he also documents, similarly as
Svihra and Talapka (1995), Brestic (1996), Gulli et al. (2005), Fageria et al. (2006)
and Barnabas et al. (2008) that under a strong water stress, transport processes
are limited in cereals during the post-floral period. Consequently, assimilates are
accumulated in straws and do not get to grains. At the same time, the growth of
the assimilation apparatus is usually limited even after the end of drought. In the
stressed plants, this results in a decrease of the production of assimilates necessary
for filling the grains in spikes. Similarly, Ehdaie et al. (2008) state that the growth of
wheat grains depends on photosynthesis and on the soluble sugars accumulated in
straws. Under a strong water stress, these carbohydrates are not sufficiently utilised
for filling the grain.
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The reduction of yield of cereals under a water stress is attributed to the short-
ened period of the direct filling of grains with assimilates. The plants of cereals
stressed by drought and high temperatures during flowering and maturity stages
have shorter duration of grain filling than well-watered plants. Grain dry weight for
severe drought stress plants reach a maximum value earlier than grains from mild
drought stress and well-watered plants. Drought stress treatments reduce grain yield
by reducing the number of tillers, spikes and grain per plant and individual grain
weight (Hoffmann and Burucs, 2005; Samarah, 2005; Gonzalez et al., 2007).

The detailed knowledge of the physiological mechanisms of cereals yield produc-
tion is important for the analysis of their reproduction capabilities. It is necessary to
define the measures, which will make sustainable growing of cereals in various agri-
cultural areas on the Earth possible. One of the main reasons for the growth of yield
of cereals was that cereals were bred to achieve a higher harvest index. Through
targeted selection, the share of grains in the total dry matter of a wheat, barley and
maize plant increased from ca. 25% to nearly 50% (Natr, 1998; Hejnak, 2003a).
Through breeding activity, the size of caryopses, the leaf area and the duration of its
existence was increased in cereals. However, at the same time, the photosynthesis
rate was strongly reduced (Zhang and Gao, 1993). We presume that breeding with
a focus on this important feature of productivity can be an important step towards
further increase of the yield of cereals.

We also think that another necessary breeding step is to increase resistance of
cereals to the stress factors related to the climate change. For example, for arid areas,
breeders are looking for genotypes with a good potential yield and phenological
and physiological characteristics guaranteeing resistance to drought (Annicchiarico
and Pecetti, 1995; Campos et al., 2006). Particularly the capability to use water
efficiently for production of dry matter and thus to ensure sufficient yield in arid
areas is important (Brestic, 1996). Breeding aimed at achieving higher resistance
to drought can be focused on three key areas (Hamdy et al., 2003; Condon et al.,
2004): (1) to improve the availability of water through the root system; (2) to limit
the loss of water through transpiration and to gain more biomass for the otherwise
transpired water and (3) to use a larger part of the produced biomass for production
of the harvested product.

In the selection of the genetic sources of resistance to abiotic stresses, attention
is also concentrated on wild species and on the region-specific and primitive vari-
eties of cereals originating from areas with worse conditions. For example, in the
wild barleys growing in arid areas, a higher capability of osmotic adjustment was
identified. They are the basis for breeding varieties resistant to water stress. In the
wild form of barley (Hordeum spontaneum KOCH), a gene of drought resistance
was found, called Hsdr4 or Hordeum spontaneum dehydration response (Suprunova
et al., 2007).

Among cereals, there are significant differences between various species in the
physiological mechanisms of resistance to stress factors, including water stress. Lu
and Neumann (1998) discovered this during experiments with various genotypes of
maize, rice and barley. Thus, we can say that the promising path to go is to use
gene transfers in order to improve the photosynthetic and growth capacity of cereals
during the presence of stress factors.
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5 Conclusion

Based on the study of a number of literature sources, we presume that the increased
concentration of COy will only partly compensate for the losses of the yields of
cereals resulting from the increase of temperature and aridisation of the environment
taking place on a global scale. However, cereals have a number of adaptation mech-
anisms to maintain turgor and to improve water management in dry and salinised
habitats. With a view of ensuring permanent sustainability of agricultural production
under the changing natural and climatic conditions, we present two options of using
the diversity of adaptation mechanisms: (1) to adapt the composition of the grown
cereals to the changed conditions; (2) to breed varieties more resistant to the chang-
ing conditions. Breeding resistant genotypes is the least costly solution to ensure
sustainable development of agriculture in arid areas. We believe that the choice of
the suitable selection criteria is most important. For the screening of genotypes resis-
tant to drought and salinisation, it is important to use more parameters: physiological
and biochemical indicators at the cellular level and the genes of resistance to drought
and salinisation. The suitable selection criteria and the important features of drought
and salinisation resistance are a high level of osmotic adjustment, low stomatal con-
ductivity and good growth of roots. Breeding aimed at achieving a higher degree
of drought resistance should be focused on (1) improvement of the availability of
water through the root system, (2) the limitation of water loss through transpiration
and higher WUE for production of biomass, and (3) prolongation of the activity and
increase of the power of the sink. In the selection of the genetic sources of resistance
to abiotic stresses, we recommend paying an even greater attention to wild species
and region-specific and primitive varieties of cereals, originating from worse natural
and climatic areas. Another promising path is to use gene transfers to improve the
photosynthetic and growth capacity of cereals during the presence of stress factors.
In order to improve the water management in cereals under dry conditions, we also
suggest using growth regulators to a greater extent. ABA applied on plants can serve
as an antitranspirant. It can increase WUE.
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Induction of Plant Tolerance to Semi-arid
Environments by Beneficial Soil
Microorganisms — A Review

R. Aroca and J.M. Ruiz-Lozano

Abstract Currently arid or semi-arid land areas are increasing worldwide due to
global warming and the soil is becoming saline because of the use of intensive irri-
gation in the crop fields. Consequently, the proportion of plants living under water
shortage conditions is increasing. This phenomenon is limiting seriously crop pro-
duction in such areas. In many cases, the fields are being abandoned and become
uncultivable again in a period of time due to erosion. Although plants have their own
mechanisms to cope with drought stress, they become more tolerant to drought when
associated with different soil microorganisms. Among these soil microorganisms,
the most abundant and effective are rhizobia, plant growth promoting rhizobacteria
(PGPR) and arbuscular mycorrhizal fungi (AMF). Rhizobia fix atmospheric nitro-
gen and transport this fixed nitrogen to the legume host plant. PGPR promote plant
growth by means of several mechanisms. They are present in almost all ecosys-
tems across the world. AMF were vital to plants when starting to colonize dry land
surface, and hence for improving plant mineral nutrition, especially uptake of phos-
phorous, among other factors. Here we detail the most recent advances about how
these microorganisms enhance plant drought tolerance at physiological and molec-
ular levels, including decreased oxidative stress, improved water status or regula-
tion of aquaporins. It has been found that legume plants inoculated with rhizobia
grow faster under drought conditions than non-inoculated ones. However, how rhi-
zobial symbiosis affects root water transport has not been addressed yet. At the
same time, it seems that there is a correlation between drought tolerance in rhi-
zobial bacteria and rhizobia-induced plant drought tolerance, at least in terms of
reducing plant oxidative stress. Under drought conditions, PGPR regulate the levels
of stress-related hormones, i.e. abscisic acid and ethylene. The regulation of these
hormones could be the cause of an enhancement of plant drought tolerance medi-
ated by PGPR. However, a more detailed molecular approach is still needed to fully
understand this process. Arbuscular mycorrhizal symbiosis improves almost every
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physiological parameter of the host plant under drought stress, i.e. water status, leaf
transpiration, photosynthesis or root water uptake. However, the molecular basis
for this improvement is far to be understood. At the same time, AMF in combina-
tion with rhizobia or PGPR usually have an accumulative beneficial effect on plant
drought tolerance, although this depends on the specific pair of strains inoculated.
Therefore, although there are many studies in order to understand at the physiolog-
ical level how beneficial soil microorganisms induce plant drought tolerance, there
is still a lack of knowledge about the molecular basis behind this improvement.

Keywords Aquaporins - Arbuscular mycorrhizal fungi - Drought - Oxidative
stress - Plant growth promoting rhizobacteria - Rhizobia

1 Introduction

In the last decades the dry land surface becoming arid or semi-arid is rising pro-
gressively, increasing concomitantly, vegetative surface areas subjected to drought
(Herrmann and Hutchinson, 2005). Plants have developed several mechanisms
to cope with drought episodes during their evolution, ranging from morpholog-
ical characteristics to molecular functions (Fig. 1). Morphological mechanisms
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Fig. 1 Scheme summarizing the modulation of several plant processes by some beneficial soil
microorganisms (rhizobia, plant growth promoting rhizobacteria and arbuscular mycorrhizal fungi)
in response to drought stress. ROS: reactive oxygen species, PGPR: plant growth promoting
rhizobacteria, AMF: arbuscular mycorrhizal fungi
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include, among others, leaf movements and abscission, increased leaf pillosity
or greater root:shoot ratio (Gu et al., 2007; Susiluoto and Berninger, 2007). The
above-cited mechanisms are aimed to avoid water loss from the leaves and to
increase the area of soil explored by the roots in order to take up more water and
nutrients.

The most common physiological mechanisms plants have to cope with drought
episodes are changes in leaf transpiration and root hydraulic properties. Thus, leaf
transpiration and leaf conductance decrease under water stress conditions, and there-
fore, in some circumstances the water-use efficiency rises (Tambussi et al., 2007).
As the water-use efficiency rises, the amount of water needed to produce the same
amount of plant biomass decreases. This mechanism is important to keep plant
growth under water-limited environments (Tambussi et al., 2007). At the same time,
plant root hydraulic conductivity (L) usually decreases under drought conditions,
although the contrary has also been reported (Siemens and Zwiazek, 2004). Under
severe drought conditions L decreases in order to avoid water lost from root tis-
sues. However, when the water deficit is moderate, plants can increase their L
in order to take up more water from soil (Siemens and Zwiazek, 2004). These
changes in L are related to changes in the abundance of aquaporins (Aroca et al.,
2006). Aquaporins are proteinaceous channels present in the membranes of all liv-
ing organisms that facilitate the passage of water following an osmotic gradient
(Maurel, 2007).

Under water-deficit conditions the production of reactive oxygen species (ROS)
increases in plant tissues, but plants have several compounds and enzyme systems
capable of removing ROS efficiently (Shvaleva et al., 2006) (ROS: reactive oxy-
gen species). Although there are several antioxidant compounds in plants, the most
important and better studied are ascorbate and glutathione (Noctor, 2006). Plants
have several antioxidant enzymes that, acting in synchrony, are able to remove
ROS generated during drought. These enzymes include those from the ascorbate-
glutathione cycle, catalases and superoxide dismutases (Wu et al., 2006a).

The above-cited mechanisms that allow plants to cope with drought stress are
regulated by changes in gene expression. Drought-regulated genes can be divided
into two groups: functional or regulatory. Functional genes include those encod-
ing for transporters, detoxification enzymes, chaperones or enzymes involved in
osmolyte biosynthesis. On the other hand, regulatory genes encode for transcription
factors, protein kinases or phosphatases, or enzymes involved in hormone biosyn-
thesis (Shinozaki and Yamaguchi-Shinozaki, 2007).

It must be considered, however, that in nature, plants usually interact with several
soil microorganisms that make the plants more efficient to cope with environmental
stresses like drought. The most important soil microorganisms that associate with
plants are nitrogen-fixing bacteria in the case of legumes (rhizobia), plant growth
promoting rhizobacteria (PGPR) and mycorrhizal fungi (Barea et al., 2005). In the
present review we intend to describe the most recent physiological and molecular
advances about how the above-cited soil microorganisms allow plants to be more
tolerant to drought stress.
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2 Rhizobial Symbiosis

2.1 Background

The term rhizobia include collectively all nitrogen-fixing bacteria that form nodules
in legume plants, including several genera (reviewed by Willems, 2006). It has been
estimated that approximately 53 million tonnes of nitrogen are harvested globally
in food crops each year, and most of this nitrogen is coming from inorganic fer-
tilizers (Garg and Geetanjali, 2007). Thus, the biological nitrogen fixation carried
out by rhizobia offers an opportunity for reducing nitrogen inputs, and also dimin-
ishes nitrogen loss to the atmosphere. In the past recent years, a substantial progress
of how rhizobial bacteria and legume plants start the symbiosis and which signals
and genes are involved has been made (Kinkema et al., 2006; Garg and Geetanjali,
2007). Here, we focus on how this symbiosis improves legume plant tolerance to
drought stress.

2.2 Rhizobia-Induced Plant Drought Tolerance

A beneficial effect by nodulation on plant growth under drought stress conditions
has been usually observed in legume plants (Goicoechea et al., 1997; Figueiredo
et al., 1999, Shisanya, 2002; Mnasri et al., 2007). However, there are few examples
in the literature where it has been proven that nodulated plants had better water sta-
tus than non-nodulated ones as evidenced by their leaf water potential (V,,; Mrema
et al., 1997). Plant water status depends on the balance between water loss from the
leaves and water uptake by roots. In fact, no differences in leaf transpiration between
nodulated and non-nodulated plants under drought conditions have been observed so
far (Goicoechea et al., 1997; Figueiredo et al., 1999). Surprisingly, there is no infor-
mation about how rhizobial symbiosis may affect root water uptake or root hydraulic
properties. This point should be checked in the near future. The only insight about
the possible regulation of root hydraulic properties by rhizobial symbiosis was found
by Porcel et al. (2006). In this work, Porcel and co-workers found a diminution of
the expression of a plasma membrane aquaporin gene in the roots of soybean plants
inoculated with the nitrogen-fixing bacteria Bradyrhizobium japonicum under both
control and water-deprived conditions (Fig. 2). However, since aquaporin family
in plants is composed of about 30 different genes, a more comprehensive study is
needed to elucidate the significance of these changes. At the same time, it is known
that some aquaporins may transport ammonia or ammonium, and hence they could
be involved in the transport of nitrogen compounds between the nodules and the
host plant (Tyerman et al., 2002; Uehlein et al., 2007). In fact, some plant aqua-
porins have been detected by immunogold labelling on different nodule tissues of
soybean plants (Fleurat-Lessard et al., 2005).

It is known that plant nitrogen status regulates root hydraulic properties. In
fact, when plants are deprived of nitrogen, root hydraulic conductivity is lower
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than when enough amount of nitrogen is available (Gloser et al., 2007). Therefore,
since nodulated plants have usually more nitrogen content than non-nodulated ones
(Figueiredo et al., 1999; Shisanya, 2002), it is possible that this difference in nitro-
gen content also accounts for differences in root hydraulic properties. However, this
hypothesis needs to be checked empirically.

The beneficial effects of rhizobial symbiosis on plant growth and yield under
water stress conditions are bacterial-genotype specific. Thus, Mnasri et al. (2007)
found that Phaseolus vulgaris plants inoculated with a salt-tolerant nitrogen-fixing
bacterial strain (Ensifer meliloti) were more tolerant to drought than those inocu-
lated with a salt-sensitive bacterial strain (Rhizobium tropici). These data clearly
illustrate the relationship between the osmotic stress tolerance of the bacterial strain
and the efficiency of the symbiosis. Similar results were reported by Swaine et al.
(2007), since they found that a strain of Bradyrhizobium elkanii isolated from a
drought environment was more tolerant to an in vitro osmotic stress than strains
isolated from wet environments.

It is known that drought stress causes an oxidative stress in nodules (Porcel et al.,
2003), and it is possible that the different efficiency of the symbiosis under drought
conditions among different bacterial strains could be related to their different toler-
ance to drought-induced oxidative stress. However, again, this hypothesis needs to
be checked empirically.

As summary, nodulation confers plant drought tolerance in terms of growth,
improvement of water status and diminution of oxidative stress. However, this ben-
eficial effect depends on the origin of the rhizobial strain, with the strains more
tolerant to osmotic stresses also conferring more tolerance to such stresses to plants.
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2.3 Perspectives

There is increasing information about how the nitrogen-fixing bacteria and the plant
recognize each other (Kinkema et al., 2006; Garg and Geetanjali, 2007) and how
the nodule per se suffers an oxidative stress under drought conditions (Ruiz-Lozano
et al., 2001b; Porcel et al., 2003; Gunther et al., 2007). However, there is still
lack of information about how rhizobial symbiosis confers plant drought tolerance.
Experiments dealing with the effects of nodulation on root hydraulic properties and
aquaporin expression and with the different antioxidant capacities among different
nitrogen-fixing bacterial strains are needed.

3 Plant Growth Promoting Rhizobacteria (PGPR)

3.1 Background

The term plant growth promoting rhizobacteria (PGPR) refers to soil bacteria which
are able to colonize root systems and promote plant growth. In the broadest sense
PGPR include rhizobia, but the term PGPR is usually referred to free-living bacteria
present either in the rhizosphere, in the root surface, or inhabiting spaces between
cortical cells (Gray and Smith, 2005). The mechanisms by which the PGPR enhance
plant growth are diverse and include non-symbiotic nitrogen fixation, phosphate sol-
ubilization, counteraction of plant pathogen microorganisms, or regulation of dif-
ferent plant hormone levels (Gray and Smith, 2005; Tilak et al., 2005; Cohen et al.,
2008). Here, we intend to highlight the mechanism by which PGPR induce plant
drought tolerance.

3.2 PGPR-Induced Plant Drought Tolerance

Several free-living soil bacteria induce plant drought tolerance in terms of plant
growth promotion (Arkhipova et al., 2007; Jaleel et al., 2007; Sziderics et al.,
2007). However, the mechanism involved could be very different. For exam-
ple, Arkhipova et al. (2007) found that the beneficial effect on lettuce plant
growth under water-limited conditions caused by the inoculation with a Bacil-
lus sp. strain was related to an increased level of cytokinins. Another mechanism
involved in plant drought tolerance induction by PGPR is the diminution of ethy-
lene production. Thus, PGPR containing I -aminocyclopropane-1-carboxylate deam-
inase enzyme, which catabolizes the ethylene precursor, are able to diminish the
ethylene contents in plant tissues under drought stress, favouring the plant growth
and a better water status (Mayak et al., 2004). Abscisic acid (ABA) could also
be involved in the enhancement of plant drought tolerance by PGPR. Arkhipova
et al. (2007) found that Bacillus sp.-inoculated lettuce plants had also increased
amounts of ABA when compared to non-inoculated plants. Since ABA is necessary
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for plant drought tolerance (Davies et al., 2005), alterations of ABA levels could
be another mechanism for tolerance enhancement. Also, Cohen et al. (2008)
recently found that the PGPR Azospirillum brasilense is able to synthesize ABA
in vitro and to increase its production in presence of NaCl. Arabidopsis plants
inoculated with Azospirillum had more ABA content than non-inoculated ones
(Cohen et al., 2008).

One of the mechanisms by which ABA enhances plant drought tolerance is via
regulation of leaf transpiration and root hydraulic conductivity (Aroca et al., 2006).
However, although Arkhipova et al. (2007) found an increase of ABA levels in
lettuce plants inoculated with Bacillus sp., authors did not find any difference in
stomatal aperture between inoculated and non-inoculated plants. This behaviour
could be caused by the counterbalance of the higher levels of cytokinins, since
the ratio between ABA and cytokinins determines stomatal aperture (Goicoechea
et al., 1997; Dodd, 2003; Davies et al., 2005; Arkhipova et al., 2007). Unfortu-
nately, there is only one report in the literature showing a positive effect of a PGPR
(Azospirillum brasilense) inoculation on root hydraulic conductivity under control
and osmotic stress conditions (Sarig et al., 1992). It is possible that this positive
effect described by Sarig et al. (1992) could be caused by an up-regulation of
aquaporins. Marulanda et al. (2006) found that under drought conditions, Retama
sphaerocarpa plants inoculated with Bacillus thuringiensis took up more water
than non-inoculated plants. However, in this experiment, inoculated plants also
had more root biomass than non-inoculated ones, and the water uptake calcu-
lated on the basis of root biomass was lower in inoculated plants. From these
experiments we can see the necessity of studying how PGPR modify aquaporin
expression.

In 1999, Timmusk and Wagner (1999) found that prior to drought stress Ara-
bidopsis plants inoculated with the PGPR Paenibacillus polymyxa had an elevation
of copies of mRNA encoding for ABA-related genes (ERDI5 and RABIS8), and
moreover, these plants were more tolerant to drought than non-inoculated ones.
The authors said that the inoculation with the bacteria could be causing a mild
biotic stress and preparing the plants to cope with subsequent drought stress. More
recently, Sziderics et al. (2007) have found that pepper plants inoculated with sev-
eral PGPRs showed, after a mild osmotic stress, lower expression of genes related
with abiotic stresses than non-inoculated plants. Authors explained this different
behaviour considering that inoculated plants suffered less from the stress and also
had less expression of stress-related genes. Although here we report some of the
experiments where a gene expression analysis has been made in order to clarify
which mechanisms could be involved in the induction of plant drought tolerance
by PGPRs, a more wide and comprehensive approach is necessary. In this way, we
could understand which genes (regulatory or functional) are behind this drought
tolerance enhancement.

Taken together, it seems that PGPR are able to modify the hormonal contents of
plants and, in this way, improve their drought tolerance (Fig. 3). At the same time,
this growth promotion increases the capacity of the plants to take up more water
during drought episodes.
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Fig. 3 Scheme showing how plant growth promoting rhizobacteria (PGPR) modify plant hor-
monal contents in order to increase their drought tolerance

4 Mycorrhizal Fungi

4.1 Background

The transition of plants from aquatic environment to land was possible through the
association of plants with mycorrhizal fungi (Strullu-Derrien and Strullu, 2007). By
the symbiosis betweenplants and mycorrhizal fungi, the plants get more nutrients
and water resources from the soil, and the fungi get a protected niche and carbon
skeletons from the plant, since the fungi are obligate symbionts (Entry et al., 2002).
Among the different kinds of mycorrhizal symbiosis, arbuscular mycorrhizal one
has the widest spread. About 90% of vascular plants establish a symbiosis with
arbuscular mycorrhizal fungi (AMF; Gai et al., 2006). At the same time, by the
symbiosis plants become more tolerant to environmental stresses with an osmotic
component like drought (Augé, 2001; Ruiz-Lozano, 2003). Here we will describe
the most recent advances on how this drought tolerance improvement is achieved
from physiological and molecular points of view.

4.2 Arbuscular Mycorrhizal Symbiosis-Induced Plant Drought
Tolerance

In most of the cases studied, the association between an AMF and a plant makes
the host plant more tolerant to drought in terms of plant growth (Wu and Xia, 2006;
Bolandnazar et al., 2007). However, this positive effect on plant growth depends
on the AMF species involved (Marulanda et al., 2003, 2007; Wu et al., 2007)
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and on the drought intensity (Aliasgharzad et al., 2006). One of the mechanisms
involved in this induction of drought tolerance is the regulation of plant transpira-
tion. In general, under both well-watered and drought conditions, AMF-colonized
plants have higher transpiration rate than non-inoculated plants (Wu and Xia, 2006;
Bolandnazar et al., 2007; Wu et al., 2007). By this mechanism, AMF-colonized
plants are able to fix more CO, than non-inoculated plants and hence their growth
is improved (Querejeta et al., 2007). In addition, in some cases, also their water-use
efficiency is stimulated independent of changes in transpiration rate (Bolandnazar
et al., 2007). These changes described in transpiration rate by AM symbiosis are
correlated with changes in the ABA:cytokinins ratio (Goicoechea et al., 1997).

At the same time, AMF-colonized plants, by the action of the fungal hyphae,
are able to explore more soil and therefore to take up more water from it than non-
inoculated plants (Marulanda et al., 2003; Khalvati et al., 2005; Bolandnazar et al.,
2007). AMF colonization induces an increase in root hydraulic conductivity of the
host plants under osmotic stress conditions (Sdnchez-Blanco et al., 2004; Aroca
et al., 2007). However, when aquaporin expression was analyzed in AM and non-
AM roots under drought stress, a lower expression has been found in AM ones (Por-
cel et al., 2006; Aroca et al., 2007). These results could indicate a water conservative
mechanism in AM plants, decreasing the amount of water lost from the roots to the
soil, following a water potential gradient. The above-cited works did not cover the
expression of the full aquaporin gene family of the host plants, and this kind of work
is absolutely needed. Also, the possible involvement of the AMF aquaporins on the
greatest water uptake capacity of the host plants has not been addressed because no
aquaporins from any AMF have been described yet.

The beneficial effects of the AM symbiosis on plant drought tolerance have not
been only assayed by measuring plant growth or plant water status. At the same
time, these beneficial effects have been addressed by measuring the expression
of some genes related to drought stress. These genes include late embryogenesis
abundant proteins (LEA) or A'-pyrroline-5-carboxylate synthetase (P5CS) enzyme.
LEA proteins are involved in acquiring desiccation tolerance (Tunnacliffe and Wise,
2007), and P5CS enzyme catalyzes the limiting step in the synthesis of the osmolyte
proline (Aral and Kamoun, 1997). Porcel et al. (2004, 2005) found that both kinds of
genes increased their expression under drought conditions more in non-AM plants
than in AM ones. Thus, the use of these two genes as stress markers can be used in
studies involving AM symbiosis and osmotic stresses (Aroca et al., 2008; Jahromi
et al., 2008).

Other beneficial effect of the AM symbiosis on plant drought tolerance is the
diminution of the oxidative stress generated during drought periods (Porcel and
Ruiz-Lozano, 2004; Wu et al., 2006a,b). In general, AMF-colonized plants had
highest activities of several antioxidant enzymes than non-colonized ones (Wu et al.,
2006a), but it depends on the enzyme activity, plant organ and the AMF geno-
type involved (Lambais et al., 2003; Wu et al., 2006b). At the same time, some
superoxide dismutase isoforms from lettuce are specifically up-regulated by drought
conditions in AMF-colonized plants (Ruiz-Lozano et al., 2001a). However, Porcel
and Ruiz-Lozano (2004) found some evidence supporting the idea that the lower
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Fig. 4 Scheme showing how arbuscular mycorrhizal fungi (AMF) modify plant physiology in
order to increase their drought tolerance

oxidative damage found in AMF-colonized plants under drought stress could be a
consequence of their better water status. These results, as commented before, high-
light the importance of studying at molecular level how AM symbiosis improves the
water status of the host plants under drought conditions.

To summarize, AM symbiosis improves almost all the physiological aspects
of plants during drought, like growth rate, leaf transpiration, root water uptake
or diminishing the oxidative damage associated to drought (Fig. 4). However, the
molecular basis behind this improvement is still far from being known.

4.3 Interaction Between Arbuscular Mycorrhizal Fungi and Other
Beneficial Soil Microorganisms

In the literature there are several reports showing a positive effect on plant drought
tolerance when AMF and either PGPR or rhizobia are inoculated together (Tarafdar
and Rao, 2007; Valdenegro et al., 2001; Behl et al., 2007). Thus, Valdenegro et al.
(2001) found that the positive effects of three different AMF isolates on plant growth
in Medicago arborea plants under drought conditions were stimulated by the co-
inoculation with the PGPR Enterobacter sp., depending on the rhizobial strain inoc-
ulated and on the AMF isolate. The same authors also found that some combinations
of AMF, PGPR and rhizobia increased the nodule number present in the roots. This
dependency on the pair of symbionts co-inoculated was also found for lettuce plants
inoculated with the PGPR Bacillus megaterium and three different isolates of AMF,
being one of the combinations harmful in terms of plant growth (Marulanda-Aguirre
etal., 2008; Fig. 5). It would be very interesting to elucidate which molecular signals
are involved in this different behaviour of plant growth depending on the counterpart
microorganisms inoculated.
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Fig. 5 Total dry weight of lettuce non-inoculated plants (NI) or inoculated with a Bacillus
megaterium strain (Bm), alone (NM) or with different arbuscular mycorrhizal fungal isolates.
GcA: Glomus constrictum autochthonous; GeC: Glomus constrictum from collection; Gi: Glo-
mus intraradices. Different letters mean significant differences (p<0.05) after ANOVA and LSD
tests. Data adapted from Marulanda-Aguirre et al. (2008)

One of the most common beneficial effects of AMF is the diminution of the
oxidative stress occurring in the nodules of the legumes under drought stress (Ruiz-
Lozano et al., 2001b; Porcel et al., 2003). This diminution is caused in part by
a higher activity of the antioxidant enzyme glutathione reductase in the nodules
of the AMF-colonized roots (Porcel et al., 2003). However, this beneficial effect
could also be related to the lower water deficit suffered by the nodules of the AMF-
colonized plants (Porcel et al., 2003). Specific experiments to resolve this question
are needed in the near future. On the other hand, carbon metabolism of nodules from
roots of Anthyllis cytisoides is improved under drought conditions by AM symbiosis
(Goicoechea et al., 2005). How this improvement on nodule carbon metabolism is
taking place is still unknown.

Therefore, although in general there is a positive interaction between AMF and
other beneficial soil microorganisms, sometimes a negative effect is found. Which
molecular signals are behind this beneficial or negative interactions need to be elu-
cidated.

5 Conclusion

It is clear that the symbiosis between the microorganisms cited here and plants con-
fers an enhancement of plant drought tolerance. However, in the case of rhizobial
symbiosis, there are still basic physiological studies to be done. These studies would
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include analysis of the behaviour of root hydraulic conductivity under drought con-
ditions in nodulated and non-nodulated plants. Also, studies on how nodulation
affects plant aquaporin gene expression would complement the above physiological
studies. Regarding PGPR and AMF symbiosis, studies at molecular level focusing
on which signals are involved in both the drought tolerance enhancement per se and
in the different interrelationships between these two kinds of symbionts are needed.

As conclusion we can summarize that rhizobia improve plant drought tolerance
in terms of growth, water status and diminution of oxidative damage, but these ben-
eficial effects depend on the origin of the strain inoculated. At the same time, it
seems from the literature that the beneficial effect of PGPR on plant drought tol-
erance is caused by changes in hormonal contents, mainly that of ABA, ethylene
and cytokinins. Moreover, PGPR could also improve the capacity of plants to take
up more water under drought conditions. Finally, at physiological level it is clear
that AM symbiosis makes the plants more tolerant to drought stress, and that this is
enhanced by the combination of other soil beneficial microorganims. However, this
interaction is adverse to the plant in some circumstances.
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Essential Oil Crops for Sustainable
Agriculture — A Review
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Abstract Multifunctionality and diversification of farming systems, integration of
agricultural practices with the non-agricultural productive systems operating on the
territory, biodiversity safeguards, and reduction in off-farm inputs, are key factors
for all modern development strategies in agricultural areas. Such issues are valid
worldwide, but are especially true in areas in which the cultivation of the more
widespread and “classical” crops is constrained by factors of varying degree and
importance. In Mediterranean areas, where many environmental and economic fac-
tors often reduce rural areas to marginal conditions, the search for new crop oppor-
tunities has become one of the newest topics in agricultural research. In this review,
we focus on the state-of-the-art cultivation of essential oil crops, in Mediterranean
environments with a special interest in herbs. The following are the major points
of our analysis. (1) Growing such crops as specialized cultivations, especially for
species native to the selected environments, is the only practical and sustainable way
to obtain naturally derived raw matter for both industrial and domestic purposes. (2)
Most essential oil crops are suitable for many different uses, and fully adaptable
for transformation even by small, local manufacturers. (3) In many cases, they may
be grown with environmentally friendly or organic techniques; this enhances their
environmental compatibility and also gives them an additional economical advan-
tage, raising their chances to be addressed in the emerging market sector of “nat-
ural” products. Our conclusion is that crops grown for the extraction of econom-
ically valuable essential oils may be a strategic resource for many environments,
even marginal, and that there is scope for farmers to improve the cultivation of such
species on arable land. There is room, however, for many agronomic and economic
questions to be studied in future experimentation and research.
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1 Introduction

In recent times, a deep interest has been addressed worldwide to the search for
“new” crops, to be allocated to farming systems in which traditional crops are
losing competitiveness, and also meant as a diversification option for farmers
who want to increase their income (Prohens et al., 2003). To be successful, a
“new” crop must meet a number of conditions: first, it must be economically reli-
able; second, it must be grown using the minimum amount of off-farm technical
inputs as possible; and third, it should find a place in an “integrated” scheme,
i.e., a planning strategy including both agricultural and external commodities, with
a special interest in diversified production opportunities such as cottage indus-
tries, on-farm processing, agribusiness, recreation, tourism, and so on (UN-ESC,
2008).

The advantages of crop diversification, both in space and time, are many, and
they include a better exploitation of land resources, lower risks from pests and dis-
eases, and a higher stability in yields and income (Altieri, 2004; Prohens et al.,
2003). In areas where environmental constraints set a limit to agricultural manage-
ment, this issue takes a special importance. In many Mediterranean areas, a number
of climatic limiting factors may be of concern. Prolonged dry periods in summer
and spring with a high seasonal evapotranspiration demand, and lack and poor qual-
ity of irrigation water, bring as a consequence a growing tendency to soil salin-
ization; rainfall mostly occurring in winter, often as intense rainstorms, may cause
the breakdown of soil structure and lead to soil erosion (Arnon, 1992). In recent
times, attention was called on the expected overall worsening of this scenario due
to anthropogenic climate warming, whose effects would be more severe for farming
systems currently located in marginal areas (Olesen and Bindi, 2002). Under these
conditions, the options for farmers are often limited, and the growing difficulties
for agricultural entrepreneurs have led in many cases to the abandonment of the
territory.

Our basic idea is that the cultivation of crops for the extraction of economi-
cally valuable essential oils may be, in this context, an interesting option. Here we
review some of the major points related to the introduction of essential oil crops as
alternative cropping opportunities, with a special emphasis on their potential role
for sustainable agriculture in Mediterranean environments. The major advantages
and constraints to cultivation are discussed, together with the genetic, technical,
and environmental factors that exert some effect on essential oil yield and quality.
Some examples are given about the technical solution that are, or could be, used in
Mediterranean environments and for Mediterranean essential oil crops, in order to
optimize yields and quality features.
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1.1 Producing Essential Oils

Essential oils are volatile mixtures of different liposoluble organic substances, most
of which are aromatic, and include alcohols, aldehydes, ketones, and so on. They are
produced by plants in variable quantities and may be easily extracted by means of
simple distillation processes. Although the major use of essential oils worldwide is
for flavoring purposes, they also have a number of important industrial and domestic
uses linked to their specific actions. As an example, rosemary oil is claimed to have
simultaneous insecticidal (Katerinopoulos et al., 2005), antioxidant (Etter, 2004),
fungicidal (Pauli and Knobloch, 1987), antimicrobial (Pintore et al., 2002), and even
hypoglycemic (Mentreddy et al., 2005) activity. Therefore, there would be interest
in sectors in which one, or more, of such activities are of use.

The European chemical industry annually imports a great deal of essential oils:
the FAO statistic bulletins report that more than 52,000 tons of essential oils (ter-
peneless or not) were imported in 2005 by France, Germany, the United Kingdom,
Netherlands, and Italy (FAO, 2007). The major sources of this massive amount of
essential oils were the USA, Brazil, China, and India, accounting for over 50% of
the total imports. However, it is worth noting that this partition of supply does not
match the monetary exchange. For example, the USA produced 10.7% of the sold
oil and received 16% of the corresponding value in dollars, whereas Brazil produced
26.9% of the oil, but only received 5% of the related monetary value.

There are basically three ways to produce essential oils: the collection of plants
from the wild, their cultivation ad hoc, and,recently, their extraction from callus or
tissue cultures. The first method, largely used in earlier times, is obviously limited
to small supplies and local uses. First, collecting plants from the wild does not guar-
antee the quantitative and qualitative uniformity requested by industry (Ruta et al.,
2006; Shetty et al., 1996). Second, in many cases, overharvesting caused severe
environmental impacts, resulting in a loss of biodiversity (Schippmann et al., 2002;
Skoula, 2006; WHO, 2003) and in the depletion of spontaneous populations, such
as reported for rosemary in Sardinia (Mulas and Mulas, 2005).

The production of essential oils by means of biotechnology seems to be the most
promising way to meet the exigencies of industry. Genetic engineering, microprop-
agation, tissue culture, and in vitro regeneration could reach the objective to pro-
duce, stabilize, and quickly propagate plant materials containing oils with a given
composition or flavor, or even to produce selected secondary metabolites (Weiss,
1997). Much effort has been invested in these areas, and the results are often satis-
factory, such as for mint (Tariqul Islam et al., 2003), some Salvia species (Olszowska
and Furmanowa, 1990; Savona et al., 2003; Santos-Gomes and Fernandes-Ferreira,
2003; Scarpa et al., 2006), thyme (Iapichino et al., 2006; Shetty et al., 1996), rose-
mary (Gatti and Predieri, 2006; Misra and Chaturvedi, 1984), lavender (Lucchesini
et al., 2003) alkanet (Anchusa officinalis L.; Su et al., 1994), periwinkle (Catharan-
thus roseus L.; Hirata et al., 1994), Coleus spp. (Petersen, 1994), myrtle (Myrtus
communis L.; Rigoldi and Satta, 2006), anise (Pimpinella anisum L.; Santos et al.,
1998), and many others. Notwithstanding, such technologies are still at an experi-
mental stage and many technical problems remain to be solved. These include the
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Fig. 1 Many essential oil crops are native to Mediterranean environments, where they grow as
significant landscape components. In the photo, Rosmarinus officinalis L. (at flowering) in associ-
ation with Erica multiflora L. (at the end of flowering) in a dry riverbed in the Nebrodi mountain
(NE Sicily). (Photo: R. Bontempo)

stability of production, the occurrence of autotoxicity phenomena in the production
of tissue cultures, and the productivity level, which is often very low (Collin, 2001).

Hence, the easiest and quickest way to obtain essential oils so far is the spe-
cialized cultivation of starting plant material. Many of the essential oils traded
worldwide are obtained from plants that are native to Mediterranean environments
(Fig. 1), and their wide trade opens new crop opportunities to farmers with arable
land. At this point, a question immediately arises, and it relates to the choice of the
plant-growing method. An overview of the world trade situation for spices, medici-
nal plant extracts, and essential oils (ITC, 2006), allows the observation that nowa-
days, and differently from the past, much attention is paid to organic production
methods. This is even in the flavor and fragrance industries, which traditionally did
not care about production methods, being generally more interested in obtaining a
constant qualitative level of used raw material. In fact, some manufacturers have
started setting special organic production lines (ITC, 2006a). The implications of
such a tendency are many for crops strictly connected to the “organic” and “natu-
ral” market sector. Many European buyers, for example, tend to associate the pro-
duction of herbs and related items to an idea of “naturality”, and expressly require
the herbs to be cultivated with organic methods in the belief that such methods con-
fer to the products a higher healthiness value. When their “naturality” features are
enhanced by means of organic labeling, it is possible for essential oil crops to meet
the requests of more cautious and exacting consumers who are willing to pay more
for a “natural” and “healthy” product (Bianco and Santoprete, 1996; Thomas and
Dorko, 2006).

It is still debatable whether natural products are safer than other products.
Although it is certain, for example, that pesticide residues in herbs may harm the
consumer, it is still uncertain whether the use of chemicals may influence other
traits, such as the essential oil composition. Some preliminary studies performed in
such a direction on coriander oil composition (Carrubba et al., 2002) and peppermint
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oil yield (Gruszezyk, 2004) did not stress any difference between materials obtained
with organic or conventional production methods, but of course this topic requires
further experimentation. Until now, it was only possible to conclude that the higher
prices that consumers are willing to pay for a certified organic product should com-
pensate the higher production costs linked to organic management (Pank, 1993).
In our case, it is true that many essential oil crops are suitable for cultivation with
a reduced use of energy and technological inputs (Demarco et al., 1999), and the
growing trend in Mediterranean cropping systems towards organic production tech-
niques offers many new possibilities for such crops.

2 Essential Oil Crops and Development Strategies for Marginal
Mediterranean Lands

Many definitions of “marginality” have been suggested (Gurung and Kollmair,
2005). According to that offered by the FAO Consultative Group on International
Agricultural Research (FAO-CGIAR, 1999), “marginal lands” are those “having
limitations which in aggregate are severe for sustained application of a given use”.
In such lands, increased inputs are required to maintain productivity, and without
them, options for diversification are often limited. Because of their special config-
uration, marginal lands cannot be cultivated like other lands, simply because their
resources cannot sustain the weight of ordinarily managed agriculture. Hence, it is
necessary to find some agroecosystem able to guarantee the optimization of the use
of resources and their correct maintenance over time, under the assumption of the
maximum economy of off-farm inputs.

For a number of reasons, many Mediterranean lands, including large areas in the
inner part of Sicily, cope with severe conditions of marginality, sometimes leading
to the interruption of all agricultural activities and to the abandonment of the land.
Some of these constraints are linked to special environmental features of the area
that may be characterized, as an example, by extreme levels of temperature and/or
moisture, pedological anomalies regarding soil depth, pH level, texture, salinity,
toxic substances, and orography. Some Authors (Olesen and Bindi, 2002; Thomas
et al., 2004) call attention on that a further worsening of these environmental con-
straints would be expected in future due to global climate warming. This could
bring as direct consequences habitat losses and environment unsuitability for many
species, starting from those areas having a higher fragility level. Such issues are
expected to have a strong impact on agronomical practices, as e.g. the choice of
genotypes to be included in cropping systems (Ventrella et al., 2007). A search in
the literature offers many examples of essential oil crops finding suitable cropping
conditions even under such special environmental conditions as drought (thyme,
oregano, and milk thistle), extreme pH soil conditions (chamomile > 9.2 and Erica
spp. < 4.0), or very high soil salinity levels (chamomile and liquorice) (Fig. 2). A
few essential oil crops (vetiver, rosemary, and thyme) have even been successfully
used to consolidate soils at risk of erosion (Bagarello et al., 2004; Durdn Zuazo
et al., 2004).
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L
Fig. 2 Many essential oil crops may grow and produce under erratic climatic conditions. In the

photo: sage (Salvia officinalis L.) and rosemary (Rosmarinus officinalis L.) after a rare snowfall in
western Sicily. (Photo: A. Carrubba)

The features above allow to suggest the introduction of selected essential oil
crops in marginal farming systems as a proper and sustainable exploitation strategy
(Carrubba and Catalano, 2007). Moreover, looking at the overall question from a
wider point of view, some further remark is possible. The key concepts of the lead-
ing strategies used for the sustainable development of marginal lands are basically
two: integration and diversification. First, all the intervention methods feasible for
the development and exploitation of environmental resources of rural lands, espe-
cially when “marginal”, must pay great attention to the integration of economic
development, social development, and environmental protection as “interdependent
and mutually reinforcing pillars of sustainable development” (UN, 2002). One of the
main goals is to promote all economical activities that fit in unitary production path-
ways, as well as the production of raw material, including the first transformation,
and, whenever possible, the packaging and marketing processes. A tighter linkage
between production, transformation, and services for distribution and marketing of
the products themselves is encouraged.

Second, the aspect of economic diversification of such areas must be considered.
In a context in which the small and medium concerns are mostly represented by
family farms, and very often the production relies on one cash crop with a secure
albeit low market income, diversification could reduce the risks linked to agricul-
tural practice. This seems to be one of the most concrete and quickest ways prac-
ticable for farmers to enhance their income level. Economic diversification, in this
context, takes two different forms: diversification of crops and enhancement of the
multifunctional role of agriculture. Crop diversification is considered the integration
of new species, varieties, and gene pools inside existing agricultural systems, and, in
such a sense, it is also encouraged as a useful way to promote biodiversity (COM,
2006; SAN, 2004). The aspect of multifunctional agriculture, on its turn, recalls
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the new role that is today assigned to agriculture, which is also the satisfaction
of different needs, not only from the agricultural community, but also from soci-
ety as a whole. According to its new role, besides ensuring food and fiber produc-
tion, agriculture should also contribute to environmental safeguards, to the supply
of recreational services, to the creation of alternative opportunities for income and
employment for the farmers, etc.

Do essential oil crops fit into such a framework? An answer must first take
into consideration the basic property of these crops, that is, their aptitude to be
transformed. Interest in crops having good industrial potential, capable of pro-
ducing valuable chemicals to address most industrial sectors’ needs, known as
“botanochemicals” (Buchanan et al., 1980) — a term that did not receive the dif-
fusion and spread it deserved — is growing worldwide. Although essential oil crops
are mostly used for the direct seasoning of foods, a major interest is nowadays com-
ing from their potential as raw material for the production of food flavorings, addi-
tives, or industrial raw materials. This entails a higher degree of transformation (and
therefore a higher market price) compared with fresh herbs. The use of low-cost
on-farm equipment could help farmers increase their income by retaining on-farm
the added value of the transformation process, developing in this way small, local,
agrofood industries. Interest in this area has already been seen in the USA (Quinn
et al., 1998), the West Asian and North African drylands (Amri et al., 2006), and in
Europe (Cristébal et al., 2005). Here, many “minor”, “alternative”, or “uncommon”
crops, including essential oil crops, have been suggested to small farmers seeking
to diversify their income source.

Furthermore, they represent a good opportunity for agrotourist concerns, helping
to attract people from urban areas by means of the development of herb-based com-
mercial items (handicrafts, oils, extracts, and honey) (Fig. 3) besides representing
a further source of aesthetic land valorization (Deidda and Mulas, 2004; Devecchi,

Fig. 3 Coriander (Coriandrum sativum L.), being greatly attractive to insects, has a potential as a
significant honey plant. (Photo: R. la Torre)
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Fig. 4 The esthetic value of many essential oil crops may play a role in rehabilitative or healing
gardens. In the photo: Clary sage (Salvia sclarea L.) at full bloom. (Photo: A. Carrubba)

2006; Domizi et al., 2006). It is worth noting that many essential oil crops, due
to their special sensory attractiveness, are listed among the species to be utilized in
rehabilitative or healing gardens suggested in the therapeutic programs of the newest
“horticultural therapy” (Cooper Marcus and Barnes, 1999; Ferrini, 2003) (Fig. 4).

Of course, the first thing is to improve the economic value of the crops by max-
imizing their yield and reducing the cost of production. Regarding the first goal,
research data show that it is not difficult, nowadays, to obtain good yields from many
herbs. In Mediterranean environments, especially when marginal, special attention
must be paid to the choice of the species to cultivate and on the cropping tech-
nique to apply; however, many such possibilities are available to farmers. Table 1
shows some examples of essential oil crops that could prove useful as crop species
in Mediterranean marginal environments.

Some problems arise when the economic feasibility of production processes is
considered. Most cropping techniques traditionally used for essential oil crops rely
heavily on manpower. Because underdeveloped countries mostly have low labor
costs, it is difficult for developed countries to compete because of their relatively
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higher labor costs. For this reason, intensive cultivation with irrigation, adoption of
improved varieties, and more effective cropping techniques and postharvest tech-
nologies (including better methods of dehydration) could lead to improvements in
the productivity of such crops and also minimize the cost of production processes.

Another important concern, especially when the products are expected to be used
for industrial transformation, is improving their quality. It is likely that in the near
future, greater market penetration will be achieved by selling a higher-quality prod-
uct, with control of microflora contamination, an improved shelf life, a guaranteed
level of active ingredients, and produced according to set guidelines (with few or
no pesticides). Growing such crops with organic cropping techniques (governed by
the EU) that may offer a substantial safety guarantee to buyers and consumers is an
important opportunity for farmers.

3 Essential Oil Production in Plants

In plants, essential oils are generally recognized as secondary metabolites. Chem-
ically, their primary components are terpenes (mono- and sesquiterpenes, and to a
lesser extent diterpenes) and aromatic polypropanoids, synthesized via the shikimate
and mevalonate pathways (Croteau et al., 1986; Lamarti et al., 1994; Sangwan et al.,
2001; Simon, 1990). The shikimate pathway intermediates and aromatic amino
acids are precursors of a large number of secondary plant products (Herrmann,
1995; Kutchan, 1995). Each essential oil generally retains the organoleptic charac-
ters (taste and flavor) of the parent plant, and the special and unique aroma pattern
of each plant species is provided by the characteristic blending of its aromatic com-
ponents. This explains the huge number of fragrances that are available in nature
and the fact that, in practice, industry considers each a whole raw material rather
than a mixture of different chemical principles (Salvatore and Tateo, 1992).

Minimal variations in the ratio among components may generate important mod-
ifications in the aromatic profile of the essential oil. These are sometimes too small
to be instrumentally detected, but large enough to be perceived by human senses.
Many techniques have been developed to characterize the essential oils obtained
from plants, and much effort has been devoted to studying their biological activities.
Being secondary plant metabolites, their production in plants could vary with the
environment (Sangwan et al., 2001; Bruni, 1999) and with the ability of the plants
to allocate their resources. For example, crops that produce mainly primary metabo-
lites would have high seed yields in favorable environments, and crops that produce
high quantities of secondary metabolites would have high essential oil yields in
unfavorable environments (de la Fuente et al., 2003). A further complication is the
existing dynamic relationships between primary and secondary plant metabolism,
where when there is a demand, the secondary compounds may be recycled back
into primary metabolites (Collin, 2001).

Considerable research has been undertaken into essential oil production in plants,
utilizing a large number of plants and many different technical and scientific
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approaches. Attention has also been paid to the simultaneous formation of dif-
ferent compounds within the plants that might affect the results of this research.
Bouwmeester et al. (1995) argued that the formation of carbohydrates in seeds
would result in an apparent increase of essential oils, even if essential oil forma-
tion itself has not been affected. The authors suggested that to avoid confusion, the
absolute amount of essential oil in each seed should be referred to. However, the
available literature indicates that the classical volume/weight percentage is by far
the most often used method worldwide.

Essential oils are produced by plants for many reasons, including the attraction of
pollinating insects (Lodi, 1986), repelling noxious insects by means of toxic, repel-
lant, and antifeedant activities (Van Beek and de Groot, 1986; Simmonds, 1997,
Bottega and Corsi, 2000), improving plant disease resistance (Goidanich, 1981),
allelopathic effects that could be involved in interspecific competition mechanisms
(Raven et al., 1979), or increasing drought resistance in semi-arid environments
(Fluck, 1955; Munné-Bosch and Alegre, 2001). They are produced and stored in
specialized plant structures that are distributed over the plant’s entire epidermis or
in special organs. These include the sacs or ducts of the epidermis in citrus peels or
Eucalyptus leaves, or the glands and glandular trichomes originating from epider-
mal cells in Labiatae (D’ Andrea, 2006; D’ Andrea and Circella, 2006; Maleci Bini
and Giuliani, 2006; Sangwan et al., 2001; Weiss, 1997) (Fig. 5).

Essential oils are processed from plants using distillation or extraction. Steam
distillation is the most common method used by commercial-scale producers, and
uses heat from steam or water to break the oil glands in plants and vaporize the
oil, which is then condensed and separated from the wastewater. Distillation can
be undertaken using on-site facilities, mobile units that come to the farm, or on-
farm equipment that requires a significant, but not impossible, capital investment.
Sometimes the waste, which retains many of the organoleptic traits of the herb, finds
some market opportunity. For example, the wastewater from oregano distillation is

Fig. 5 Thymus longicaulis Presl. In evidence the essential oil glands in leaves. (Photo:
R. Bontempo)
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usually sold in Turkey as “Kekik suyu”, which is claimed to have positive digestive
effects. The possibility has also been suggested that distillation wastewaters could
be submitted to a further extraction process to recover a greater amount of essential
oil (Rajeswara Rao et al., 2005). Several new processing facilities for oil extrac-
tion have been reported in the literature. For example, supercritical carbon dioxide,
microwave-assisted hydrodistillation, or novel solvent extraction techniques (Joy
et al., 2001; Kosar et al., 2005; Platin et al., 1994; Riela et al., 2008; Sedlakova
et al., 2003) have been suggested, but in many cases their costs are prohibitive for
on-farm realization.

4 Cultivation of Essential Oil Crops: Goals and Constraints

In order to improve the economic competitiveness of essential oil crops, the first
important step is to state the goals for such cultivation. There is a considerable
difference between cultivation for producing herbs, essential oils, or secondary
metabolites dealing with some biological activity. Generally speaking, these may
be thought of as subsequent steps, with each product representing the raw material
for the following industrial pathways. Consequently, the income level that may be
obtained from passing one type of product to the following processing step will vary
(Carrubba et al., 2006c). As an example, dried rosemary is a commercial herb per se,
but it may also be considered the starting material for the production of an essential
oil, which may further represent the raw material for the extraction of some active
principles dealing with antioxidant properties. Each single step:

(1) requires a higher technical refinement than the preceding one,
(2) confers to the obtained product a higher degree of economic value, and
(3) possesses very specific quality standards to which each product must conform.

Usually, the income derived from producing the raw material for one step varies
from that of another. This is because of the different levels of expertise required
when shifting from an agricultural to a more industrial process. Retaining as many
production steps as possible on-farm would enable farmers to obtain higher added
value, which could prove a great advantage.

The first economic interest in essential oils is oriented towards the industrial
exploitation of their naturally occurring actions, that is, the activity due to their
aromatic, insecticidal, antioxidant, and antimicrobial compounds. These would be
mostly used as natural products in food, cosmetics manufacturing, and preserva-
tion. In fact, many papers have been published worldwide regarding the numerous
properties of essential oils. For example, in 2003, Kalemba and Kunicka estimated
that more than 500 works had been published just concerning their antimicrobial
activity. It is likely that this number has now been greatly surpassed.

The scientific finding that an essential oil possesses some specific activity
(antimicrobial, antioxidant, etc.) does not represent per sea certainty of its suitability
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to industrial use. In order to find a suitable use, every plant extract must retain
very specific characteristics, roughly summarized by the triple constraint “quality—
security—effectiveness” (Franz, 1996), i.e., it is necessary that the products derived
from it must fulfill adequate and constant quality standards, address consumers’
concerns regarding the safety of their use, and be satisfactorily effective. Regard-
ing the last requirement, some concern is related to the amount that needs to be
added to the various industrial items to show a good effectiveness of use. As an
example, when essential oils are intended as antioxidants for food manufacturing,
in order to have a satisfactory effectiveness they must be added to foodstuffs in
very large amounts. This inevitably leads to a modification of the taste and flavor
of the products to which they are added. For this reason, they may only be added
to a limited number of suitable food items (Roller, 1995; Brul and Coote, 1999).
In cases in which the typical scent of a given herb is unpleasant, a recent possibil-
ity is offered by deodorized extracts, endowed with technical properties identical to
those of the starting plant material, but absolutely free from its typical odor. As an
example, starting from rosemary extracts, some antioxidant mixtures have already
been patented, produced, and sold, such as GUARDIAN™ (Danisco Co. Ltd.,
Denmark) (Fig. 6).

Fig. 6 Rosemary (Rosmarinus officinalis L.) has been largely studied for its antioxidant properties.
(Photo: A. Carrubba)
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S Factors Affecting Essential Qils Yield and Composition

Because the first goal of cultivating essential oil crops, whatever their final use, is
to obtain adequate amounts of plant material, biomass productivity is obviously the
first target. Many studies have been performed around the world to improve various
aspects of productivity of essential oil crops and the role of agronomic practices on
yield (Pank, 1993; Carrubba et al., 2006; 2006c). It must be considered, however,
that when quality aspects are concerned, conclusions may be dramatically different
from those concerning bare quantitative aspects. In some cases, the same factors
positively affecting the biomass yield of one herb might exert a negative action on
its quality features. This is the reason why a decision about the goal of cultivation
should be taken as the first priority. In so doing, the same species could be cultivated
according to different cropping protocols that would depend on the kind of product
to be obtained.

Many factors are claimed to exert an influence on the yield and chemical com-
position of essential oils. Generally, these factors are classed as “endogenous” and
“exogenous”. The first group includes all characteristics natural to the plant, such
as its genetic constitution, but also other nongenetic factors such as its age or
development stage. The second group includes all external factors that plants may
experience during their growth cycles (Bruni, 1999). Both groups have extremely
variable effects on essential oil quantity and quality. First, it has been ascertained
that certain essential oil components are more sensitive than others to variations in
plant characteristics and environmental conditions. This is the case with some ter-
penic compounds such as a-pinene, p-cimene, a-terpinene, and linalool in coriander
(Carrubba et al., 2002), or a-thujene, a-terpinene, B-phellandrene, and camphor in
fennel (Carrubba et al., 2005). These were of the greatest importance in the assess-
ment of the variability of essential oil composition, whatever its source (geographic
provenance, crop management, and age of the samples).

5.1 Endogenous Factors: The “Inner” Sources of Variability

Because the essential oil composition is governed by the biosynthetic pathways
(which are under enzymatic control) that act in plant metabolism, it is undoubtedly
genetically determined. Studies performed on the heritability of qualitative essential
oil traits have ascertained that the biosynthesis of certain compounds (such as pro-
chamazulene or bisaboloids in chamomile) underlies a simple Mendelian behavior
(Franz, 1992). The studies found that an “aut/aut” law applies (they may or may
not be there) and allowed the deduction that the compounds are determined by only
one (or few) gene(s). Other compounds are, instead, under polygenic control, and
the continuous conversion from one compound to another (such as the shifts among
the various bisaboloid forms in chamomile) may explain the occurrence of interme-
diate chemotypes dealing with different amounts of the above compounds (Franz,
1992; Wagner et al., 2005). On this genetic basis, however, all the other factors play
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Fig. 7 Many essential oil crops reach their maximum essential oil content at flowering time. In
the photo: Oregano (Origanum vulgare L. ssp. hirtum (Link) letswaart) at full blooming. (Photo:
A. Carrubba)

some role, and a great deal of experimental work has been carried out on this sub-
ject. Concerning the nongenetic endogenous factors, it is generally acknowledged
that most aromatic plants gain their maximum levels both in yield and in the qual-
ity of their essential oils when they are close to the blooming stage (sometimes at
the beginning, sometimes at the end) (Fig. 7). A higher essential oil content near
flowering was noted for oregano (Ietswaart, 1980; Putievsky et al., 1988), pepper-
mint (Dellacecca, 1996), Artemisia annua (Chalchat et al., 1994), Thymbra spicata
(Miiller-Riebau et al., 1997), Thymbra capitata (Rodrigues et al., 2006), and Oci-
mum basilicum (Macchia et al., 2006). In some cases, it was also confirmed when
the commercial product was formed by parts of the plants other than the flowers
(Shultz and Stahl-Biskup, 1991). This general feature is not always so definite, and
a different tendency was observed in Salvia officinalis, in which oil obtained from
shoots collected in May (i.e., at flowering) was 1.6 mL kg_l, much less than the
4.7 mL kg~! achieved when harvested in September (Scartezzini et al., 2006). Sim-
ilarly, in clary sage (Salvia sclarea L.) an increase in the essential oil content of
inflorescences was found when they were passing from the full blooming stage to
the seed ripening stage (Carrubba et al., 2002b). In trials carried out on basil, maxi-
mum oil yield was obtained at the 50% seed set stage (Sangwan et al., 2001).
Ontogenetic development may also influence the biosynthetic pathways of oil
constituents (Piccaglia et al., 1991), and therefore their relative quantities in the
essential oils. In peppermint (Mentha x piperita L.), the (-)-menthone content was
found to decrease and (-)-menthol content was found to increase during the vege-
tative cycle (Bruneton, 1995). Thymbra spicata showed an increase in the concen-
tration of phenols, especially carvacrol, from spring to mid-summer (June—July),
when the plants had reached full blooming (Miiller-Riebau et al., 1997). In clary
sage, moving from full blooming to seed ripening resulted in a significant increase



156 A. Carrubba and C. Catalano

Fig. 8 In sage (Salvia officinalis L.), the essential oil obtained from younger leaves has a different
composition with respect to older leaves. (Photo: A. Carrubba)

in some important oil compounds, e.g., linalyl acetate, which was found to vary
from 35% to 53% (Carrubba et al., 2002b). In common sage (Salvia officinalis L.),
a delay in the collection of shoots from May to September resulted in a decrease
of a- and B-thujone and camphor in the oil, and therefore to an improvement in
oil quality (Scartezzini et al., 2006). Significant variations in essential oil compo-
nents with the growth stages of plants were also assessed in leaves of both Ocimum
basilicum (Macchia et al., 2006) and Coriandrum sativum (Smallfield et al., 1994).

Irrespective of development stage, in perennials, the age of the plant seems to
play some role as well: oils extracted from Lavandula spica Vill. (Carrasco, 1980)
and peppermint (Dellacecca, 1996; Gruszczyk, 2004; Piccaglia et al., 1993) have
shown important variations both in yield and composition from one year to the next.
Probably due to a similar mechanism, several trials on sage found significant dif-
ferences between oil yield and composition in lower (older) leaves compared with
upper (younger) leaves (Bezzi et al., 1992; Dudai et al., 1999) (Fig. 8).

5.2 Exogenous Factors: Variability Due to the Environment

The second group of factors (“exogenous”) includes all growing and environmen-
tal conditions (e.g., temperature, daylength, quality of light, soil and air moisture,
wind patterns, and nutrient levels) that may exert some direct or indirect influ-
ence on essential oil production and accumulation in plants. Such an effect may
be more or less intense, e.g., being more important in species having a more super-
ficial location of oil storage structures, such as the glandular trichomes in Labiatae
(Bruneton, 1995). Studies regarding the effect of climate on yield and composition
of secondary metabolites are many, and have often led to interesting results. For
example, the common belief that aromatic plants possess a stronger aroma when
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grown under arid and sunny climates seems to find a scientific basis from the demon-
strated increased activity of the phenylalanine ammonia lyase (PAL) enzyme under
these prevailing climatic conditions. This is because PAL causes protein synthesis to
shift towards the production of phenols, which are the major compounds responsi-
ble for the aromatic features of essential oils (Landi, 1994). A relationship between
various climatic indexes and the occurrence of certain chemotypes was noted for
Thymus piperella L. (Boira and Blanquer, 1998).

However, if studies concerning climatic conditions as a whole are interesting
in the assessment of the distribution of a certain genotype, great scientific interest
is linked to ascertaining the environmental trait responsible for a given action on
essential oil biosynthesis. This is quite a difficult task, especially in Mediterranean
areas where chemical polymorphism is important (Boira and Blanquer, 1998) and
its relation with environmental factors is the subject of a deep debate.

Temperature surely plays a crucial role, and since all secondary metabolites are
the result of a series of biochemical steps, each with its own optimal temperature,
it is possible that the best temperature for obtaining a specific compound is the
one resulting from the optimal temperature levels for the single reactions (Catizone
et al., 1986). High (but not excessive) temperatures are considered, as a whole, to
be best for producing essential oils, a result validated by much experimental data on
Pelargonium spp. (Motsa et al., 2006) and chamomile (Bettray and Vomel, 1992).
The composition of essential oils in relation to temperature has been studied as well,
and, for example, in chamomile, the (-) a-bisabolol, pro-chamazulene, and apigenin
content in flowers increased significantly when the temperatures were raised from
16 °C to 20 °C to 26°C (Bettray and Vomel, 1992) (Fig. 9).

Because secondary metabolites are a side effect of photosynthetic activity, it may
be expected that variations in light duration, intensity, and quality can affect their
production in plants. Generally speaking, plants growing under good illumination

Fig. 9 In essential oil from Chamomile (Chamomilla recutita Rausch.) some compounds show an
increase with temperature. (Photo: A. Carrubba)
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exhibit an increase in oil yield with respect to the same plants grown in shade. This
feature was demonstrated in Pelargonium, both in whole plants (Kaul et al., 1997)
and in tissue cultures (Brown and Charlwood, 1986), where the oil obtained from
tissue cultures of Pelargonium fragrans exhibited 50% limonene in dark-grown
tissue cultures compared with 5% limonene in the oil extracted from the parent
plants. A general biochemical explanation of the higher amount of esters (highly
aromatic substances) in plants grown in sunny areas suggests that the photolysis
reaction, by eliminating the water molecules obtained from the esterification pro-
cesses inside plants, would stabilize esters in the plants themselves (Catizone et al.,
1986). Photoperiod was also noted as a crucial factor in oil production and composi-
tion, and a long photoperiodic treatment was responsible for an increased amount of
cis-sabinene hydrate in marjoram oil (Circella et al., 1995) and higher menthol con-
tent in some mint species (Fahlén et al., 1997), probably due to a favored conversion
of menthone to menthol in the leaves (Voirin et al., 1990).

The effect of light quality was taken into account by Maffei et al. (1999),
whose data demonstrate that UV-A radiation on peppermint during the day gen-
erates an increase in total leaf area and total essential oil content, menthofuran, and
menthol.

Many other examples could be considered to demonstrate the importance of
environmental factors in assessing (alone, in interactions with themselves, or in
genotypic interactions) the various quality aspects of essential oil crops. It is not
incorrect to note that cropping techniques are also an important source of variation
in the growth of plants, and that a difference in crop management may therefore
generate important variations in plant biochemistry and quality.

6 Breeding Activity

Research into the breeding and genetic improvement of essential oil crops has been
sparser than the efforts expended on other crops such as cereals, and much work
remains to be done: genetic variability in essential oil crops is considerable and
scarcely explored, and a great possibility exists to use this variability for future
breeding programs. Notwithstanding, the literature shows many examples of screen-
ing, selection, and breeding processes of essential oil crops, utilizing various tech-
niques ranging from traditional crossing and selection methods (Dudai et al., 1999;
Landi, 1994; Landi and Bertone, 1996) to the most advanced biotechnology pro-
grams (Shetty et al., 1996; Novak, 2006).

Efforts into breeding essential oil crops may take one of two different approaches
(sometimes both): genetic improvement for crude yield and genetic improvement for
one, or more, selected qualitative features. In many cases, unfortunately, it seems
that most of the results of breeding and selection efforts are still unavailable to
farmers; very few essential oil crops may show satisfactory availability of certified
reproduction material, and most are cultivated using locally grown ecotypes, devot-
ing little interest to the choice of the best genotype (Fig. 10).
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Fig. 10 Few essential oil crops have a satisfactory number of commercially available improved
varieties. (Photo: A. Carrubba)

6.1 Breeding for Biomass Yield

The approach oriented to the obtainment of high crude yield involves selection for
enhancing the biomass yield of a certain plant, or its marketable part (seeds, roots,
or flowers). That means, the plant’s growth mechanisms should be pushed to the
highest efficiency in exploiting environmental resources. Some authors (McConnell
and Anderson, 2002) call attention to the generally low environmental plasticity of
some of the crops above, in that behaving as “weedy” species does not enable them
to succeed in exploiting environmental resources, and they improve performance
under low fertility conditions. This is the case for some species grown for fruit
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(“seed”), such as coriander and dill, where higher fertility conditions push towards
an enhancement of biomass production, consequently reducing seed yield.

It is likely that much work remains to be done to develop genotypes more capable
of “capitalizing” on environmental resources, and therefore to react more positively
to technical inputs such as fertilization.

In fact, many of the most common essential oil crops bear morphobiological
traits originating from their adaptation to growing in the wild, and that retaining
such traits often sets limits to their agronomic suitability. Breeding was, therefore,
also addressed to solve some agronomic problems that may arise in cultivation,
such as seed dormancy, indeterminate growth habit, or lodging tendency (Holm and
Slinkard, 2002; Langbehn et al., 2002). Seed dormancy may be an important con-
cern when planning and managing sowing operations, and strategies to cope with
this inconvenience may vary depending on whether it is caused by physical (such as
thickness or special traits of the outer seed layer, which is easily fixed by seed scar-
ification) or physiological mechanisms. A few studies have been oriented towards
the study of the mechanisms underlying seed germination, and, although informa-
tion is far from complete, some interesting conclusions may be drawn. For example,
it has been ascertained that in some species, especially those bearing small seeds, the
germination process is tightly dependent upon light, showing a strong inverse cor-
relation with the depth of planting (Benvenuti et al., 2006). In other studies, the use
of hormones such as gibberellic acid has shown good effects on breaking dormancy
in seeds of Lavandula angustifolia Mill. (Macchia et al., 1996).

An indeterminate growth habit is considered an important adaptive trait to extend
the reproductive period and ensure reproductive success for plants in environments
in which the availability of water in the soil is variable and unpredictable (Arnon,
1992). Similar to seed dormancy, this is a very common trait correlated to the lack
of genetic amelioration in many essential oil species, especially in the Apiaceae,

Fig. 11 Indeterminate growth habit may be a problem in many essential oil crops. In the photo:
Coriander (Coriandrum sativum L.) plants bearing flowers and seeds at different ripening stages.
(Photo: A. Carrubba)



Essential Oil Crops for Sustainable Agriculture 161

but also in other families. It is mostly considered unwelcome because the presence
of reproductive organs at various stages of development in plants may be a serious
constraint to the mechanization of harvest (Fig. 11).

In some species, the results of breeding activity addressed to solve these agro-
nomical problems and enhance plants productivity have been rather satisfactory:
due to the efforts of research centers, e.g. from Canada (Blade and Slinkard, 2002)
and India (Kallupurackal and Ravindran, 2005), in a few annuals such as coriander,
caraway, fennel, and dill, some improved material is already available. Similarly,
high-yielding clones of essential oil perennial species such as rosemary, lavender,
or thyme have been selected (Catizone et al., 1986; Mulas et al., 2002; Rey, 1992;
Verlet, 1992). Additional efforts should be oriented to a wider diffusion of such
improved genotypes.

6.2 Breeding for Qualitative Traits

Concerning breeding for essential oil yield and chemical characteristics, intense
research has been conducted worldwide, and many plants have been studied to
investigate the composition of their oils to detect the occurrence of valuable and
stable chemotypes. Chemotypes, or “‘chemical breeds” (Bruneton, 1995) are groups
of individuals within each species that even while bearing the same morphological
structure may be distinguished according to special characteristics of their chemical
traits. Studies in this direction have led to the establishment of a new discipline:
the study of plant classification called chemotaxonomy (Granger and Passet, 1973;
Granger et al., 1973; Weiss, 1997).

Of course, the choice of the most proper chemotype, suitable for a selected mar-
ket sector or industry, could be crucial for the commercial success of the species
to be cultivated. Table 1 shows some of the chemotypes found in various essential
oil crops from the available literature; examples are given for thyme, oregano, and
lavender, which are targeted to the many studies characterizing and exploiting their
essential oils (Verlet, 1992).

Breeding activity regarding chemical oil characteristics has been primarily
directed to the selection of genotypes having high quantities of special compounds
with a particular economic value or considered primarily responsible for the aro-
matic properties of the essential oil, such as cis-sabinene hydrate in marjoram
(Langbehn et al., 2002), and chamazulene and bisabolol in chamomile (Franz,
1992). Otherwise, it was directed towards obtaining genotypes with a low content
of unwanted compounds, such as thujone in sage or elemicin in tarragon (Catizone
etal., 1986). Also in this case, a further diffusion of these improved genotypes would
be of great practical interest.

7 Cropping Technique and Quality Traits

Because they act to modify the growth environment of plants, cropping techniques
are often crucial in assessing many quality traits of essential oil crops; a search of the
literature shows a major influence of agronomic factors on their yields and essential
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oil composition. Hence, the choice of cropping technique must be straightforward
and fit into the rotations and mechanization of the farm. However, it appears that
much effort must still be applied to the development of seed selection, breeding,
harvesting technology, distillation technology, and organic production.

7.1 Propagation and Planting Management

Many essential oil crops (such as hybrid peppermint) are sterile; hence, they must
be propagated vegetatively by rhizomes, stolons, or plant parts. When seed prop-
agation is possible, it could present an interesting opportunity for farmers. How-
ever, the choice of propagation method is claimed to exert a significant effect on
the quality traits of many essential oil species. When the crops are open-pollinated,
their seeds often produce plants that are not homogeneous for growth or aroma.
Bruneton (1995) reports, as an example, significant variations in the chemical com-
position of essential oil obtained from lavender plants propagated by seed or vege-
tative multiplication, and he concludes that the second method is more suitable for
cultivating plants bearing constant selected morphological, biological, and qualita-
tive characteristics. The use of direct seeding in the field is a rather difficult practice
for perennials, because, as experienced for sage (Caligani and Adamo, 1987), their
generally slow establishment in the field causes many problems concerning compe-
tition with weeds (Fig. 12).

In addition, planting methods (population density, arrangement in space, time
of sowing, or planting) may be crucial for obtaining the best cultivation results

Fig. 12 Emergence may be a crucial factor in the establishment of essential oil crops. In the photo:
a germinating fennel (Foeniculum vulgare Mill.) plantlet. (Photo: R. la Torre)
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Fig. 13 A proper settlement of rows and inter-row distances has a major importance in crop man-
agement. In the photo: 1-year-old Oregano (Origanum vulgare L. ssp. hirtum (Link) Ietswaart) at
full blooming. (Photo: M. Militello)

(Fig. 13). Plant population is important because essential oil crops may have varying
responses to increases in intraspecific competition. In sage, a higher plant density
was accompanied by a lower unitary plant biomass, because of a lower number of
leaves per plant and a smaller leaf size, but the higher number of plants per unit area
seemed to compensate for this feature (Bezzi et al., 1992). Similarly, many species
cultivated only for plant biomass (such as sage, oregano, rosemary, and thyme) seem
to react positively to an enhancement of plant population provided there is a satis-
factory level of water and nutrients in the soil (De Mastro et al., 2006). It is not clear,
however, if such a positive response in terms of aerial biomass is accompanied or
not (and if it is, to what extent) by modifications in essential oil composition. Some
results regarding this may have been obtained for peppermint (Dellacecca, 1996), in
which variations both in yield and content of essential oils were assessed with vary-
ing plant populations. However, in oregano, a decrease in essential oil yield with
higher plant density seemed to be mostly due to a higher percentage of stems and
woody parts (having a lower essential oil content) in the harvested material (Scarpa
et al., 2004).

Concerning planting date, many annual essential oil species (anise, cumin, and
coriander), being fairly sensitive to frost and cold, are usually sown in spring.
Notwithstanding, in Mediterranean environments, in which climatic patterns are
characterized by mild winter temperatures, a prevailing distribution of rainfall in
autumn and winter, and severe drought periods in spring and summer, an earlier
sowing date is claimed to exert a major effect on the establishment of crops. This
is because it allows plants to grow when the water content in the soil is still sat-
isfactory, i.e., before drought occurs. In any case, an earlier intervention allows,
generally speaking, a higher stand uniformity and plant population, and therefore
higher biomass yields (Catizone et al., 1986).
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This general statement seems especially important in annual crops, since sow-
ing date may influence the timing of harvest. This, in turn, may be very important
both for quantitative and qualitative aspects of production. The advantage of an ear-
lier sowing date, well assessed in coriander (Carrubba et al., 2006b; Luayza et al.
1996), fennel (Leto et al., 1996; Masood et al., 2004), anise (Zehtab-Salmasi et al.,
2004), and cumin (Mirshekari, 2004), could be due to the progressive lengthening
of the vegetative growth stages, especially those immediately preceding the onset of
flowering, the duration of which has shown a high direct correlation with yield in
some experiments (Carrubba et al., 2006b).

In perennials, experimental findings seem to give the same results, and under
semi-arid climatic conditions, there is a substantial agreement on the necessity to
make the planting date close to rainy periods, even when the crop is managed under
irrigation (Rajeswara Rao, 1999). Such a choice allows a better establishment of
crops, e.g., in peppermint it allowed the formation of many runners and an ear-
lier canopy closure, which resulted in higher biomass yields when compared to a
spring-planted crop (Piccaglia et al., 1993). A similar result may be found con-
cerning essential oil yields, which clearly showed a decrease with a postponement
in sowing date for peppermint (Piccaglia et al., 1993), dill (Hornok, 1980), anise
(Zehtab-Salmasi et al., 2004), and cumin (Mirshekari, 2004). In coriander, sowing
date seemed to have a slight influence on oil composition (Carrubba et al., 2006b).

7.2 Weed Management

This is one of the major constraints on the cultivation of essential oil crops.
Weeds exert an effect as crop competitors, are responsible for problems of harvest
mechanization, and when mixed with the harvested product may alter its end quality
(Fig. 14). Competition with weeds, which are involved in the sharing and conse-
quent allocation of environmental resources, may reasonably be considered a factor
affecting essential oil yield and composition. In an Argentinean coriander landrace

Fig. 14 Weeds may be a major concern for essential oil crops cultivation. In the photo, a heavily
infested fennel (Foeniculum vulgare Mill.) plot. (Photo: A. Carrubba)
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(Gil et al., 2002), weeds were a significant factor in determining the geraniol and
geranyl acetate content in the oil, but it was difficult to ascertain their real effect
because it acted in interaction with location and year.

In some cases, the use of herbicides has been studied with good results. For
example, the production of aromatic oils seems unaffected by herbicide applica-
tion (provided the crop is tolerant to its active ingredients), and the quality of oil
may even be improved (Pank, 1992; Zheljazkov and Topalov, 1992). It is true, how-
ever, that many active ingredients in herbicides have not been expressly tested on
essential oil crops. Furthermore, the choice of organic production method (which, as
previously stated, is often a precise choice for essential oil crop growers) sets a limit
to the possibility of intervention with chemical products; in this case, the choice
is restricted to a few allowed techniques. Many nonchemical solutions suitable for
use under organic management have been suggested (Bond et al., 2003; Kristiansen,
2003), with results that varied according to plant species, timing of intervention, and
expected results.

First, the use of transplantation instead of direct sowing may be useful for
planting larger, and therefore more competitive, individuals in the field. The adop-
tion of double instead of single rows, successfully tried for oregano (Carrubba
et al., 2002a), could allow a more satisfactory execution of mechanical weed
control.

Mechanical weeding is, by far, the most immediately applicable method for weed
management when the use of chemicals is undesirable (Chicouene, 2007). It must
be applied taking into consideration the growth stages of the crop and weeds, as
well as the biology and characteristics of the weeds, but in most cases, one or two
treatments are enough.

In fact, the greatest difficulty in mechanical weed control is the necessity of plan-
ning crop settlement and taking into account, from initiation, the kind of equipment
used for weeding, and therefore properly setting inter-row distances. Many of the
failures of mechanical weeding are linked to this lack of management.

Mulching (Fig. 15) has been successfully tried, and many growers have obtained
good results using polyethylene mulch or black porous plastic (Galambosi and
Szebeni-Galambosi, 1992). In cultivation trials of Artemisia absinthium, mulching
resulted in a 5% increase in average plant weight (Giorgi et al., 2006).

Alternatively, an environmentally friendly technique is flame control, performed
with special equipment that when passed over and around weeds, quickly boils the
water in their cells, causing wilting of the apex and death. Flaming was tried on
some essential oil crops such as coriander and fennel (Carrubba and la Torre, 2006),
and sage and lavender (Martini, 1996), and the results seemed to depend upon the
seasonal climatic patterns and the competition between the crop and the weeds. The
low labor required represents an important advantage of flaming, but for effective
weed control, an exact timing of the intervention is crucial, since flamers should
be used when weeds are still young and tender. Flaming kills annual weeds com-
pletely (although more will reappear), but it does not kill the roots of perennial
weeds. These will send up new shoots within a week or so after flaming; therefore,
additional treatments are often required.
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Fig. 15 Mulching may help in managing weeds, but the more resistant weeds may pass through
the plastic film. In the photo: plastic mulch on coriander (Coriandrum sativum L.). (Photo: A.
Carrubba)

7.3 Soil Nutrients and Fertilization

The nutrient level in the soil is one of the most investigated aspects of agricultural
research, also including research into essential oil crops. The effect of N fertilization
has been studied in detail for peppermint (Dellacecca, 1996; Piccaglia et al., 1993),
sage (Bezzi et al., 1992), and marjoram (Trivino and Johnson, 2000). In general,
N fertilization seems to promote plant development, but without any enhancement
in essential oil. In some cases, it even seemed to negatively affect crop results, for
example, allowing leaves to develop instead of other desired plant parts, delaying
flowering, or interfering with the production of essential oils, such as in Lavan-
dula spica (Catizone et al., 1986). An interesting hypothesis (Mirshekari, 2004)
suggests that there is an inverse correlation between protein and essential oils in
plants; hence, all factors that promote protein synthesis (such as N fertilization)
would have a depressive effect on essential oil yield. Apparently, contrasting data
come from experiments on peppermint (Piccaglia et al., 1993) and geranium (Araya
et al., 2006), in which N fertilization increased not only plant biomass but also the
essential oil yield per unit area. This increase could possibly be a consequence of the
increased biomass level rather than an effect of the enhancement in oil percentage.
In coriander, significant variations were found both in essential oil content and com-
position when N fertilization was enhanced from 0 kg ha~! to 135 kg ha™!, but the
direction and amplitude of these variations were also affected by growing conditions
(year and cultivation site) and genotype (Gil et al., 2002).

Much less abundant (and less conclusive) is the literature about the effects of
N fertilization on essential oil quality traits. Gil et al. (2002) found that it affected
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the linalool content of coriander, but this was noted only in a European landrace;
an Argentinean landrace was not affected at all. Piccaglia et al. (1993) found an
increase in pulegone content in peppermint oil by increasing the N fertilization rate,
but such an effect was detected only in one of two years.

Some interesting findings concern the effect on yield of organic N fertilization:
yield enhancements have been claimed for biomass and oil in Pelargonium spp.
(Araya et al., 2006) and in coriander seeds (Ursulino Alves et al., 2005). In both
cases, the authors suggest that, besides the bare nutritional effect, some influence
should be attributed to the positive action of organic fertilizers towards some soil
characteristics, namely the water holding capacity, cation exchange capacity, and
microbial activity.

Concerning other nutrients, there are few reference papers: generally speaking,
P is claimed to have a positive influence on the development of reproductive organs
and to stimulate flowering, whereas K has positive effects on root development
(Radanovi¢ et al., 2004). However, to our knowledge, few experiments have been
performed regarding the effect of such elements on yield and quality traits of essen-
tial oil crops. An experiment on P fertilization in peppermint (Piccaglia et al., 1993)
recorded an increase in menthol content with increasing P dose, but this was only
noted in one of two years. As such, no definite conclusions can be drawn.

7.4 Irrigation

Water deficiency has a major role in the growth and yield of crops, and this has been
studied in depth for many plants that are native to, or cultivated in, Mediterranean
environments (Fig. 16). The effects of water shortage may vary according to the
duration and severity of stress, the resistance and/or tolerance features of the plant,

Fig. 16 Watering has a major effect on biomass yield, especially in dry and semi-arid climates. In
the photo: sage (Salvia officinalis L.) under irrigation. (Photo: A. Carrubba)
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and the plant material to be harvested (whole aerial biomass, leaves, roots, flowers,
or seeds). In myrtle (Vicente et al., 2006) and Mentha arvensis (Misra and Srivas-
tava, 2000) water stress exerted significant reductions in plant biomass, including
plant height and leaf area, but it did not have, at least in the latter species, any sig-
nificant effect on oil yield and composition. However, in Artemisia annua, it resulted
in a shortening of plant height, but only when induced in the two weeks before har-
vest (Charles et al., 1993).

When yield is represented by seeds and fruits, it is very often mainly deter-
mined by photosynthesis occurring after flowering (Arnon, 1992), and water stress
should therefore have more negative effects when experienced at that phase than
at any other growth stage. A direct consequence is that all annual species that fin-
ish their growth cycles in summer could be seriously affected by water shortage at
the seed-filling stage, a feature not rare in Mediterranean environments. Under such
situations, emergency watering could be a great help to production.

In perennials grown under dry or semi-arid climates, the recourse to irrigation
(better if coupled with N fertilization) should push production towards its highest
levels, and therefore represent an effective technical choice to obtain abundant and
homogeneous yields. This is, for example, the choice of many Mediterranean farm-
ers who want to cultivate sage or oregano in open irrigated fields. In this case, the
costs needed for such an operation (water supply and the setting of watering lines)
must be justified by the higher prices obtained from the sale of the product.

Frequently, water is not readily available and the recourse to irrigation is too
expensive; here, essential oil crops are grown under a dry regime. In this case, annual
plants can only use the water stored in the soil after the autumn—winter rainfall,
and perennials are restricted to one cutting, normally taken at flowering time. In
intermediate cases, farmers let the crop grow without irrigation for most of its cycle,
and perform an irrigation after the main cutting is taken (at flowering time); in this
way, the plants are allowed to bear a second harvest during the year, formed by the
leaves that have regrown after watering.

When the water supply is limited, irrigation may be used occasionally as an emer-
gency intervention if water stress threatens intolerable injury to plants. Above all,
it is used following little or no rainfall, or as a planned intervention scheduled for
the more critical development stages of crops, namely, the phases in which a water
deficit could exert the worst effects on yield. Because good crop establishment is
crucial for the success of almost all perennial crops, including lavender, oregano,
thyme, mint, and rosemary, watering soon after transplantation is considered an
essential practice.

If in Mediterranean semi-arid environments irrigation exerts a strong positive
effect on biomass yield, under different climatic conditions crop responses are not
always so positive: a field trial in Saskatchewan on German chamomile, as an exam-
ple, gave a surprisingly much higher herbage yield under dryland conditions than
following recourse to irrigation (Wahab and Larson, 2002).

An overall increment in oil yield per area unit, due to the highest leaf production,
was observed under irrigation in sage (Bezzi et al., 1992), even when the essential
oil percentage was not affected. In mint, it has been noted that a controlled induction
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of water stress could even increase oil accumulation, without having any effect on
oil composition (Simon, 1993). Many authors, however, call attention to a negative
effect that irrigation could have on essential oil content, stressing the importance of
proper water management on oil yields.

7.5 Mechanization and Harvest

Mechanization is one of the areas in which research is lacking, but in which there
are the strongest opportunities to develop new techniques and facilities that may sig-
nificantly reduce production costs. Studies regarding the mechanization of essential
oil crops may be divided into three main sectors: seeding/transplanting operations,
weeding, and harvest.

The first group of operations differs in importance according to the species
grown; it is generally a crucial aspect for many annual species, especially those
with smaller seeds, in which setting seed distribution to desired values is more dif-
ficult, and it is generally difficult to achieve the planned plant population. Further-
more, smaller seeds require more care in soil preparation, because an uneven dis-
tribution will generate inhomogeneity in stands and operational difficulties at har-
vest. An interesting experience comes from southern Italy, where chamomile was
mechanically sown by distributing the seeds on the tractor tires; it was also per-
formed in this way to benefit simultaneous soil compression. In perennials, specific
studies have addressed the mechanical transplantation of sage and lavender (young
rooted plants), Iris pallida (the thizomes), and saffron (the bulbs) by means of dif-
ferent equipment obtained with small modifications to normally adopted machines
(Caligani and Adamo, 1987).

Along with mechanical weeding, that has been discussed already in a previous
section, harvest exerts a strong effect on yield, both from quantitative and qualita-
tive points of view. In many cases, and for many essential oil crops, manual harvest-
ing allows a more careful operation, and therefore a higher yield and quality level.
However, it is a time-consuming and labor-intensive practice, and its costs may be
prohibitive when cultivation is performed over large areas.

The scheduling and management of harvest are operations in which farmers must
make crucial decisions that may dramatically alter the productive and qualitative
results of essential oil crops, and many aspects of harvest management must be
considered in order to achieve a satisfactory result. First, proper timing of such an
operation is crucial, since it determines the age and the development stage of the
harvested material. In oregano (Jerkovic et al., 2001) and rosemary (Nevo, 1998),
it has been proven to significantly modify qualitative and quantitative traits, since
a delay in harvesting may cause the plants to become woody, which would reduce
their active ingredients.

Second, the intensity of cutting is especially important in essential oil crops har-
vested for their foliage: the maximum biomass yield is reached when the stems are
cut as close as possible to the soil. However, if excessive, this cutting may injure
axillary buds, limiting the plants’ capability to regrow for further harvests (Fig. 17).
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Fig. 17 Cutting should spare the regrowth capacity of plants. In the photo, the restarting of
vegetation after cutting in Artemisia abrotanum L. (Photo: A. Carrubba)

Furthermore, too severe a cutting, which would result in a higher percentage of
stems (that usually have a poorer quantity and quality of oil) with respect to leaves
and shoots in the harvested material, may alter the chemical characteristics of the
essential oil. In many perennials (such as mint, and sometimes sage or oregano), the
crop is managed with the intention of executing more than one cutting. In cornmint,
cases of six to seven cuttings taken throughout a cropping cycle 17-18 months long
have been reported (Rajeswara Rao, 1999). Even if the subsequent harvests do not
allow the same essential oil yield obtainable from the first (Piccaglia et al., 1993),
and the chemical profile of the essential oil obtained from the different cuttings
varies (Omer et al., 1994), the economical success of the cultivation may rely on the
possibility of making more than one harvest. For this reason, the ability of the plant
to regrow must be considered.

There are many examples of the machinery used to harvest essential oil crops,
such as for oregano (Leto et al., 2002; Verlet, 1992), sage, lavender (Caligani and
Adamo, 1987), and chamomile (Wahab and Larson, 2002) (Fig. 18). Results seem
to vary with the dryness of the herb to be collected and the destination of the
product: the herb picked up mechanically may tend to brown, which is unwanted
if the product is destined for the herbal market, but less so if it is destined for
the extraction of essential oils. Some simple adjustments may help when using
mechanical equipment and solve many of the technical problems that may arise,
e.g., choosing fast-growing genotypes, such as achieved in some selected Salvia
hybrids (Dudai et al., 1999), or setting a proper arrangement of rows for plant
populations (Caligani and Adamo, 1987).

Different methods are required for essential oil crops where specific parts such
as seeds are harvested, rather than the leaves or entire plants. Coriander, fennel,
anise, and dill are examples of such production. Here, the tendency of growers and
breeders is oriented to the mechanization of harvest, by means of the equipment
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Fig. 18 Mechanization is a necessity for modern essential oil crops growers. In the photo, a pro-
totype of mower modified for harvesting of oregano (Origanum vulgare L. subsp. hirtum (Link)
Ietswaart). (Photo: A. Carrubba)

normally used on farms. Difficulty may result from the indeterminate growth habit
of many such herbs, which may cause the contemporary appearance of flowers,
ripe and unripe seed on the same plant. In this case, the best recourse should be
hand harvesting, picking up the seeds (or umbels) as soon as they are marketable.
Obviously, this is time and labor intensive, and many techniques and facilities for
mechanical harvesting have been developed. Coriander and fennel, for example,
may be cut to ground level and after some hours of open-air drying, be threshed
mechanically.

7.6 Diseases and Pest Control

Pathogens and pests may cause considerable losses to the yield and quality of essen-
tial oil crops. Generally speaking, this topic has not been debated in depth in terms
of essential oil crops, and until a few years ago, a widespread idea was that most
such crops had no serious pests or diseases (Simon et al., 1984). More probably, the
lack of information regarding this issue was mostly due to the limited cropping area
of essential oil crops. In fact, the sources of information related to the diseases of
essential oil crops were mostly limited to areas in which their cultivation reached
appreciable levels. For example, in the 1980s, an infestation of Ramularia coriandri
was found in coriander cultivations in the former Soviet Union (Gabler, 2002), and
it forced growers and researchers to concentrate (successfully) their efforts towards
the breeding and selection of resistant genotypes. Similar histories may be found in
the literature for other crops and other pathogens, such as stem necrosis in fennel
caused by Phomopsis foeniculi (Anzidei et al., 1996; Mugnai and Anzidei, 1994),
sweet basil wilt caused by Fusarium oxysporum (Dudai et al., 2002), coriander and
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caraway foliar necrosis caused by Ascochyta and Aureobasidium sp. (Anonymous,
2002), rosemary root rot caused by Rhizoctonia solani and Sclerotinia sp. (Con-
way et al., 1997; Mohan, 1994), laurel leaf blight caused by Glomerella cingulata
(Constantinescu and Jonsson, 1987), and mint leaf rust caused by Puccinia menthae
(Joy et al., 2001).

Research concerning insects is also scarce in this context: red scale (Aonidiella
aurantii) and several mealybugs have been reported to be common insect pests of
jasmine, whereas hairy caterpillars, cut worms, semi-loopers, red pumpkin beetle,
and termites have been observed in cultivations of Mint (Mentha arvensis L.) and
controlled by means of suitable insecticides (Joy et al., 2001) (Fig. 19). However,
the belief in the insecticidal effectiveness of many essential oil crops is so strong
that some, such as Artemisia vulgaris, Ocimum basilicum, and Mentha cordifolia,
have been suggested as intercrop species to repel insects from the main crop (IIRR,
1993).

A growing presence of insects on crops is a source of risk. Other than their direct
damage to crops, they have a well-known ability to transmit dangerous viruses and
viroids that in the specific case of essential oil crops could injure plants both from
a quantitative and qualitative point of view. A survey of the virus diseases of some
essential oil crops was carried out in Italy by Bellardi and Rubies-Autonell (2003),
where 12 different virus strains affecting about 40 species were detected. According
to the authors, damage was not only on plant biomass, but also on essential oil
production and composition. For example, oil production from clary sage infected
by Broad Bean Wilt Virus serotype I (BBWV-1) was one-third of that obtained from
healthy plants, with an increased content in a-terpineol, germacrene D, and sclareol,
and a lower percentage of myrcene and limonene.

An increase in pathogens and pests in essential oil crops, however, may be
expected to be a direct consequence of the growing rate of cultivation (Gabler,

Fig. 19 Pests may have some impact on essential oil crops cultivation. In the photo: a young plant
of clary sage (Salvia sclarea L.) with evident symptoms of attack by mites (Acari). (Photo: A.
Carrubba)
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2002), and it is possible to foresee that if essential oil monocultures spread over
wider areas, such problems will become a major concern in the future. Experiments
aimed at evaluating insecticides and pesticides useful for essential oil crop culti-
vation could certainly be performed, but the specific orientation of markets and
the high “naturality” content of such products implies special care in their field
management. The general tendency in cultivation of such crops is therefore oriented
to their organic or integrated management, as also expressly suggested for extracts
destined for the pharmaceutical industry or human therapy by the WHO guidelines
on Good Agricultural and Collection Practices (GACP) for medicinal plants. Such
guidelines imply the use of agrochemicals at the minimum possible level and “only
when no alternative measures are available” (WHO, 2003).

With the purpose of improving general plant health conditions, many strategies
have been recently developed. These include the employment of, and increase in,
natural mycorrhization under many different agricultural environments (Kothari
et al., 1999). Many essential oil crops have proven highly suitable to vesicular
arbuscular mycorrhizal (VAM) fungal colonization, achieving a high percentage
of internal infection (Camprubi et al., 1990), and some species (Salvia officinalis,
Lavandula officinalis, and Thymus vulgaris) have been successfully used as indi-
rect inoculation media to increase VAM root colonization of other tree species
(Camprubi et al., 1992) (Fig. 20).

Another relevant concern is tied to the occurrence of pathogens, such as molds,
on harvested and stored plant material. Usually, the use of proper storage conditions
in clean and well-aerated places, and avoiding any possible retention of moisture in
containers and contamination with insects, rodents, or other pests, should be enough
to ensure the long-term conservation of plant material.

7.7 Postharvest Treatments

For quality features, postharvest treatments also play a crucial role. Depending on
the species, the herb part used, the harvest timing and conditions, the water amount
in herbs ranges from 40% to 80%. Some differences in essential oil characteristics
have been claimed between dry and fresh plant material (Cioni et al., 1991; Shalaby
etal., 1995), but drying is often necessary to increase the shelf life of the final prod-
uct, to allow proper conditions for storage, and for the long-distance transport of the
harvested product. Drying acts by slowing the growth of microorganisms and pre-
venting some biochemical reactions that may alter the organoleptic characteristics
of the herb (Diaz-Maroto et al., 2003).

In earlier times, most research papers available on this topic referred mostly to
drying methods. This was in relation to the kind of material to be dried (tubers, roots,
leaves, and bark), rather than to the different species (Chiumenti and Da Borso,
1996). More recently, many trials have been performed to find the best drying tech-
nique for most herbs, and it is certainly possible to find among them the best tech-
nique for the chosen environment and species.
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Fig. 20 Mycorrhization has been studied for many essential oil plants. In the photo, from left
to right, examples of AM association in essential oil plants: (1) intra- and extramatrical struc-
tures of AM fungi and (2) arbuscule in basil root; (3) hyphal coils in cortical cells of lavander
root; (4) myceliar structure in cortical cells of laurel root. Bar: 1, 3 = 30 pm; 2, 4 = 10 pm.
(Photo: L. Torta)

There is no standard method for drying herbs, and each individual grower has
often developed his own system, choosing from among the numerous methods that
have been suggested, from air-drying to oven, microwave, or freezing systems. Each
method has advantages and disadvantages, and the choice (besides the economic
aspects) mostly relies on the desired result (texture, color, or scent) of the final prod-
uct, and, of course, the requirements of its market destination. Method, duration,
and temperature of drying, moreover, can affect the volatile oil content of the herb,
which is a crucial factor in its quality. Such effects may vary according to the chosen
plant material: in dill and parsley, oven- and freeze-drying lead to significant losses
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of volatiles with respect to fresh herbs, whereas such techniques exert a lower effect
in sage and thyme (Diaz-Maroto et al., 2003). In the latter species, freeze-drying
was found to produce oil yields about 10% higher than after a flow-through method
(Lawrence, 1998).

An important target of research activity is to find, for each species, the maximum
temperature for drying, in order to maximize volatile oil yield and quality. Generally,
the higher the drying temperature, the greater the killing effect on microorganisms.
However, a thermal excess could seriously damage the quality of essential oil; in
thyme and sage, oven-drying induced lower losses of volatiles at 30°C and higher
losses at 60°C (43% in thyme and 31% in sage with respect to the fresh herb) (Diaz-
Maroto et al., 2003), whereas in French tarragon, the best oil retention was obtained
at a working temperature of 45°C (Arabhosseini et al., 2007). In some cases, more
attention is required on the duration of heat exposure than on the final tempera-
ture. For example, Charles et al. (1993) found that a treatment at 80°C for 12h had
approximately the same effect on the artemisinin content of Artemisia annua as
exposure to a much lower temperature (50°C) for a longer time (48 h).

The most ancient and traditional drying system is air-drying, which is performed
outdoor (in warmer environments) or indoor (when external climatic conditions are
not optimal and adequate structures are available). Many crops, such as mint and
sage, may be successfully dried in plastic-covered greenhouses. Usually, the process
involves stacking flat trays of herbs in the shadows (direct light may often alter the
color of the product) and in aired places, sometimes with the help of dehumidifiers
or forced circulating air equipment. Air-drying is a slow and labor-intensive process
(there is the need to often move the mass to exsiccate so as to avoid brownish,
fermentations and microbial attacks), but many experiments (Charles et al., 1993)
have demonstrated that it allows the best results in terms of product quality.

Solar drying has been successfully tried in many environments (Buckenhiiskes
et al., 1996; Charles et al., 1993; Garg et al., 1998), and it has proven to give bet-
ter color, texture, and content of active ingredients than conventional stove driers.
Much equipment is available, is easy to set up, and can quickly dry large amounts of
different plant material. Traditionally, such equipment has always been cheap, but
nowadays problems have arisen due to quality control requirements and the need to
reduce the bacterial count. When more sophisticated machinery (such as dehydra-
tion machines) is necessary, herb drying starts to become more capital intensive and
the cost of equipment is often too high for many herb growers.

8 Conclusion

Plants producing aromatic oils have been used for flavoring throughout history.
Many of them have formed part of the economy of countries with growing popula-
tions where there is an inevitable pressure on agricultural land as a resource for food
and fuel crops. Many species for essential oil production might have direct interest
as crop species for Mediterranean areas. Although some are native to Mediterranean
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Fig. 21 Mixed cropping systems including essential oil crops may enhance farm productivity
and biodiversity level. In the photo: oregano (Origanum vulgare ssp. hirtum (Link) Ietswaart) in
association with young olive trees. (Photo: M. Militello)

environments, others are from different areas of the world, yet targeted to a grow-
ing interest as food or flavoring items. Most of the aforementioned herbs, especially
those that are native, are easily grown and adapted to a wide variety of soil and cli-
matic conditions. Therefore, they have already been cultivated by many farmers at
a small scale, mostly for domestic or local use.

Currently, problems with essential oil crop production are above all commer-
cial, linked to the establishment of market channels, to their high investment costs,
and to the rapid expansion of competitive production from developing countries.
In Mediterranean environments, such problems often add to general marginal-
ity conditions, requiring appropriate and well-constructed land management
(Fig. 21).

Notwithstanding, today, a considerable pressure is exerted by consumers world-
wide, to use perceived natural compounds in edible and personal products, and many
opportunities seem therefore to be open for such crops. It is essential that produc-
ers are able to service this growing demand efficiently, economically, and above
all, reliably. It is therefore important to understand and develop ways of ensuring
maximum return on the investments made in establishing and growing these crops
(Weiss, 1997). The great amount of experimental research carried out worldwide has
brought important advances to cropping techniques. In some cases, it has improved
the plant material available for cultivation, although its availability to growers is far
from satisfactory. Much work still remains to be done to further advance the tech-
niques required for the special environmental conditions of Mediterranean environ-
ments, and for the wider application of such techniques and improvement of genetic
materials available to farmers.
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Quantifying Variability Is Only Half
the Story — A Review
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Abstract The world’s population is expected to reach 13 billion people by 2065.
Increasing food production and sustaining the environmental resource base on
which agriculture depends will prove a significant challenge for humankind. Pre-
cision agriculture is about putting the right input, in the right amount, at the right
place, in the right manner at the right time. Precision agriculture is a tool which
manages the variability in crop and growing conditions for improved economic and
environmental returns. For precision agriculture to be successful, industry must col-
lect, analyse, process and synthesise large amounts of information from a range of
integrated enabling technologies. However, quantifying variability alone will not
constitute successful precision agriculture in sugarcane production. Success will
be measured by the extent to which these technologies are adopted by industry.
This review broadens the popular within-field definition of precision agriculture to
encompass higher levels of variability present at the farm, mill and regional scale.
We propose that managing all these levels of variability is important, although, many
of the technologies available for within-field management require further research
prior to operationalisation. While a discussion on the range of enabling technologies
such as the global positioning system, global information system, proximal sensing,
remote sensing and variable rate technology is essential, we emphasise the need
to develop a participatory action research environment to facilitate the adoption of
precision agriculture for the benefit of whole of the industry.
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1 Introduction

The world’s population of approximately 6.5 billion people is currently growing at
1.2% annually and is expected to reach 13 billion people by 2065 (Pimentel et al.,
2007). The evolution of agricultural production towards increased mechanisation
has contributed to this growth rate and has continued to feed and more recently fuel
our booming population. However, this success has been achieved at an environmen-
tal cost with the degradation of soils, lowering of water tables and the impairment
of ecosystem services (Daily et al., 1998). The immanent need to double farm pro-
duction to match population growth over the next quarter of a century with dimin-
ishing land and water resources through further intensification will only exacerbate
these problems (Srinivasan, 2006). It has become increasingly important to develop
tools that will enhance productivity and economic profits while simultaneously con-
serving the environment (Srinivasan, 2006). Precision agriculture is one of many
potential solutions to overcome these problems and has grown and evolved to incor-
porate the best of multidisciplinary science and technology to solve the riddle posed
by spatial and temporal variability. For this to be achieved, industry must collect,
analyse, process and synthesise large volumes of data from a number of technolo-
gies, so better, more informed management decisions can be made. By managing
the variability inherent in agricultural production, precision agriculture has the abil-
ity to match input application to deficiencies on the ground, potentially translating
into better, more efficient use of inputs, reduction in off-site losses, improved yield
through targeted management and increased profits. However, collecting data via
different technologies, analysing the data and describing the variability (although
important) does not constitute successful precision agriculture. Often overlooked are
the problems associated with the adoption of complex technologies (i.e. precision
agriculture) essential for wider industry acceptance. When assessing the success of
precision agriculture in the sugarcane industry, it will not be the ability to produce
detailed management plans from cutting-edge technologies but will be the extent
to which growers participate in the evolving science of precision agriculture. With
153.5 million tonnes of sugar consumed by the world in 2006/2007 (FAO, 2007) it
is important that the industry takes steps towards facing the challenge of increasing
production sustainably. This review aims to describe the process and philosophy of
precision agriculture, the technologies and quantitative tools essential for modern
implementation, the obstacles for adoption pathways and how these elements must
be integrated to achieve sustainability.

2 Principles and Concepts of Precision Agriculture

Across the cities of the world many of us look out onto our balconies and notice
that our potted herb gardens are in desperate need of water. We march out with
our watering cans and proceed to water our poor wilted herbs, giving more water
to those plants that look the closest to death. At the same time we may pick the
ripest-looking tomato, remove a few leaf-eating insects and continue inside to eat
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our breakfast. Does this morning ritual performed by many each day constitute a
form of precision agriculture? Well, yes, if the definition of precision agriculture
encompasses the implementation of management practices to match the variability
in growing and crop conditions (Srinivasan, 2006). Indeed, precision agriculture is
about putting the right input, in the right amount, at the right place, in the right man-
ner at the right time (Raj Khosla, personal communication). Therefore, many of us
practice a simple form of precision agriculture because we have an intimate knowl-
edge of our gardens and the plants that grow within them. The principles of precision
agriculture can be extended across a range of scales in sugarcane-growing communi-
ties to include the region, mill, farm, paddock and sub-paddock level. Irrespective of
the scale, precision agriculture encompasses all attempts to address the heterogene-
ity of an agricultural system. However, the trend towards increased mechanisation in
commercial agriculture has contributed to increased economic pressure to treat large
crop areas with a uniform or one-size-fits-all management approach (Bongiovanni
and Lowenberg-Deboer, 2004). As farming enterprises become larger, the need for
information about the variability in growing and crop conditions will become essen-
tial to facilitate management actions. This collected information can then be used to
divide the once homogenous growing space into zones where a tailored management
program can be implemented (Whelan and McBratney, 2000).

Modern precision agriculture depends heavily on a range of enabling technolo-
gies to gather as much information about the variability in growing conditions as
possible. Key enabling technologies for medium/large-scale precision agriculture
broadly include crop yield monitors, global positioning systems (GPSs), remote
sensing, proximal sensing and geographical information systems (GISs). These
tools allow a producer to acquire detailed spatial information about crop perfor-
mance and to tailor management actions to match the expected goals of yield, qual-
ity and environmental objectives (Bramely and Quabba, 2002). However, precision
agriculture is not just an umbrella term for a suite of technologies used to gather data
but a cyclic process of data collection, knowledge extraction, planning, management
and evaluation (Fig. 1). Each component adds to the refinement of the production
process and hence the final product through a continual cycle of incremental devel-
opment over time.

Srinivasan (2006) describes three criteria that are required for the implementa-
tion of precision agriculture. First, there must be significant spatial and/or temporal
variability in the soil and crop conditions within a field and among fields within a
region. We emphasise that this variability should also occur at the region and mill
levels as well within and among fields. This first criterion is almost always fulfilled
due to the heterogeneous nature of soil irrespective of the scale (Machado et al.,
2002; McBratney and Pringle, 1999). Second, the industry must be able to iden-
tify and quantify the observed field variability. Describing variability depends on
uniting the best of farmer’s knowledge on field variability, positioning and informa-
tion technology and quantitative expertise. Third, it is the ability and willingness
to reallocate inputs and change management practices to improve productivity and
profitability while improving environmental stewardship. Not only does the infor-
mation about variability need to be made available, but responding appropriately
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Fig. 1 The process of modern precision agriculture is cyclic in nature and begins with collect-
ing large amounts of data over time. This data must be analysed so the essential information is
extracted. This information can then be used to enhance planning and collaboration between stake-
holders. A new or modified management regime is then implemented and the results are observed
and evaluated in response to the treatment

to the observed variability is essential to achieve the desired outcome. These three
criteria provide a foundation for the implementation of precision agriculture and are
essential for any industry to address when embarking on the process of managing
variability at any scale. At its most simplistic level, precision agriculture treats a
heterogeneous space differentially. However as production systems become larger
and the variability in the growing conditions become more complex the multidisci-
plinary partnership between information technology, farmers and scientists becomes
integral for describing and managing this variability.

2.1 Sustainability and Precision Agriculture

Can agricultural production remain sustainable using current practices and technolo-
gies? The answer is probably not; however, precision agriculture and sustainability
are fundamentally linked and provide an avenue for increased production. Preci-
sion agriculture promises sustainable benefits in the form of profitability, produc-
tivity, crop quality, on-farm quality of life, food safety and rural economic devel-
opment, essential for the longevity of any industry (Srinivasan, 20006). Intuitively,



Sugarcane and Precision Agriculture 193

by applying inputs when and where they are needed precision agriculture will
potentially lessen the environmental loading of inputs, reduce the variability of
crop performance, increase yield and shrink immediate input costs (Bongiovanni
and Lowenberg-Deboer, 2004; Whelan and McBratney, 2000). This in turn should
minimise the opportunity for off-site losses and hence detrimental effects to the
surrounding environment. The large amount of data collected for the purpose of
quantifying within-field variability could be further used in bio-physical models to
understand the pattern of input leaching (Delgado and Bausch, 2005). Sugarcane
has a relatively high use of fertiliser when compared to other crop production sys-
tems and may represent an important tool for managing input application by bet-
ter understanding the dynamics of nitrate loss into the surrounding environment
(Bramely, 2007; Delgado and Bausch, 2005). This alludes to a greater concept of
precision conservation, in which the site-specific approach is expanded to a three-
dimensional scale that assesses inflows and outflows from fields to watersheds at
a regional scale (Berry et al., 2003). Therefore, the individual farm is no longer
defined by property boundaries but is part of the wider agro-ecological system which
has a responsibility to the sustainability of the greater region. Although, the word
“sustainability” is often associated with environment, it is important to address the
intrinsic link between environment and economics. Without the “sustainability” of
environment and economics considered together, agricultural enterprise will strug-
gle in the evolving agro-economic climate. All too often the economic rationalists
forget to consider the costs or benefits of environmental effects when assessing pre-
cision agriculture. One such reason is the difficulty in assessing an unknown quan-
tity and the lack of economic literature valuing damage from agricultural pollution
(McBratney et al., 2005). Another aspect is in relation to the environmental regula-
tion associated with agriculture which directly affects input choice and profitability
(McBratney et al., 2005). McBratney et al. (2005) refers to nitrogen fertiliser regu-
lation and taxes in Europe which are constrained for environmental purposes. This
type of system provides “incentive” to farmers to adopt practices that efficiently use
the inputs and hence increase their profits. The availability of environmental impact
information available to the farmer as part of the precision agriculture process pro-
vides an additional opportunity to understand the impact of management actions and
permits an assessment of the practice in relation to the environment. Precision agri-
culture promises a framework to unite both the economic and environmental facets
of sustainability while simultaneously addressing the challenges associated with an
increase in production. This framework is central for a discussion on precision agri-
culture and embodies the philosophy of a precision agricultural regime.

3 Sugarcane Production

The majority of the world’s sugarcane is grown across the tropical and subtropi-
cal cline where rainfall or irrigation is well distributed during the growing season
(Fig. 2). Sugarcane is a commercially valuable crop with the majority of devel-
oped countries adopting a highly mechanised approach to production. The most
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Fig. 2 Sugarcane is generally grown in the tropical and subtropical cline between 31.0° south
and 36.7° north. This region has well distributed rainfall throughout the year and experiences high
amounts of solar radiation

common system of cultivation is row cropping where cane is planted in rows. This
method is tailored for mechanical planting and harvesting and increased efficiency.
The cropping cycle of sugarcane is somewhat unusual compared with other crops
in that it involves a series of ratoons. Unlike other crops, once the cane has been
harvested the bud and root primordia of the stool develop and produce a stubble or
ratoon crop with each ratoon grown for approximately 12 months (longer in cooler
climates) before being harvested again. Most sugarcane cropping systems allow the
crop to go through three or more ratoon cycles before the crop needs to be ploughed
out and replanted. This is usually in response to a decline in sugar yield with each
successive ratoon and an increase in exposed risk to the crop (e.g. loss of soil struc-
ture with time) (James, 2004). Once the new crop has been planted, soil moisture
may be low as a result of preparing new rows and furrows and germination may
be enhanced by irrigation. Further integration of herbicide and fertiliser application,
pest control and the timing of supplementary irrigation are important aspects of the
production system. Chemical ripeness can be further applied to the crop before har-
vest to improve sucrose yield across the block and harvested during the window of
maximum advantage (Irvine, 2004). Just like many other crops, the application of
inputs in a timely and integrated fashion onto a spatially variable growing space
makes sugarcane production well suited to precision agriculture practices. In sugar-
cane, probably more than most other crops, production is rapidly increasing (mainly
by expansion into new areas e.g. India, Brazil, Africa), there is an increased pressure
on many traditional producers with protected markets to become more (globally)
competitive and an industry focus to become more environmentally friendly (e.g.
Better Sugarcane Initiative). These combined forces together with the suitability of
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the production system make sugarcane cultivation a prime candidate for the adop-
tion of precision agriculture.

4 Technology and Precision Agriculture

The advent of information technology has accelerated our ability to acquire large
volumes of spatial data. It is widely acknowledged that key technologies facili-
tating modern precision agriculture are yield monitors, remote and proximal sens-
ing, GPS and GIS (Stafford, 2006). Although these technologies may be advanced
in cereal cropping systems (Srinivasan, 2006), the majority of these technologies
require more research and development before they can become operationalised as
part of the sugarcane production system. Although technology is portrayed as the
most important component of precision agriculture it is important to understand the
limitations of the current technologies with respect to the application. For example,
soil sampling at 1 sample per 1.5 ha may be inappropriate for the delineation of
fertility zones that require 20-30 m sampling grids (Mallarino and Wittry, 2004;
McBratney and Pringle, 1999). Or conversely, remotely sensed data with a pixel
size of 30 m may be appropriate for the classification of variety or an outbreak of
disease at the block level (Apan et al., 2004; Everingham et al., 2007). Furthermore,
precision agriculture may simply be inappropriate under particular circumstances.
Variable rate spraying of pesticides against a highly mobile pest may prove inef-
fective with the pest moving to other parts of the field. In this case homogenous
treatment of the growing space may be a better option for managing such a threat
(Srinivasan, 2006). Technology certainly plays a significant part in the precision
agriculture scheme, but understanding the appropriateness of the different forms of
technology in response to a management problem is an essential element for suc-
cessful precision agriculture implementation. Many of the enabling technologies
discussed are at varying stages of development with many having restricted appli-
cation and usefulness when applied at the within-paddock level. However, these
technologies can still contribute to larger-scale forms of precision agriculture at the
region, mill, farm or paddock level.

4.1 The Global Positioning System

GPS is a key enabling technology for the implementation of precision agriculture.
Since the advent of GPS in the late 1980s a new era of positioning and time infor-
mation became available 24 h a day, provided a line of sight to sufficient satellites
was maintained (Auernhammer, 2001; Stafford, 2006). A constellation of 24 satel-
lites orbit the earth in 6 different planes to provide global coverage. Each satel-
lite transmits two or three signals via a spread spectrum within two carrier waves
(Kruger et al., 1994). One wave transmits navigation information, while the other
two carry positioning information. The positioning waves are designed to be used by
either military or civilian users, with the military having access to higher position
resolution. During these early years, civilian users experienced an artificial error
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introduced by the United States government of 100 m known as selective availabil-
ity. However, a decision to remove such bias effective May 1, 2000 improved GPS
accuracy to about 20 m. This simple form of GPS technology is unreliable for
dynamic positioning within the field and other forms of GPS technology are avail-
able to the precision agriculture community.

A solution for improving the accuracy of GPS was the advent of differential
GPS (DGPS). Simply, DGPS requires that two GPS receivers acquire the GPS sig-
nal simultaneously. One receiver must be on a point that has previously been sur-
veyed (depends heavily on accuracy of this reference station), and the other receiver
at an unknown location (usually at the point of interest) (Kruger et al., 1994). At
the known point, the instantaneous GPS total error can be found by comparing the
difference between the observed and known position. DGPS also compensates for
errors due to refraction in the ionosphere and troposphere. This system assumes
that the source of error is external to the GPS receiver and does not fully take into
account tectonic plate movement or accuracy degradation from using a single ref-
erence station (Denham et al., 2006). The use of DGPS is necessary for users to
get a position accuracy of 1-3 m and is a minimum resolution to enable other pre-
cision agriculture technologies such as yield mapping, crop scouting, variable rate
technology, auto guidance technologies and map building (Srinivasan, 2006).

Kinematic GPS is another positioning system that measures the phase shift in
the satellite carrier signal between transmission and reception and has the poten-
tial for centimetre accuracy. In particular, Real Time Kinematic (RTK) solutions
may achieve positional accuracy of 20 mm with consistent and repeatable positions
(Dijksterhuis et al., 1998). A study of the application of RTK GPS in the Mauritian
sugarcane industry consisted of a modular hardware package suitable for short range
control up to 10 km with on-the-spot real-time accuracy eliminating post-processing
of data (Jhoty, 1999). When used in “fine-mode” this system was accurate horizon-
tally to 10 mm and vertically to 20 mm. However, a major drawback is that the
total cost of setup is carried by the individual land holder. A solution to this prob-
lem can be achieved through Continuously Operating References Stations (CORSs)
with Networked RTK (NRTK) capability (Denham et al., 2006). The main advan-
tage of networked CORS is an increase in the distance between base stations from
20 km to 70 km, representing a reduction in capital investment and providing a net-
work that can be used by a region or cooperative. Additional advantages of such
a system include the use of mobile communications which overcome the limita-
tions of radio range, multiple networked reference stations which are more reliable
than a single station, 1-2 min initialisation time, consistent and repeatable posi-
tions and no requirement to buy or rent a reference receiver or monitor a receiver
each day (Neale, 2007). Alarmingly, half of the base stations currently owned by all
Australian farmers would be able to service all national cropping areas if they were
used in a network. The Australian sugar industry in particular could have expe-
rienced a fivefold reduction in base station cost if networks had been established
initially (Neale, 2007).

GPS is an essential precision agriculture technology integral for enabling con-
trolled traffic systems (Cox, 1997), auto-steer technology, soil mapping, yield
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mapping, GIS, digital elevation models, designed paddock and farm layouts to name
a few; in fact, GPS could be considered the trunk of the precision agriculture tree
with the majority of precision agriculture innovations emanating from it. GPS tech-
nology is commonly used in the global sugarcane industry as a coupled technology
in controlled traffic systems (Braunack and McGarry, 2006; Cox, 1997), yield map-
ping (Saraiva et al., 2000), yield monitoring (Magalhaes and Cerri, 2007) and for
supplying precise location data for topographic and contour maps (Jhoty, 1999).
With the potential availability of networked RTK CORS GPS, the sugarcane indus-
try would benefit immeasurably from increased positioning accuracy at the within-
paddock level.

4.2 Geographic Information Systems

GIS is a software application that is used to manage and analyse spatial data. GIS is
mainly used to store, retrieve and transform spatial information relating to produc-
tivity and agronomy (Blackmer and White, 1998). This information can be derived
from a number of data sources including digital maps, digitised maps and pho-
tographs, soil and crop surveys, sensor data with positioning information, point
analytical data and/or yield maps. The graphical interface of this software repro-
duces the analysed data as maps for the specific field. These maps are then used to
understand the interaction between yield, soil fertility, pest and disease, weeds, land-
scape changes and other factors of interest (Ulbricht and Heckendorff, 1998; Zaizhi,
2000). These spatial relationships can then be used to make management decisions.
For use in precision agriculture, GIS can create primary information maps of soil
type, distribution of N, P, K and other nutrients, topography, soil moisture, pH and
crop cover. The strength of GIS lies in its capability to graphically overlay and dis-
play different data layers (Jhoty, 1995). However, GIS alone is unable to statistically
validate these relationships and must be used in conjunction with spatial statistical
techniques to draw valid conclusions.

Like GPS, GIS is a key enabling technology in the sugarcane industry and is
used in conjunction with other precision agriculture technologies to relate spatial
information to the crop. GIS is a powerful tool that has a demonstrated ability to
enhance decision-making through the visual interface (Campbell, 1994) and has
been explored in the sugarcane industry (Fuelling and Wright, 1997; Jhoty, 1995;
Johnson and Walker, 1996; Markley et al., 2003; Schmidt et al., 2001). The use-
fulness of linking and integrating GIS with other precision agriculture technolo-
gies such as remote sensing (Markley et al., 2003; Schmidt et al., 2001), GPS
(Fuelling and Wright, 1997) and base maps (soil, topography, rainfall, etc.) with
agronomic data (Jhoty, 1995) makes GIS an attractive precision agriculture technol-
ogy. However, the main concern with linking GIS with other spatial data is the dif-
ference in spatial resolutions between technologies. For example, when combining
data derived from accurate paddock and coarse remote-sensed data the placement
of paddock boundaries can only be within the order of the pixel resolution of the
remote-sensed data (Markley et al., 2003), which in turn influences the resolution of
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management recommendations. Although these limitations pose a significant chal-
lenge when overlaying multiple data sources at different resolutions, the GIS is an
essential precision agriculture technology for linking spatial data to crop character-
istics on a graphical interface.

4.3 Proximal Sensing

Proximal sensors are used in precision agriculture to quantify in-field crop and soil
variability or to monitor yield at the point of harvest, with the majority of tech-
nologies still in development. Soil sensors for testing pH, electrical conductivity,
N content, organic matter, sodicity and salinity are in use. The most commonly
used method takes measurements using electromagnetic induction (EM38) soil sam-
pling with the data correlated or ground-truthed to chemically analysed soil samples
(Nelson and Ham, 2000; Wong and Asseng, 2006). These relationships can then
be used to produce maps of the variable of interest. Other on-the-go soil sensors
using optical, radiometric, mechanical, acoustic, pneumatic and electrochemical
measurement concepts have been trialled; however, only electromagnetic sensors
are widely used at this time (Adamchuk et al., 2004). Crop sensors for determin-
ing a wide range of crop attributes including N status and water stress levels are
in use throughout the industry. Examples of such proximal sensors are the “Yarra
N Sensor”, “Greenseeker” and the “Crop Circle” (Neale, 2007; Srinivasan, 2006).
These convert red and near-infrared spectral bands to normalised difference vegeta-
tion index (NDVI). This data can be used to recommend a dosage rate of nitrogen
fertiliser to the crop (Neale, 2007). Proximal sensors are particularly useful when
integrated with variable rate technology to enable variable rate application of inputs
on-the-go and are currently being used in other industries such as cotton and wheat.
The current generation of proximal sensors provides a quick and cost-effective alter-
native for identifying spatial variability not afforded to the grower using laborious
physical sampling and laboratory analysis.

Yield monitoring and mapping is another family of proximal technology used to
gain insight into the variability of crop performance. Currently, yield monitors are
the most widely used precision agriculture technology (Batte and Arnholt, 2003;
Magalhaes and Cerri, 2007; Pelletier and Upadhyaya, 1999; Simbahan et al., 2004),
possibly because farmers perceive a high degree of benefit from the information-
gathering tool (Batte and Arnholt, 2003) with the data representing actual rather
than surrogate measures. Due to the highly mechanised harvesting of the majority
of the world’s sugarcane, this crop is well suited to yield monitor technology to
produce yield maps. With the cost of a yield monitor making up only a small frac-
tion of the total harvester cost it is an attractive add-on technology. During the later
part of the 1990s the development of a gravimetric yield monitor by the University
of Southern Queensland in Australia spurred a yield mapping trial over two seasons
with the prototype system used to evaluate the presence of management zones in the
Herbert river district (Bramely and Quabba, 2002). The research showed marked
spatial structure of cane yield with a coefficient of variation of 30—45% within a



Sugarcane and Precision Agriculture 199

12 ha block (Bramely and Quabba, 2002) which was similar in range to the major-
ity of crops where yield monitoring was available at the time (Pringle et al., 2003).
Additional testing of the University of Southern Queensland yield monitor system
for accuracy in Mauritian conditions reported accuracies of 97% and a range of yield
variation similar to that seen under Australian conditions (Jhoty, 2003). This study
highlighted the correlation between high yield and high water-holding capacity of
the soil and demonstrated the application of yield monitors as an intermediate tech-
nology for understanding drivers that effect yield. However, innovation within this
area is strongly dependent on the country of origin and the type of harvesting com-
monly employed. Within Brazil where both mechanical and hand harvesting are in
use the focus has been on three main systems; these include a harvest-mounted yield
monitor (Cerri and Magalhaes, 2005; Pagnano and Magalhaes, 2001), a weighing
system for grab loaders specifically designed for measuring hand-cut cane (Saraiva
et al., 2000) and a system that is based on load cells that measures the weight of
the material in the haulout bins (Molin and Menegatti, 2004). A new yield monitor
system incorporating a mass flow sensor, GPS and a data acquisition system was
field-tested during the 2004-2005 Brazilian harvest season (Magalhaes and Cerri,
2007). The results showed that the system was capable of producing accurate yield
maps with a mean error of 4.3%.

Although the failure to commercialise the University of Southern Queensland
yield monitoring systems has caused frustration to some within the Australian indus-
try, other systems have become available, with the Cuban TechAgro™ system being
field-tested and displayed to growers during the 2006 harvest season with promis-
ing results. At the same time the competing Australian AgGuide™ yield monitor
designed by Jaisaben Enterprise ™ revealed that field trials conducted in 2006 were
accurate to £5% on a row-on-row basis (Bramely, 2007). However, gravimetric-
based monitors like the University of Southern Queensland system and the recently
developed Brazilian yield monitor (Magalhaes and Cerri, 2007) should also be con-
sidered in the race to accurately map sugarcane yield. Currently a number of Aus-
tralian cane-growing districts are conducting large-scale trials with the TechAgro™
and the AgGuide™ yield monitoring system to test the robustness of the technology
and to quantify biomass variability within the block.

The yield monitoring approach adopted by the United States is that of an elec-
tronic load cell situated in the field transport wagon instead of on the harvester
(Johnson and Richard, 2005a,b). The focus of this work differs from the majority of
yield monitoring researches in that sugar production in conjunction with cane yield
is measured. Current research and development of an optical yield monitor placed
on the floor of the harvester conveyor system has delivered several benefits in the
form of accuracy and robustness under normal operation (Price et al., 2007). How-
ever, the main advantage of this system is the ease of installation and the lack of
maintenance due to the self-cleaning nature of the design.

Although a great deal of research effort has gone into yield monitor technology
the usefulness of the current information is certainly questionable and will depend
if the crop is being used for food or fuel. Unlike other crops where the biomass
measurement is directly related to the commodity, the spatial relationship between
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sugarcane biomass and commercial cane sugar within the field is not well under-
stood. An evaluation of the spatial and temporal relationship between yield and
commercial cane sugar at the farm level concluded that there was no significant spa-
tial relationship between the two (Lawes et al., 2004). Significantly, the same study
revealed that the relationship of yield and commercial cane sugar between farms was
stable over time. Therefore, future research must focus on determining if these spa-
tial relationships occur at the field or within-field scale. In its current form, the use
of yield maps may certainly improve the ability of the grower to improve biomass
yields across the field. However, a possible reduction in commercial cane sugar as a
result will only reduce his/her bottom line negating any economic benefits derived
from the technology. Undeniably yield monitoring is central to understanding vari-
ability at the point of harvest, but further research needs to be done to relate this
information to commercial cane sugar variability. Moreover, yield maps alone can-
not uncover the drivers of variability inherent in the system. Combining yield maps
with nutrient distribution, soil type, water-holding capacity and other attribute maps
will prove essential to uncover those drivers that underpin the observed variability
across time.

4.4 Remote Sensing

Civil remote sensing took birth in 1972 with the launch of LANDSAT-1 and revealed
an excellent tool for monitoring the bio-geo-physical processes at a regional and
global scale (Dorigo et al., 2007; Goward and Williams, 1997). Subsequently, the
North American Large Area Crop Inventory Experiment (LACIE) demonstrated that
remote-sensed data could assist in crop identification, estimation of canopy proper-
ties and crop forecasting (Dorigo et al., 2007; Moran et al., 1997). Since these early
days, a plethora of canopy state and driving variables have been investigated using
remote-sensing data with the goal of understanding crop indicators such as photo-
synthesis (Clevers, 1997; Gobron et al., 2000), phenology (Everingham et al., 2007;
Karnieli, 2003; Xin et al., 2002), plant function (Doraiswamy et al., 2004; Mo et al.,
2005), plant development (Bouman, 1995; Haboudane et al., 2002), nitrogen stress
(Haboudane et al., 2002; Zhao et al., 2005), drought stress (Hurtado et al., 1994),
crop quality (Mutanga et al., 2004) and crop yield (Mo et al., 2005). Imagery can
then be integrated with other layers of spatial data in a GIS, with GPS receivers used
to locate positions of interest. Management actions can then be taken to apply cor-
rective measures to those zones of concern. In recent times, commercial availability
of higher resolution imagery (0.6 m pixel) has propelled the usefulness of remote
sensing for agronomic purposes and precision agriculture. With an increase in band
width technology from blue, green, red, near-infrared (NIR), mid-infrared (MIR)
and far-infrared (FIR) to the new generation hyperspectral sensors that operate over
256 bands, an increase in information definition is possible. Historically, this level
of information could only be obtained from expensive laboratory analysis at point-
specific locations. With a planned increase in the number of satellites, remotely
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sensed data should become cheaper, with better resolution, and have faster deliv-
ery time. It is unsurprising that remote sensing has become a major information-
gathering tool for the advancement of precision agriculture.

At the regional level remote sensing can play an important role in monitoring
the harvest and planting of small-scale farms where current information is diffi-
cult to obtain (Lebourgeois et al., 2007). Remote sensing using the SPOT satellite
system was used to successfully update information about paddock boundaries at
a regional level and to produce thematic maps to be integrated into a GIS package
(Lebourgeois et al., 2007). The building of a spectral library in India for a number of
crops including sugarcane and the classification of those crops at the cultivar level
showed considerable skill with 86.5% and 88.8% correct classification at the canopy
and pixel scale, respectively, further proving the usefulness of remote sensing for
discerning cropping systems (Rao et al., 2007). At the paddock scale, preliminary
work showed the importance of high-resolution IKNOS 1 m pixel data for obtain-
ing good information for understanding crop variability, which was undiscernible
at lower resolution (25 m pixel) (Neale, 2007) and highlighted the importance of
resolution when describing within-field variability. In countries where mechanical
harvesting is limited, remote sensing technology has been proposed as a surrogate
for on-the-go yield mapping (Roloff and Focht, 2006). The South African sugar-
cane industry has placed considerable emphasis on satellite-based remote sensing
(Schmidt et al., 2001) for quantifying yield and to target the use of fertiliser and
water inputs. More mechanised countries such as Australia and Brazil have also
explored the use of remote sensing. Within the Australian sugar industry, early
research centered on crop estimation and evaluation using the SPOT and LANDSAT
technologies which have an on-ground resolution of 20-25 m (Markley et al., 2003).
The resolution of such technology for the application of within-field precision agri-
culture has been questioned given that the information of 1 pixel is a composite of
16 rows (Bramely, 2007). However, yield estimation accuracy in the order of 10%
has been achieved using these systems and could be considered for higher resolution
paddock-scale applications. A solution to the problems posed by these technologies
is the use of airborne digital multi-spectral video (DMSV) remote sensing that has
a pixel resolution of 50 cm and has been used successfully in South Africa to dis-
tinguish variety, age and water stress (Schmidt et al., 2001) and is a solution for
finer-resolution applications. Another avenue of remote sensing is the use of EO-1
Hyperion hyperspectral imagery. The benefit of this type of imagery is the coverage
of the entire spectrum as opposed to LANDSAT and SPOT that cover only 4-8 win-
dows across the spectrum. The first use of hyperspectral imagery in the Australian
sugarcane industry was used to detect “orange rust” disease (Apan et al., 2004).
The disease produced a set of unique spectral bands that could be used to identify
areas within the 30 m pixel. The subsequent development of a disease water stress
index could then be used to produce classification accuracies of 96.6% for pixels
with disease. Armed with this spatial information, growers could potentially control
outbreaks in a timely fashion before major crop devastation occurs. Another study
revealed that hyperspectral imagery captured prior to harvest could be used to clas-
sify nine sugarcane varieties 100% of the time using an innovative statistical method
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(support vector machines) (Everingham et al., 2007). Similar work using hyperspec-
tral imagery in Brazil focused on discriminating sugarcane varieties (Galvao et al.,
2005, 2006), assessment of the area under production and yield estimation (Almeida
et al., 2006). Indeed, remote sensing may circumvent or solve the problems asso-
ciated with understanding the spatial relationship of yield gathered from the yield
monitor and commercial cane sugar of the paddock. Regardless of the use of remote
sensing technology, the major challenge facing the industry is the process of stream-
lining interpretation. Research should be directed towards automated, generic and
mechanistic solutions for interpreting and analysing remote-sensed data for whole
of industry benefit (Davis et al., 2007).

4.5 Variable Rate Technology

The concept of variable rate technology and application is the embodiment of pre-
cision agriculture. The ability to variably apply inputs on-the-go makes this tech-
nology the “ultimate challenge” for industry and researchers. The basic concept
draws together several enabling technologies in one package. A GPS must be posi-
tioned on the machinery used within the field; an on-board computer with input
recommendation maps controls the distribution of inputs onto the field by match-
ing position and input recommendations. Alternatively, these systems can be sensor
based to segment the growing space into different target areas. For instance, seg-
mentation of weeds, crop and soil in real time could be used as part of an on-the-go
variable rate application of herbicide targeting weeds while sparing the unaffected
soil and crop areas (Marchant et al., 1998, 2001). An example of a commercially
available on-the-go proximal sensor based real-time nitrogen management tool is
the GreenSeeker RT200™ developed by NTech Industries™. This technology is
used on crops such as cotton and epitomizes the potential of variable rate tech-
nology and robotics in agriculture. Currently there are no commercial examples of
variable rate technologies that have been specifically designed for sugarcane farm-
ing. This is unsurprising as variable rate technology is the culmination of a number
of enabling technologies that must be operating at a high level of consistency and
accuracy. Additionally, baseline data collected over many seasons and the cause and
effect nature of the production system must be well understood before this tech-
nology will become commercially available. Given that many of these technologies
are still being specifically developed and tested for use in sugarcane production it
will be a number of years before the industry has a choice of variable rate tools.
However, steps are being taken to gather the baseline data and evaluate the bene-
fits of variable rate technology. Research in the United States emanating from yield
monitoring trials investigated the relationship between yield and soil variability and
found that a large number of weak correlations existed between soil chemical prop-
erties and yield (Johnson and Richard, 2005b). These parameters were then shown
to be spatially correlated, and an experiment to variably apply lime to cane blocks
that varied in the amount of pH (4.9-6.4) was undertaken (Johnson and Richard,
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2005a,b). This work highlighted the reduction in lime costs when applied variably
to those parts of the block where it was needed and exemplifies the benefits of vari-
able rate technology when an input is matched to field variability. In Thailand, a field
test of a real-time inter-row variable rate tractor-mounted herbicide applicator per-
formed satisfactorily with a measured reduction of at least 20% in herbicide when
compared to the uniform management approach (Tangwongkit et al., 2006). How-
ever, this technology is still in development and needs considerable investment for
full-scale commercialisation. With many of these technologies still in their infancy,
variable rate technology is still an ongoing research area that may be close to fruition
in some parts of the world. With the speed of technological development, variable
rate technology will have a big impact on sugarcane production in the medium to
longer term and offers a range of environmental and economic benefits derived from
more efficient use of inputs.

5 Knowledge Extraction

With the rapid surge in spatial data acquisition methods, it is obvious to the preci-
sion agriculture community that we are drowning in data but thirsty for knowledge
(Kitchen, 2008). Managing and synthesising information embedded in these large
and complicated spatial datasets will become a major challenge for farmers and
researches alike. As part of a participatory environment, data-driven statistical meth-
ods, innovative data mining techniques, process-orientated crop models and deci-
sion support systems can contest this challenge. With an increase in the amount of
data collected by industry, modelling capability is becoming an increasingly recog-
nised component of the precision agriculture process and must be addressed by the
global sugarcane industry.

5.1 Statistical Analysis

Within the broad field of precision agriculture many different approaches to
analysing spatial data have been explored. Conventional statistics does not take into
account the spatial location of objects; however, if these methods are used to test
for attributes of spatially located objects the user can test if these are geographi-
cally separate (Burrough, 2001). Two approaches have been developed under the
umbrella of statistical data analysis. These are exploratory data analysis methods
where the accent is on descriptive univariate and multivariate statistics. Here the
operator can visually search for outliers or patterns across a spatial domain of inter-
est (Burrough, 2001; Tukey, 1977). The second centres on confirmatory spatial anal-
ysis where the attention is turned towards defining relationships by building regres-
sion models and/or testing hypotheses (Burrough, 2001). In many applications it
is sensible to consider the variation of an attribute in terms of a continuous albeit
noisy surface which is interpolated from sets of data which are collected with spatial
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information. There are three broad categories of spatial data: geostatistics, where
the response is measured at a point location (e.g. soil Phosphorus at points within
the paddock); regional data, where the response is obtained from a spatial region
(e.g. tonnes of cane crushed at each mill); and point patterns, where the response is
the location of an event (e.g. locations of a disease outbreak within a farm). These
methods use the stochastic theory of spatial correlation for apportioning uncertainty
and for interpolation. Primarily, spatial statistics is about making predictions under
limited information and uncertainty using the spatial auto-covariance structures of
points in space. It is important to note that GIS ignores statistical variation while
spatial data analysis uses the understanding of variation as an important source of
information for predicting un-sampled points. Although there are a number of ways
to analyse spatial data sets using conventional or spatial statistics, the importance
of incorporating spatial information is essential for precision agriculture. Therefore,
statistical analysis plays an important role in drawing together field observations so
that management decisions can be applied to the observed variability. Maximum
benefit to the grower will be realised when the industry develops generic tools for
collecting accurate and timely data, analyses it in an appropriate manner and uses
that data to effect on-farm management decisions.

5.2 Data Mining

With the ever-increasing availability of data collected as part of the precision agri-
culture process, industry is in need of a rigorous tool for modelling and analysis.
Data mining is a methodology that draws on innovations from the fields of machine
learning and multivariate and computational statistics. Data mining is the specific
process of selection, exploration and modelling of large and complicated data sets
for the extraction of patterns and models with the aim of obtaining clear and useful
results (Giudici, 2004). This makes data mining a powerful tool for extracting pat-
terns from the plethora of precision agriculture information. This review does not
aim to discuss the myriad of methodologies associated with data mining, but draws
attention to a possible solution for extracting meaning from the abundance of spatial
data collected by industry. Indeed, the application of data mining to precision agri-
cultural problems has been successfully used in the past. A neural network model
was used to set realistic yield goals for parts of the field and predicted corn yields
with 80% accuracy (Liu et al., 2001). The ability of the model to integrate historical
and measured input data to build a knowledge discovery environment that captures
the interaction between inputs and yield shows considerable promise for under-
standing complex agricultural systems. Other examples of the application of data
mining includes soil map modelling with the use of induction rules based on deci-
sion trees (Moran and Bui, 2002) and the identification of hyperspectral bands with
minimum redundant information (Bajawa et al., 2004). A specific example relating
to sugarcane production includes the classification of variety and crop characteris-
tics (Everingham et al., 2007) using modern data mining techniques. It is clear that
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data mining tools are beginning to show considerable value for analysing large data
sets derived from complicated systems and may provide high-quality information
for decision makers. This is certainly one tool available to the precision agriculture
community for extracting information and should be explored further by sugarcane
industries.

5.3 Crop Models

Statistical methods alone however are not sufficient. The field of agro-statistics
is multidisciplinary and requires a systems understanding. Crop modelling is a
process-oriented approach that can form part of a framework for assessing and
understanding agronomic systems. Crop models can be used to understand yield
variability in space and time from which optimisation and prediction outcomes
can be achieved (Boote et al., 1996; Van den Berg et al., 2000). Therefore, crop
models are particularly useful for managing temporal variability (Singels, 2007), as
opposed to most of the other statistical techniques described which focus on man-
aging spatial variability. Understanding variability across space and time is essen-
tial because the factors that affect crop yield exhibit different spatial and temporal
behaviour. By combining a number of enabling technologies, such as GIS, GPS and
remote sensing, the means to asses the spatial variability within the field has become
increasingly available. Traditional static analytical techniques have failed to explain
the reasons behind yield variability due to the dynamic and temporal interactions
of stresses on crop growth and development (Basso et al., 2001). Process-oriented
simulation models have the ability to integrate the effects of time and multiple stress
interactions on crop growth under different hypothesised environmental and man-
agement conditions (Basso et al., 2001). Examples of such agronomic models are
the CERES, DSSAT (Jones et al., 2003), APSIM (Keating et al., 2003; McCown
et al., 1996), STICS (Brisson et al., 2003), CropSyst (Stockle et al., 2003) and
CROPGRO family that have specific applications for a broad range of crops. Spe-
cific sugarcane models are the Australian APSIM-Sugarcane model (Keating et al.,
1999; Lisson et al., 2000), the lesser known Australian model QCANE (Liu and
Kingston, 1995), the South African CaneSim (Singels and Donaldson, 2000) and
CANEGRO model (Inman-Bamber, 1991) that is distributed in the DSSAT crop
modelling package and the Brazilian MOSICAS (Martiné and Todoroff, 2002) to
name a few. Since inception, refinement to the models has continued to improve
our understanding of variability across time and space and has emerged as a power-
ful tool available to the sugarcane industry. Keating et al. (1999) describes how the
APSIM-Sugarcane model can simulate a number of physiological responses such
as growth, water use efficiency, N accumulation, yield for plant and ratoon crops
in response to external influences such as soil, climate, genetic and management
influences. When directly comparing the model predictions against observed data,
the coefficients of determination in some cases were as high as 0.93 for biomass or
0.86 for N accumulation which suggest a high degree of reliability. Similar results
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were obtained for a stalk water content module developed for the integration into
the dry matter sugarcane simulation model QCANE for the explicit simulation of
fresh weight yield (Liu and Helyar, 2003). Comparison of observed and simulated
yields returned an average coefficient of determination of 0.95 which clearly demon-
strates a high degree of reliability (Liu and Helyar, 2003). Another example of the
application of crop models in sugarcane is the use of APSIM-Residue to evaluate
the decomposition of surface residues over time (Thorburn et al., 2001). The rate
of decomposition can significantly affect soil hydrology and nitrogen cycling fur-
ther influencing crop growth. This study compared predictions to measured residue
decomposition at different sites across contrasting climates. APSIM-Residue could
produce more accurate predictions of the decomposition of large (>10 t DM ha!)
residue masses which are common in sugarcane production and highlights the need
for a crop-specific modelling approach (Thorburn et al., 2001). Crop modelling
research in sugarcane has also focused on simulating dry matter partitioning. Sugar
production depends on stalk biomass where sucrose is stored in stalk parenchyma
with various dry matter components. Particularly important is the sucrose concen-
tration used to calculate cane consignment delivered to the mill (Inman-Bamber
et al., 2002). A detailed evaluation of this body of work is beyond the scope of
this review and the authors point the reader to the following articles and references
therein: Inman-Bamber et al. (2002), O'Leary (2000), and Singels and Bezuidenhout
(2002). Specific examples of crop modelling and precision agriculture for sugarcane
cropping systems are difficult to source in the scientific literature to date. However,
an example using the crop model CROPGRO for soybeans and remote sensing for
the identification and cause of yield variability within paddocks (Basso et al., 2001)
highlights a potential avenue for exploration in sugarcane. A better understanding
of site-specific variability using other enabling technologies such as remote sensing
and the potential to build that knowledge into crop models will only enhance our
ability to manage variability both spatially and temporally.

5.4 Decision Support Systems

Decision support systems complete the precision agriculture information-gathering
process. There is no use gathering information about variability if there is no deci-
sion support system to make site, farm or regionally specific recommendations to
the grower. This service integrates data sources with expert knowledge of the pro-
duction system with crop models to derive strategic short- and long-term decisions.
Specifically, they operate by combining crop models that contain information on
crop growth, with peripheral economic and environmental constraints. As a strate-
gic tool, decision support systems should supply the user with a range of possible
management strategies in response to a set of hypothesised scenarios. Alternatively
for day-to-day use in precision agriculture users may prefer a set of guidelines in
response to a particular situation. For example, within the Australian sugarcane
industry the development of integrated cane harvest management systems have been
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developed within some sugarcane-growing regions. This system targets the mar-
keting and logistics, mill start times, transport arrangements and harvest schedules
of the production system (Crossley and Dines, 2004; Davis et al., 2007; Markley
et al., 2003). A further study involving the global industry identified the possibility
of incorporating seasonal climate forecasts into key industry decisions of growing,
harvesting, milling and marketing and presented a number of case studies (Ever-
ingham et al., 2002). These studies are examples of precision agriculture working
across farm and mill levels to assist industry decision making to support a whole
of industry strategy (Davis et al., 2007). Ultimately the information provided could
potentially direct a grower, miller or marketer to perform a set of actions in response
to the forecast or recommendation. The realisation that the challenge for decision
support systems is to link the science of technology with the “needs” of industry is
central to the adoption of any decision support system (Everingham et al., 2002).
Indeed, to turn variability into decisions the global sugar industry must understand
how to integrate precision agriculture into an industry that has such a diversity of
decision makers. The solution to these problems extends beyond agricultural sci-
ence and into the realms of social science. Nonetheless, decision support systems
are important precision agriculture tools for bridging the gap between the technol-
ogy and the recommendations derived for enhanced on-farm decision making.

6 Adoption

Advancement in data acquiring technology essential for precision agriculture has
grown steadily over the past decade. However, the adoption rate of precision agri-
culture has not advanced at the speed predicted at the turn of the century (Fountas
et al., 2005; McBratney et al., 2005). Reasons for the proposed lack of adoption
are the lack of appropriate decision support systems (McBratney et al., 2005), time
requirements, data handling costs (Fountas et al., 2005), lack of integration among
precision agriculture technologies, perceived complexity (Pierce and Nowak, 1999),
lack of benefit, and lack of demonstrated effects on yield, input use and environmen-
tal performance (Batte and Arnholt, 2003). Furthermore, our ability to acquire large
amounts of data has in many cases blinded our ability to analyse, understand and
apply knowledge embedded in these data sources further exacerbating the problem
of fast adoption arising from complexity issues (Lamb et al., 2008).

The sugarcane cropping system is composed of many individual components that
act synergistically to determine yield. These components may include crop rotation,
tillage, fertilizer efficiency, water stress, competition from weeds, predation from
pests, disease, nutrient availability, climate and other factors. The complexity asso-
ciated with each component, and how the different components interact with one
another poses many challenges (Clay et al., 2006). Consequently, it is unsurpris-
ing that the complexity of managing such a system and the costs associated with
acquiring new technologies overwhelms many growers. Furthermore, critics of pre-
cision agriculture argue that the actual benefits (both economic and environmental)
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have not been clearly demonstrated to the scientific community. The basis of this
argument centres on the lack of published data that explicitly demonstrates an eco-
nomic benefit from the adoption of precision agriculture (Bramely, 2007). However,
Bramely (2007) correctly points out that producers do not generally publish analy-
sis of their own economic performance. Economic benefits derived from the imple-
mentation of precision agriculture are also complex in nature and are dependent on
the interaction between farm size, expense of equipment and the increase in yield
required to offset these costs (Godwin et al., 2003). If the view of precision agricul-
ture to sugarcane production is confined to economic rationalisation it appears likely
that benefits will accrue to some producers and not others. This will depend on the
ease of which variation can be identified and the ease of managing this variation on
each individual farm (Bramely, 2007; Griffin and Lowenberg-DeBoer, 2005). The
cost of diagnosing this variability and the cost of time associated with managing
this variability will also be a major consideration. The resultant cost/benefit trade-
off will take into account the likely size of the benefit in relation to these and other
perceived costs. If the perceived benefits are large enough to motivate change then
the likelihood of adoption will be increased (Davis et al., 2007).

Sugarcane production is well suited to the adoption of precision agriculture with
many exploring a myriad of technologies for quantifying variability (Bramely, 2007;
Bramely and Quabba, 2002; Cook and Bramley, 1998; Cox, 1997; Everingham
et al., 2003; Everingham et al., 2007; Galvao et al., 2005, 2006; Higgins et al., 1998;
Johnson and Richard, 2005b; Magalhaes and Cerri, 2007; Mehrotra and Siesler,
2003; Muchow et al., 1998; Saraiva et al., 2000; Sparovek and Schnug, 2001).
However, the ability to successfully quantify variability will not drive the adoption
of precision agriculture. It will be essential to demonstrate and link the economic,
environmental and yield/quality benefits of precision agriculture to the individual
grower. As an example, the knowledge of spatial variability of commercial cane
sugar may enable more sugar to be produced at the district and from the farm as a
whole. A number of studies in Australia have explored this issue and concluded that
a potential for significant increases in profitability could be obtained if the spatial
structure of commercial cane sugar at the mill level is taken into consideration when
planning harvesting times (Higgins et al., 1998; Lawes et al., 2004; Muchow et al.,
1998; Wood et al., 2005). This low-cost example of precision agriculture operating
at a mill level has the ability to improve sucrose yield and profits for individual land
holders and illustrates the benefits of managing spatial variability. It is also impor-
tant to have a long-term vision when assessing the benefits of precision agriculture
and look beyond the immediate benefits to the grower and towards the longevity
of the industry. For example, depending on market pressure and expectation, the
grower may not see an immediate economic return from the implementation of pre-
cision agriculture but will improve the environmental and/or yield/quality objectives
on the farm. These traceable improvements to the environment may in turn open new
markets which will increase the demand and profitability of the commodity other-
wise unexplored under the old management regime. Nonetheless, it is all well and
good to provide examples of the usefulness of precision agriculture but understand-

3.9

ing the “how’s” and “why’s” of adoption are critical for wide-scale acceptance. The
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slow adoption rate of precision agriculture is a general phenomenon exhibited by
all agricultural sectors involved in precision agriculture and is strongly linked to
perception and adoption dynamics of innovative technologies.

6.1 Adoption of Innovations

The dynamics of adoption can be examined under the theory of diffusion of innova-
tions inherent in any group of adopters (Fig. 3) (Lamb et al., 2008; Rogers, 2003).
The dynamics of the group vary from the initial appearance of an innovative prod-
uct. The innovative minority (~3%) who take up the technology are proactive infor-
mation seekers and are often risk takers. The next group of adopters are the early
adopters (~13%) who by definition are highly educated and may be local or regional
leaders. The next to follow are the early majority and late majority (~68%). The
early majority are generally more deliberate in their analysis of the risk/benefits
of the innovation with the late majority tending to be more sceptical. Finally, the
laggards make up the remaining 16% and rely on informal contact with neighbours
about developments. It has been argued that precision agriculture has not progressed
beyond the early adopter level (Lamb et al., 2008). The reason proposed by the
author is that the early adopters tend to rely on primary sources of information
direct from the developer and are willing to piece the product together and often
assume roles in the research and development phases of the product. However, the
majority (~68%) rely on word of mouth which contains the hard lessons learnt by
others. If the hard lessons learnt are many, the uptake is stalled (Lamb et al., 2008).
Central to overcoming this adoption barrier are the perceived usefulness and per-
ceived ease of use any new technology (Davis, 1989). Growers will only continue
to use and recommend a new technology if they believe it will help them perform

Late
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Majority Nézz;nty
1 07 ~ ‘0

Laggards ~16%

" Innovators ~3%

v

Time

Fig. 3 Distribution of adopter cycle based on innovativeness. As an innovation moves through the
adopter cycle from left to right the piece of technology encounters different groups which have
different needs and perceptions (Adapted from (Lamb et al., 2008; Rogers, 2003))
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their job better and perceive it to be useful and easy to use. However, a grower
may perceive the technology to be useful but believe the system is difficult to use
and the benefits of using the system are outweighed by the extra time and effort
required. An example of this dynamic was highlighted in a case study of six lead-
ing edge adopters of precision farming technology (Batte and Arnholt, 2003). These
technology-capable farmers expressed frustration with hardware, software and pro-
cedures of the systems (Batte and Arnholt, 2003). However, these farmers all agreed
they would continue to adopt new technologies as they became available. Clearly
the usefulness of the products outweighed the ease-of-use issues associated with
the technologies; however, this mixed message may dissuade others from adopting
the technologies. The key lesson for technologists is the inherent difference among
the innovators, early adopters and the majority. An unrealistic view of the needs of
the majority may be formed from dealings with the innovators and early adopters
with the majority mostly expecting “plug and play” solutions (Lamb et al., 2008). In
order to overcome these problems precision agriculture technologists need to under-
stand the changing expectations of the groups as the technology goes through the
adoption cycle (Fig. 3). Evaluation programs which engage a broad cross-section of
users and a feedback loop from users to technologists in response to how the tech-
nology is being used in the field is essential for improving the compatibility with
the next in line on the adopter cycle (Lamb et al., 2008).

6.2 Adoption Pathways

One solution for improving the adoption of any complex technology is the concept
of participatory action research. Participatory action research ensures that the tech-
nology is developed in a way that involves end users. Specifically, researchers and
collaborators work together in cycles of action and research to identify and address
problems as they arise (Parkes and Panelli, 2001). Participatory action research is a
bottom-up approach which focuses on locally defined objectives and involves local
people in the research and planning phases (Cornwall and Jewkes, 1995). How-
ever, the perception of the technology and how each group and individuals within
each group interacts with that piece of technology can be vastly different between
and among the two groups. These differences in perception can cause a disjunc-
tion between farmers and researches and can lead to a breakdown in the action
research environment. A proposed framework for facilitating the process of partic-
ipatory action research is the concepts of technology frames, interpretive flexibility
and boundary objects (Jakku et al., 2007). Within the immediate social context,
technology frames are the mental constructs that people build about a particular
technology while interpretive flexibility is the idea that an object/technology can
mean different things to different people (Jakku et al., 2007). An example of these
concepts can be illustrated in the development of a hypothesised GPS technology
for within-field use. Growers might think that the GPS is only useful on a tractor
for controlled traffic applications for minimising soil compaction, while researchers
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may perceive GPS to be integral for providing precise locations of within-paddock
management zones that can be used for the variable rate application of fertiliser.
Both the growers and researchers have built a mental construct of what they think
GPS is useful for within the field (interpretive flexibility). Both the growers and
researchers have interpreted the meaning and value of the GPS, they have formed
an opinion on whether it should be implemented, why it should be implemented
and how it can be used (technology frame) (Jakku et al., 2007). At this stage both
the growers and researchers have differing views of the GPS technology; however,
through the process of participatory action research the technology can be refined
to meet the expectations of both groups. The characterisation of a boundary object
can be used to describe the situation when the technology can be considered plas-
tic enough to adapt to local needs and constraints, but robust enough to maintain
a common identity or point of reference (Jakku et al., 2007; Star and Griesemer,
1989). Therefore, a boundary object means different things to different people yet
still maintains a common identity between the researchers and the growers and facil-
itates the process of negotiation, cooperation and learning among developers (Jakku
et al., 2007). The boundary object facilitates the cycle of action learning (Parkes and
Panelli, 2001) integral for participatory action research development and increases
the shared understanding among the different groups involved. As the product and
research evolves in response to the action and learning environment the product is
likely to fulfil the needs of both groups creating a perception of usefulness. There-
fore, the likelihood of the technology being adopted by the majority of growers
would improve as a result. Although the global sugarcane industry is in the early
stages of precision agriculture reform, it would be prudent for those involved in
developing the technologies to plan and understand how precision agriculture will
become adopted. An understanding of the sociology of science and technology may
prove a useful vehicle for overcoming problems associated with the adoption of
complex technologies. Without attention to these aspects of precision agriculture the
promised benefits will not be realised by the majority of growers and the technol-
ogy will be left languishing at the early adopter level, failing to fulfil its commercial
potential.

7 Conclusion

Precision agriculture is often thought of as a within-paddock management system,;
however, we propose that precision agriculture can operate at the region, mill, farm,
paddock and sub-paddock scale and encompasses all attempts to manage the crop-
ping system in response to variability. An understanding of how the different com-
ponents perform individually and how these interact with each other is integral for
assessing this variability. Regardless of scale, the process begins with collecting and
extracting information from large amounts of data so that growers can plan, man-
age and evaluate actions in response to the observed variability. This process must
be performed over time so that the temporal and spatial relationships are taken into
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consideration. As production systems become larger and the variability in the grow-
ing conditions become more complex, the multidisciplinary partnership between
farmers, scientists and information technologists becomes integral for actuating the
precision agricultural process. By managing the variability within the sugarcane
production system, precision agriculture can potentially lessen the environmental
loading of inputs, reduce the variability of crop performance, increase yield and
shrink immediate input costs. In sugarcane, production is rapidly increasing, mar-
kets are forced to become more globally competitive and the production system is
expected to become more environmentally friendly. In response to these pressures,
precision agriculture promises a framework to address the economics associated
with an increase in production while conserving the environmental resource base on
which agriculture depends.

As part of the information-gathering process, technologies such as the GPS, GIS,
remote sensing, proximal sensing and variable rate technology play an important
role in ascertaining and managing variability. The majority of these technologies are
still in the research and development stage in sugarcane for application at the within-
paddock level. The non-commercial readiness of these technologies exemplifies the
need for the sugarcane industry to “catch up” to other more progressive agricultural
sectors. However, the majority of these technologies can be used for larger-scale
forms of precision agriculture and are being used successfully to manage variability
at a regional, mill and farm level. With the commercialisation of precision agricul-
tural technologies, the amount of data collected by industry will rapidly expand.
As part of the precision agriculture process, statistical methods, data mining tech-
niques, crop modelling and decision support systems are a number of methods for
turning data into decisions. These components of the precision agricultural cycle
are often underestimated but will become increasingly important with an increase in
data availability. Nonetheless, quantifying variability will not lead to the widespread
and successful adoption of precision agricultural technologies. The adoption rate of
precision agriculture has not progressed as quickly as many in the field expected.

Unlike many discussions on precision agriculture, we have examined the adop-
tion of innovative technologies integral for wide-scale implementation. Particularly
important are the changing expectations of each of the adopter groups as the technol-
ogy goes through the adopter cycle. These technologies must be perceived to be both
useful and easy to use by the majority of growers for wide-scale implementation.
Participatory action research is proposed as one solution for improving the adop-
tion rate of innovative technologies. For this framework to be effective, researchers
and growers must work together in cycles of action and research to achieve a com-
mon goal. When both the developers and end users are involved in the development
of a technology the likelihood that the technology will progress beyond the early
adopter level can potentially be improved. As we struggle to increase productivity
to meet the needs of an ever-increasing population we must change our agricultural
practices to become more efficient and environmentally sustainable. Not only do we
need to understand and quantify our agricultural systems but we need to have a path-
way that facilitates the progression of technologies from development to wide-scale
commercialisation.



Sugarcane and Precision Agriculture 213

Acknowledgments The authors would like to thank the Australian Sugar Research and Develop-
ment Corporation for funding this research.

References

Adamchuk, V.I., JJW. Hummel, M.T. Morgan, and S.K. Upadhyaya. 2004. On-the-go soil sensors
for precision agriculture. Computers and Electronics in Agriculture 44:71-91.

Almeida, T.IL.R., C.R. De Souza Filho, and R. Rossetto. 2006. ASTER and Landsat ETM+
images applied to sugarcane yield forecast. International Journal of Remote Sensing 27:
4057-4069.

Apan, A., A. Held, S. Phinn, and J. Markley. 2004. Detecting sugarcane “orange rust” disease using
EI-1 Hyperion hyperspectral imagery. International Journal of Remote Sensing 25:489-498.

Auernhammer, H. 2001. Precision farming — the environmental challenge. Computers and Elec-
tronics in Agriculture 30:31-43.

Bajawa, S.G., P. Bajcsy, P. Groves, and L.F. Tian. 2004. Hyperspectral image data mining for band
selection in agricultural applications. Transactions of the ASAE 47:895-907.

Basso, B., J.T. Ritchie, FJ. Pierce, R.P. Braga, and J.W. Jones. 2001. Spatial validation of crop
models for precision agriculture. Agricultural Systems 68:97-112.

Batte, M.T., and M.W. Arnholt. 2003. Precision farming adoption and use in Ohio: case studies of
six leading-edge adopters. Computers and Electronics in Agriculture 38:125-139.

Berry, J.K., J.A. Delgado, R. Khosla, and F.J. Pierce. 2003. Precision conservation for environ-
mental sustainability (Research Editorial)(Editorial). Journal of Soil and Water Conservation
58:332(8).

Blackmer, A.M., and S.E. White. 1998. Using precision farming technologies to improve manage-
ment of soil and fertiliser nitrogen. Australian Journal of Agricultural Research 49:555-564.

Bongiovanni, R., and J. Lowenberg-Deboer. 2004. Precision agriculture and sustainability. Preci-
sion Agriculture 5:359-387.

Boote, K.J., J.W. Jones, and N.B. Pickering. 1996. Potential uses and limitations of crop models.
Agronomy Journal 88:704-716.

Bouman, B.A.M. 1995. Crop modeling and remote-sensing for yield prediction. Netherlands Jour-
nal of Agricultural Science 43:143-161.

Bramely, R.G.V. 2007. Precision agriculture: An avenue for profitable innovation in the Australian
sugar industry, or expensive technology we can do without? SRDC Technical Report 3/2007.
Sugar Research and Development Corporation Brisbane.

Bramely, R.G.V., and R.P. Quabba. 2002. Opportunities for improving the management of sug-
arcane production through the adoption of precision agriculture — An Australian perspective.
International Sugar Journal 104:152—-161.

Braunack, M.V., and D. McGarry. 2006. Traffic control and tillage strategies for harvesting and
planting of sugarcane (Saccharum officinarum) in Australia. Soil and Tillage Research 89:
86-102.

Brisson, N., C. Gary, E. Justes, R. Roche, B. Mary, D. Ripoche, D. Zimmer, J. Sierra, P. Bertuzzi,
P. Burger, F. Bussiere, Y.M. Cabidoche, P. Cellier, P. Debaeke, J.P. Gaudillere, C. Hénault, F.
Maraux, B. Seguin, and H. Sinoquet. 2003. An overview of the crop model. European Journal
of Agronomy 18:309-332.

Burrough, P.A. 2001. GIS and geostatistics: Essential partners for spatial analysis. Environmental
and Ecological Statistics 8:361-377.

Campbell, H. 1994 How effective are GIS in practice? A case study of British local Government.
International Journal of Geographical Information Systems 8:309-325.

Cerri, D.G.P,, and P.S.G. Magalhaes. 2005. Sugar Cane Yield Monitor. American Society for Agri-
cultural Engineers. Tampa, Florida

Clay, D.E., S.A. Clay, and G. Carlson. 2006. Site-specific management from a cropping system per-
spective. In A. Srinivasan (ed.), Handbook of Precision Agriculture, pp. 431-462. The Haworth
Press, Binghampton, New York.



214 D. Zamykal and Y.L. Everingham

Clevers, J.G.P.W. 1997. A simplified approach for yield prediction of sugar beet based on optical
remote sensing data. Remote Sensing of Environment 61:221-228.

Cook, S.E., and R.G.V. Bramley. 1998. Precision agriculture; opportunities, benefits and pitfalls
of site-specific crop management in Australia. Australian Journal of Experimental Agriculture
38:753-763.

Cornwall, A., and R. Jewkes. 1995. What is participatory research? Social Science & Medicine
41:1667-1676.

Cox, D.R.V. 1997. Precision agriculture in sugarcane production: A view from the Burdekin. In
R.G.V. Bramely, et al. (eds.), Precision Agriculture — What can it offer the Australian sugar
industry? Proceedings of a workshop held in Townsville, 10-12 June, 1997.

Crossley, R., and G. Dines. 2004. Integrating harvest GPS tracking data with a spatial harvest
recording system. In D.M. Hogarth (ed.), Proceedings of the Australian Society of Sugar Cane
Technologists held at Brisbane, Queensland, Australia, 4-7 May, Vol. 26.

Daily, G., P. Dasgupta, B. Bolin, P. Crosson, J.D. Guerny, P. Ehrlich, C. Folke, A.M. Jansson, B.-
0. Jansson, N. Kautsky, A. Kinzig, S. Levin, K.-G. Maler, P. Pinstrup-Andersen, D. Siniscalco,
and B. Walker. 1998. GLOBAL FOOD SUPPLY:Food production, population growth, and the
environment. Science 281:1291-1292.

Davis, ED. 1989. Perceived usefulness, perceived ease of use, and user acceptance of information
technology. MIS Quarterly 13:319-340.

Davis, R., R. Bartels, and E. Schmidt. 2007. Precision agriculture technologies — Relevance and
application to sugarcane production. In R. Bruce (ed.), SRDC Technical Report 3/2007: Preci-
sion Agriculture Options for the Australian Sugarcane Industry SRDC, Brisbane, pp. 60—166.

Delgado, J.A., and W.C. Bausch. 2005. Potential use of precision conservation techniques to reduce
nitrate leaching in irrigated crops. Journal of Soil and Water Conservation 60:379(9).

Denham, J., A. Whitlock, and D. Yule. 2006. Contemporary Position and Navigation Needs of
Precision Agriculture and Victoria’s GPSnet CORS network. International Global Navigation
Satellite Systems Society 2006, Surfers Paradise, Australia.

Dijksterhuis, H.L., L.G. Van Willigenburg, and R.P. Van Zuydam. 1998. Centimetre-precision
guidance of moving implements in the open field: a simulation based on GPS measurements.
Computers and Electronics in Agriculture 20:185-197.

Doraiswamy, P.C., J.L. Hatfield, T.J. Jackson, B. Akhmedov, J. Prueger, and A. Stern. 2004. Crop
condition and yield simulations using Landsat and MODIS. Remote Sensing of Environment
92:548-559.

Dorigo, W.A., R. Zurita-Milla, A.J.W. de Wit, J. Brazile, R. Singh, and M.E. Schaepman. 2007.
A review on reflective remote sensing and data assimilation techniques for enhanced agroe-
cosystem modeling. International Journal of Applied Earth Observation and Geoinformation
9:165-193.

Everingham, Y.L., R.C. Muchow, R.C. Stone, and D.H. Coomans. 2003. Using southern oscillation
index phases to forecast sugarcane yields: a case study for northeastern Australia. International
Journal of Climatology 23:1211-1218.

Everingham, Y.L., K.H. Lowe, D.A. Donald, D.H. Coomans, and J. Markley. 2007. Advanced
satellite imagery to classify sugarcane crop characteristics. Agronomy For Sustainable Devel-
opment 27:11-117.

Everingham, Y.L., R.C. Muchow, R.C. Stone, N.G. Inman-Bamber, A. Singels, and C.N. Bezuiden-
hout. 2002. Enhanced risk management and decision-making capability across the sugarcane
industry value chain based on seasonal climate forecasts. Agricultural Systems 74:459-477.

FAO. 2007. Food Outlook — November 2007 — Sugar [Online]. Available by http://www.fao.org/
docrep/010/ah876e/ah876e07.htm#r2

Fountas, S., S. Blackmore, D. Ess, S. Hawkins, G. Blumhoff, J. Lowenberg-Deboer, and C.G.
Sorensen. 2005. Farmer experience with precision agriculture in Denmark and the US Eastern
Corn Belt. Precision Agriculture 6:121-141.

Fuelling, T., and R. Wright. 1997. GPS and GIS: Management Tools for Millers and Growers.
Proceedings of the Australian Society of Sugar Cane Technologists.

Galvao, L.S., A.R. Formaggio, and D.A. Tisot. 2005. Discrimination of sugarcane varieties in
Southeastern Brazil with EO-1 Hyperion data. Remote Sensing of Environment 94:523-534.



Sugarcane and Precision Agriculture 215

Galvao, L.S., A.R. Formaggio, and D.A. Tisot. 2006. The influence of spectral resolution on
discriminating Brazilian sugarcane varieties. International Journal of Remote Sensing 27:
769-7717.

Giudici, P. 2004. Applied Data Mining: Statistical Methods for Business and Industry. John Wiley
and Sons Ltd, West Sussex.

Gobron, N., B. Pinty, M.M. Verstraete, and J.-L. Widlowski. 2000. Advanced vegetation indices
optimized for up-coming sensor-design, performance, and applications. IEEE Transactions on
Geoscience and Remote Sensing 38:2489-2505.

Godwin, R.J., T.E. Richards, G.A. Wood, J.P. Welsh, and S.M. Knight. 2003. An economic anal-
ysis of the potential for precision farming in UK cereal production. Biosystems Engineering
84:533-545.

Goward, Y.M., and D.L. Williams. 1997. Landsat and Earth system science: development of ter-
restrial monitoring. Photogrammetric Engineering and Remote Sensing 63:887-900.

Griffin, T.W., and J. Lowenberg-DeBoer. 2005. Worldwide adoption and profitability of precision
agriculture. Revista de Politica Agricola 14:20-38.

Haboudane, D., J.R. Miller, N. Tremblay, P.J. Zarco-Tejada, and L. Dextraze. 2002. Integrated
narrow-band vegetation indices for prediction of crop chlorophyll content for application to
precision agriculture. Remote Sensing of Environment 81:416-426.

Higgins, A.J., R.C. Muchow, A.V. Rudd, and A.W. Ford. 1998. Optimising harvest date in sugar
production: A case study for the Mossman mill region in Australia: I. Development of opera-
tions research model and solution. Field Crops Research 57:153-162.

Hurtado, E., M.M. Artigao, and V. Caselles. 1994. Estimating Maize (Zea mays) evapotranspiration
from NOAA-AVHRR thermal data in the Albacete area, Spain. International Journal of Remote
Sensing 15:2023-2037.

Inman-Bamber, N.G. 1991. A growth model for sugarcane based on a simple carbon balance and
the CERES-Maize water balance. South African Journal of Plant and Soil 8:93-99.

Inman-Bamber, N.G., R.C. Muchow, and M.J. Robertson. 2002. Dry matter partitioning of sugar-
cane in Australia and South Africa. Field Crops Research 76:71-84.

Irvine, J.E. 2004. Sugarcane Agronomy. In G. James (ed.), Sugarcane 2nd ed., pp. 143-159. Black-
well Science Ltd, Carlton, Australia.

Jakku, E., PJ. Thorburn, Y.L. Everingham, and N.G. Inman-Bamber. 2007. Improving the par-
ticipatory development of decision support systems for the sugar industry. Proceedings of the
Australian Sugar Cane Technologists, Vol. 29.

James, G. 2004. An introduction to sugarcane. In G. James (ed.), Sugarcane, pp. 1-19. Blackwell
Science Ltd, Carlton, Australia.

Jhoty, I. 1995. Geographical Information System and related information technology for the man-
agement of sugar cane lands. In R. Antoine (ed.), Proceedings of the First Annual Meet-
ing of Agricultural Scientists, pp. 33-36. Food and Agricultural Research Council, Reduit,
Mauritius.

Jhoty, 1. 1999. Applications of the global positioning system in the Mauritian sugar industry.
Annual Meeting of Agricultural Scientists, Food and Agriculture Research Council, Reduit,
Mauritius.

Jhoty, I. 2003. Application of the principles and techniques of precision agriculture to sugar cane.
Revue Agricole et Sucriere de I'lle Maurice 82:87-91.

Johnson, A.K.L., and D.H. Walker. 1996. Utilising GIS in the sugar industry — development of the
Herbert resource information centre. Proceedings of the 18th Australian Society of Sugar Cane
Technologists, Brisbane.

Johnson, R.M., and E.P. Richard. 2005a. Utilisation of yield mapping and variable rate lime appli-
cation in Louisiana sugarcane. Sugarcane International 23:8—14.

Johnson, R.M., and E.P. Richard. 2005b. Sugarcane yield, Sugarcane quality, and soil variability
in Louisiana. Agronomy Journal 97:760-771.

Jones, J.W., G. Hoogenboom, C.H. Porter, K.J. Boote, W.D. Batchelor, L.A. Hunt, P.W. Wilkens,
U. Singh, A.J. Gijsman, and J.T. Ritchie. 2003. The DSSAT cropping system model. European
Journal of Agronomy 18:235-265.



216 D. Zamykal and Y.L. Everingham

Karnieli, A. 2003. Natural vegetation phenology assessment by ground spectral measurements in
two semi-arid environments. International Journal of Biometeorology 47:179-187.

Keating, B.A., M.J. Robertson, R.C. Muchow, and N.I. Huth. 1999. Modelling sugarcane produc-
tion systems. I. Development and performance of the sugarcane module. Field Crops Research
61:253-271.

Keating, B.A., P.S. Carberry, G.L. Hammer, M.E. Probert, M.J. Robertson, D. Holzworth, N.I.
Huth, J.N.G. Hargreaves, H. Meinke, Z. Hochman, G. McLean, K. Verburg, V. Snow, J.P.
Dimes, M. Silburn, E. Wang, S. Brown, K.L. Bristow, S. Asseng, S. Chapman, R.L. McCown,
D.M. Freebairn, and C.J. Smith. 2003. An overview of APSIM, a model designed for farming
systems simulation. European Journal of Agronomy 18:267-288.

Kitchen, N.R. 2008. Emerging technologies for real-time and integrated agriculture decisions.
Computers and Electronics in Agriculture 61:1-3.

Kruger, G., R. Springer, and W. Lechner. 1994. Global Navigation Satellite Systems (GNSS). Com-
puters and Electronics in Agriculture 11:3-21.

Lamb, D.W., P. Frazier, and P. Adams. 2008. Improving pathways to adoption: Putting the right
P’s in precision agriculture. Computers and Electronics in Agriculture 61:4-9.

Lawes, R.A., M.K. Wegener, K.E. Basford, and R.J. Lawn. 2004. The evaluation of the spatial and
temporal stability of sugarcane farm performance based on yield and commercial cane sugar.
Australian Journal of Agricultural Research 55:335-344.

Lebourgeois, V., A. Begue, P. Degenne, and E. Bappel. 2007. Improving harvest and planting
monitoring for smallholders with geospatial technology: the Reunion Island experience. Inter-
national Sugar Journal 109:109-117.

Lisson, S.N., M.J. Robertson, B.A. Keating, and R.C. Muchow. 2000. Modelling sugarcane pro-
duction systems: II: Analysis of system performance and methodology issues. Field Crops
Research 68:31-48.

Liu, D.L., and G. Kingston. 1995. QCANE: A simulation model of sugarcane growth and sugar
accumulation. In M.J. Robertson (ed.), Research and Modelling Approaches to Assess Sugar-
cane Production Opportunities and Constraints, pp. 25-29. Workshop Proceedings, University
of Queensland, St. Lucia, Brisbane.

Liu, D.L., and K.R. Helyar. 2003. Simulation of seasonal stalk water content and fresh weight yield
of sugarcane. Field Crops Research 82:59-73.

Liu, J., C.E. Goering, and L. Tian. 2001. A neural network for setting target corn yields. Transac-
tions of the ASAE 44:705-713.

Machado, S., E.D. Bynum, T.L. Archer, J. Bordovsky, D.T. Rosenow, C. Peterson, K. Bronson,
D.M. Nesmith, R.J. Lascano, L.T. Wilson, and E. Segarra. 2002. Spatial and temporal variabil-
ity of sorghum grain yield: Influence of soil, water, pests, and diseases relationships. Precision
Agriculture 3:389-406.

Magalhaes, P.S.G., and D.G.P. Cerri. 2007. Yield monitoring of sugar cane. Biosystems Engineer-
ing 96:1-6.

Mallarino, A., and D. Wittry. 2004. Efficacy of grid and zone soil sampling approaches for site-
specific assessment of phosphorus, potassium, pH, and organic matter. Precision Agriculture
5:131-144.

Marchant, J.A., R.D. Tillett, and R. Brivot. 1998. Real-time segmentation of plants and weeds.
Real-Time Imaging 4:243-253.

Marchant, J.A., H.J. Andersen, and C.M. Onyango. 2001. Evaluation of an imaging sensor for
detecting vegetation using different waveband combinations. Computers and Electronics in
Agriculture 32:101-117.

Markley, J., A. Raines, and R. Crossley. 2003. The development and integration of remote sensing,
GIS and data processing tools for effective harvest management. Australian Society of Sugar
Cane Technologists 25:CD ROM.

Martiné, J.F., and P. Todoroff. 2002. The growth model Mosicas and its simulation platform
Simulex: assessment and perspectives. Revue Agricole et Sucridre de 1'fle Maurice 81
133-147.

McBratney, A.B., and M.J. Pringle. 1999. Estimating average and proportional variograms of soil
properties and their potential use in precision agriculture. Precision Agriculture 1:125-152.



Sugarcane and Precision Agriculture 217

McBratney, A., B. Whelan, T. Ancev, and J. Bouma. 2005. Future directions of precision agricul-
ture. Precision Agriculture 6:7-23.

McCown, R.L., G.L. Hammer, J.N.G. Hargreaves, D.P. Holzworth, and D.M. Freebairn. 1996.
APSIM: a novel software system for model development, model testing and simulation in agri-
cultural systems research. Agricultural Systems 50:255-271.

Mehrotra, R., and H.W. Siesler. 2003. Application of mid infrared/near infrared spectroscopy in
sugar industry. Applied Spectroscopy Reviews 38:307-354.

Mo, X., S. Liu, Z. Lin, Y. Xu, Y. Xiang, and T.R. McVicar. 2005. Prediction of crop yield, water
consumption and water use efficiency with a SVAT-crop growth model using remotely sensed
data on the North China Plain. Ecological Modelling 183:301-322.

Molin, J.P., and L.A.A. Menegatti. 2004. Field-Testing of a Sugar Cane Yield Monitor in Brazil
American Society of Agricultural Engineers. Ottawa, Ontario, Canada.

Moran, C.J., and E.N. Bui. 2002. Spatial data mining for enhanced soil map modelling. Interna-
tional Journal of Geographical Information Systems 16:533-549.

Moran, M.S., Y. Inoue, and E.M. Barnes. 1997. Opportunities and limitations for image-based
remote sensing in precision crop management. Remote Sensing of Environment 61:319-346.

Muchow, R.C., A.J. Higgins, A.V. Rudd, and A.W. Ford. 1998. Optimising harvest date in sugar
production: a case study for the Mossman mill region in Australia: II. Sensitivity to crop age
and crop class distribution. Field Crops Research 57:243-251.

Mutanga, O., A.K. Skidmore, and H.H.T. Prins. 2004. Predicting in situ pasture quality in the
Kruger National Park, South Africa, using continuum-removed absorption features. Remote
Sensing of Environment 89:393—408.

Neale, T. 2007. Making new technology pay: A farm to industry perspective. In R.K. Jones (ed.),
SRDC Technical Report. Research and Development Strategies to Advance the Australian Sug-
arcane Industry Vol. 1. Sugar Research and Development Corporation, Brisbane.

Nelson, P.N., and G.J. Ham. 2000. Exploring the response of sugar cane to sodic and saline condi-
tions through natural variation in the field. Field Crops Research 66:245-255.

O'Leary, G.J. 2000. A review of three sugarcane simulation models with respect to their prediction
of sucrose yield. Field Crops Research 68:97-111.

Pagnano, N.B., and P.S.G. Magalhaes. 2001. Sugarcane Yield Measurement. 3rd European Con-
ference on Precision Agriculture. Montpellier, France.

Parkes, M., and R. Panelli. 2001. Integrating catchment ecosystems and community health: The
value of participatory action research. Ecosystem Health 7:85-106.

Pelletier, G., and S.K. Upadhyaya. 1999. Development of a tomato load/yield monitor. Computers
and Electronics in Agriculture 23:103-117.

Pierce, FJ., and P. Nowak. 1999. Aspects of precision agriculture. Advances in Agronomy 67:
1-85.

Pimentel, D., S. Cooperstein, H. Randell, D. Filiberto, S. Sorrentino, B. Kaye, C. Nicklin, J. Yagi, J.
Brian, J. O’Hern, A. Habas, and C. Weinstein. 2007. Ecology of increasin