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Summary
Human-induced climate change is resulting in less and more
erratic rainfall, especially in regions where food security is very
low. The poor in rural and dry areas will suffer the most and will
require cheap and accessible strategies to adapt to erratic
weather. This adaptation will need to take into account not only
less water and droughts, but also the increased chance of
extreme events like floods.

Biodiversity and a healthy soil are central to ecological
approaches to making farming more drought-resistant and more
resilient to extreme events. Resilience is the capacity to deal
with change and recover after it. Practices that make soils better
able to hold soil moisture and reduce erosion and that increase
biodiversity in the system help in making farm production and
income more resilient and stable.

Building a healthy soil is a crucial element in helping farms cope
with drought. There are many proven practices available to
farmers right now to help build healthy soils. Cover crops and
crop residues that protect soils from wind and water erosion,
and legume intercrops, manure and composts that build soil rich
in organic matter, enhancing soil structure, are all ways to help
increase water infiltration, hold water once it gets there, and
make nutrients more accessible to the plant.

In order to feed humanity and secure ecological resilience it is
essential to increase productivity in rain-fed areas where poor
farmers implement current know-how on water and soil
conservation. Ecological farms that work with biodiversity and
are knowledge-intensive rather than chemical input-intensive
might be the most resilient options under a drier and more
erratic climate.

In addition to the ecological farming methods described above,
continued breeding of crop varieties that can withstand drought
stresses and still produce a reliable yield is needed. Many new
drought-tolerant seeds are being developed using advanced
conventional breeding, without the need of genetic engineering.
There are already examples of drought-resistant soybean, maize,
wheat and rice varieties that farmers could start taking
advantage of right now. On the other hand, genetic engineering
technology is not well suited for developing drought-resistant
seeds. Drought tolerance is a complex trait, often involving the
interaction of many genes, and thus beyond the capability of a
rudimentary technology based on high expression of few well-
characterised genes. There is no evidence that genetically
engineered (GE) crops can play a role in increasing food security
under a changing climate.
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1. Adapting to changing rainfall patterns
With a changing climate, farming will need to adapt to changing
rainfall patterns. Water is the most crucial element needed for growing
food. As we are already seeing, human-induced climate change is
resulting in less and more erratic rainfall, especially in regions where
food security is very low (IPCC, 2007; Funk et al., 2008; Lobell et al.,
2008).

Over 60% of the world’s food is produced on rain-fed farms that
cover 80% of the world’s croplands. In sub-Saharan Africa, for
example, where climate variability already limits agricultural
production, 95% of food comes from rain-fed farms. In South Asia,
where millions of smallholders depend on irrigated agriculture, climate
change will drastically affect river-flow and groundwater, the backbone
of irrigation and rural economy (Nellemann et al., 2009).

Mexico experienced in 2009 the driest year in seven decades, and
this had serious social and economic impacts (Reuters, 2009). It
followed a decade-long drought that has already affected the north of
the country and the western USA. Further, climate models robustly
predict that Mexico will continue to dry as a consequence of global
warming (Seager et al., 2009).

Increasing temperatures and less and more erratic rainfall will
exacerbate conflicts over water allocation and the already critical state
of water availability (Thomas, 2008). The poor in rural and dry areas
will suffer the most from these changes and they will require cheap
and accessible strategies to adapt to erratic weather.

Human-induced drought1 during the main cropping season in East
African countries including Ethiopia, Kenya, Burundi, Tanzania,
Malawi, Zambia and Zimbabwe, has already caused rainfall drops of
about 15% between 1979 and 2005, accompanied by drastic losses
in food production and an increase in food insecurity (Funk et al.,
2008). Droughts during the main cropping season in tropical and sub-
tropical regions are thought to become more likely in the near future,
and will have dangerous effects on human societies (Funk et al.,
2008, Lobell et al., 2008). Lobell et al. (2008) calculated a drop in
precipitation of up to 10% in South Asia by 2030, accompanied by
decreases in rice and wheat yields of about 5%. Funk et al. (2008)
predicted potential impacts of up to a 50% increase in
undernourished people in East Africa by 2030.

Humans have been tapping natural biodiversity to adapt agriculture to
changing conditions since the Neolithic Revolution brought about by
the development of farming about 10,000 years ago. Science shows
that diversity farming remains the single most important technology
for adapting agriculture to a changing climate.

The inherent diversity and complexity of the world’s farming systems
preclude the focus on a single ‘silver bullet’ solution. A range of
approaches is required for agriculture in a changing climate. In this
report, we examine strategies to withstand drought in agriculture
using ecological farming based on biodiversity. We also take a look at
the successes and assess the potential of conventional breeding
methods, including marker assisted selection (MAS), to produce
drought-resistant varieties without the environmental and food safety
risks associated with genetically-engineered (GE) crops. Finally, we
review some of the proposed GE drought-tolerant plant varieties.

1 ‘Human-induced drought’ here refers to drought linked to
anthropogenic changes in climatic conditions, such as the late
20th century human-caused Indian Ocean warming linked
recently to droughts in East Africa (Funk et al. 2008).
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USA (2008)
3rd worst fire season
and persistent drought
in western and
southeastern US.

South California (April 2009)
Worst wildfire in 30 years
scorched nearly 8,100
hectares in the area

Mexico (August 2009)
Worst drought in 70 years, affecting
about 3.5 million farmers, with 80%
of water reservoirs less than half full,
50,000 cows dead, and 17 million
acres of cropland wiped out.

Argentina, Paraguay &
Uruguay (January-
September 2008)
Worst drought in over
50 years in some areas.

Spain and Portugal (2008)
Worst drought for over a
decade (Spain); worst drought
winter since 1917 (Portugal).

Chile (2008)
Worst drought in 5
decades in central
and southern parts.

Significant climate anomalies from 2008 / 2009
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Fenno-Scandinavia (2008)
Warmest winter ever recorded
in most parts of Norway, Sweden
and Finland.

Iraq (August 2009)
Experiences its fourth consecutive year
of drought, with half the normal rainfall
resulting in less than 60% of usual
wheat harvest.

China (February 2009)
Suffers worst drought in
50 years, threatening more
than 10 million hectares
of crops and affecting 4
million people.

Liaoning, China (August 2009)
Experienced worst drought in 60
years, affecting 5 million acres of
arable land and more than
200,000 livestock.

Australia and New Zealand (2009)
experienced their warmest August
since records began 60 and 155
years ago, respectively

Southern Australia, Adelaide (January 2009)
Temperatures spiked to 45˚C, the
hottest day in 70 years. Southern Australia (2009)

Exceptional heat wave; new
temperature records and deadly
wildfires, claiming 210 lives.

Australia (January 2009)
Warmest January and driest May
on record. Drought conditions for
over a decade in some parts.

Kenya (2009)
Worst drought in almost two
decades affecting 10 million
people and causing crop failure.

India (June 2009)
Intense heat wave resulted in nearly
100 fatalities as temperatures
soared past 40oC.

Adapted from UNEP's Climate Change Science Compendium 2009, available at: http://www.unep.org/compendium2009/
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2. Ecological farming is essential to
adapt to drought
With water scarcity being the main constraint to plant growth, plants
have developed - over millions of years - natural mechanisms to cope
with drought. These mechanisms are complex and very diverse, from
enhanced root growth to control of water loss in leaves. Often, the
breeding of cultivated crops under ideal well-watered conditions
results in the loss of those traits that enable coping with little water. In
the race to produce larger industrial monocultures fuelled by
agrochemicals and massive irrigation, the diversity of plant traits
available to cope with little water in industrial cultivated crops has
been reduced. However, this diversity is still present in crop varieties
and wild relatives. For example, scientists tapping into the diversity of
wild relatives of cultivated tomatoes were able to obtain more than
50% higher yields, even under drought conditions (Gur & Zamir,
2004). A detailed analysis on breeding for drought tolerance is given
in Chapter 3.

In addition to new breeding, there are numerous ecological farming
methods that already help farmers cope with less and more erratic
rainfall. In a recent meeting at Stanford University, a group of experts -
including crop scientists from seed companies - concluded as part of
their recommendations that “particularly for managing moisture stress
in rain-fed systems, agronomy may well offer even greater potential
benefits than improved crop varieties” (Lobell, 2009).

Biodiversity and a healthy soil are central to ecological approaches to
making farming more drought-resistant (see below). For example, in
sub-Saharan Africa, something as simple as intercropping maize with
a legume tree helps soil hold water longer than in maize monocultures
(Makumba et al., 2006). Building a resilient food system - one that is
able to withstand perturbations and rebuild itself afterwards -works by
building farming systems based on biodiversity on multiple scales,
from the breeding technology up to the farm landscape.

Farmers around the world need more support from governments and
agricultural researchers to move towards resilient ecological farming
systems, as recently recognised by the United National Environmental
Program (Nellemann et al., 2009). In the sections below, we
summarise some of examples of such farming systems from around
the world, backed by scientific studies.

2.1. Stability and resilience are key to
survival with less and more erratic rainfall

“Two decades of observations reveal resilience to
climate disasters to be closely linked to levels of
farm biodiversity” (Altieri & Koohafkan 2008)

IPCC2 climate change models clearly predict more droughts in many
regions but at the same time a very likely increased chance of
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extreme events, such as heavier precipitation, with great implications
for crop losses (Bates et al. 2008). Scientists have computed, for
example, that “agricultural losses in the US due to heavy precipitation
and excess soil moisture could double by 2030”
(Rosenzweig & Tubiello, 2007).

Adaptation to changes in average climate conditions - such as an
increase in mean air temperature when moving closer towards the
equator - usually requires changes in very specific agronomic
practices, like new cultivar seeds. In contrast, adaptation to the
projected increase in climate variability, such as more floods and more
droughts, will require “attention to stability and resilience of crop
production, rather than improving its absolute levels”
(Rosenzweig & Tubiello, 2007).

Resilience is the capacity to deal with change and recover after it.
In many regions, farmers benefit from cropping systems that have
evolved to provide stability of production over time, rather than
maximising production in a year, and thus providing less risk and
more secure incomes under uncertain weather. For example, the
practice of leaving fields periodically fallow, resting and accumulating
moisture in intervening years, has been shown to give more stability
and provide higher yields in the long term because it reduces the risks
of crop failure.

Practices that make soils richer in organic matter, more able to hold
soil moisture and reduce erosion, and which increase biodiversity in
the system all help in making farm production and income more
resilient and stable. Cropping rotations, reduced tillage, growing
legume cover crops, adding manure and compost and fallow
techniques are all proven and available practices to farmers right now.
Besides increasing stability and resilience to more droughts and/or
floods in the near future, they also contribute to climate change
mitigation through sequestration of soil carbon (Rosenzweig &
Tubiello, 2007). Scientists now believe that practices that add carbon
to the soil, such as the use of legumes as green manure, cover
cropping, and the application of manure, are key to the benefits of
increasing soil carbon in the practice of soil conservation and reduced
tillage (Boddey et al., 2010; De Gryze et al., 2009).

Experts are proposing that in order to feed humanity and secure
ecological resilience, a ‘green-green-green’ revolution3 is needed, one
that is based on increased productivity in rain-fed areas where poor
farmers implement current know-how on water and soil conservation
(such as growing legumes as cover crops and mulching to increase
organic matter and thus soil water-holding capacity) (Falkenmark et
al., 2009). A central theme of this revolution would be the better use
of green water (i.e., water as rain and soil moisture, as opposed to
irrigation blue water from reservoirs or groundwater), to increase the
amount of food that can be grown without irrigation. As shown by
agricultural trials in Botswana, maize yields can in fact be more than
doubled by adopting practices like manure application and reduced
tillage (SIWI, 2001).

2 Intergovernmental Panel on Climate Change
3 “Green for production increase, green for being green water
based, and green in the sense of environmentally sound”
(Falkenmark et al., 2009).
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In a recent quantification of global water limitations and crop
production under future climate conditions, it has been shown that a
combination of harvesting 25% of the run-off water combined with
reducing evaporation from soil by 25% could increase global crop
production by 20%. This high potential for increase crop production
and reducing risk of crop failure in rain-fed areas could come from
wide-scale implementation of soil and water conservation techniques,
like cover crops, reduce tillage, etc (Rost et al., 2009).

According to scientists at the Stockholm Resilience Centre, putting
resilience into practice should start with two crucial building blocks:
firstly, finding ways to increase biodiversity in the system (such as
implementing some of the multiple ecological farming practices
available to rain-fed farmers), and secondly, building knowledge
networks and social trust within the system (Quinlin, 2009). Thus,
ecological farms that work with biodiversity and which are knowledge-
intensive rather than chemical input-intensive might be the most
resilient options under a drier, more erratic climate.

Under large perturbations, like heavy rains and hurricanes, ecological
farming practices appear to be more resistant to damage and
capable of much quicker recovery than conventional farms. For
example, ecological agriculture practices such as terrace bunds,
cover crops and agro-forestry were found to be more resilient to the
impact of Hurricane Mitch in Central America in 1998 (Holt-Gimenez,
2002). Ecological farms with more labour-intensive and knowledge-
intensive land management had more topsoil and vegetation, less
erosion, and lower economic losses than conventional farms after the
impact of this hurricane. Farms with more agroecological practices
suffered less from hurricane damage.

In coffee farms in Chiapas, Mexico, farmers were able to reduce their
vulnerability to heavy rain damage (e.g., landslides) by increasing farm
vegetation complexity (both biodiversity and canopy structure)
(Philpott et al., 2008).

2.2. Drought-resistant soils are those rich
in organic matter and high in biodiversity
Building a healthy soil is critical in enabling farms to cope with
drought. Cover crops and crop residues that protect soils from wind
and water erosion, and legume intercrops, manure and composts that
build soil rich in organic matter thus enhancing soil structure, are all
ways to help increase water infiltration, hold water in the soil, and
make nutrients more accessible to the plant.

Healthy soils rich in organic matter, as the ones nurtured by
agroecological fertilisers (green manures, compost, animal dung, etc),
are less prone to erosion and more able to hold water. A large amount
of scientific evidence shows that organic matter is the most important
trait in making soils more resistant to drought and able to cope better
with less and more erratic rainfall (Bot & Benites, 2005; Lal, 2008; Pan
et al., 2009; Riley et al., 2008).

Organic matter increases the pore space in the soil, where water can
be held more easily, making the soil capable of storing more water
during a longer period and facilitating infiltration during heavy rains so
that more water overall can be captured. As a consequence, a soil
rich in organic matter needs less water to grow a crop than a soil
poor in organic matter. Organic matter also improves the activity of
micro-organisms, earthworms and fungi, which makes the soil less
dense, less compacted and with gives it better physical properties for
storing water (Fließbach et al., 2007; Mäder et al., 2002). All these
characteristics make soils rich in organic matter more drought-
resistant, increasing the water-use efficiency of not only the crop but
the whole farm.

In many regions, crops do not use most of the water they receive
because farm soils are unable to store this water (water is lost by run-
off, for example). Many ecological farming practices are available that
create soils rich in organic matter with better capacity to conserve
water in the root zone and increase water-use efficiency. Mulching
with crop residues, introducing legumes as cover crops, and
intercropping with trees all build soil organic matter, thus reducing
water run-off and improving soil fertility. There is a strong need to
validate these practices under locally-specific farm conditions and
with farmer participation, to facilitate widespread adoption (Lal, 2008).

Crops fertilised with organic methods have been shown to more
successfully resist both droughts and torrential rains. During a severe
drought year in the long-standing Rodale organic farms in
Pennsylvania, USA, the maize and soybean crops fertilised with
animal manure showed a higher yield (ranging between 35% to 96%
higher) than the chemically-fertilised crop. The higher water-holding
capacity in the organically-fertilised soils seems to explain the yield
advantage under drought, as soils in organic fields captured and
retained more water than in the chemically fertilised fields. Moreover,
during torrential rain, organic fields were able to capture about 100%
more water than the chemical fields (Lotter et al., 2003).

High soil biodiversity also helps with drought-resistance. Plants are
not organisms that can be considered independently from the
medium in which they grow. In fact, the vast majority of plants in
nature are thought to be associated with some kind of fungi in the
soil. Many fungi associated with plants (both mycorrhizal and
endophytic species) increase plant resistance to drought and plant
water uptake (Marquez et al., 2007; Rodriguez et al., 2004).

These stress-tolerance associations between plants and fungi are
only now beginning to be understood, and scientists believe that
there is great potential for the use of these natural associations in the
mitigation and adaptation to climate change (Rodriguez et al., 2004).
For example, tomato and pepper plants living in association with
some soil fungi species are able to survive desiccation for between 24
and 48 hours longer than plants living without fungi (Rodriguez et al.,
2004). As soils managed with ecological farming practices are richer
in microbes and fungal species, they create the conditions for plants
to establish these essential drought-tolerance associations.



BOX 1: Soil degradation in Punjab (India) endangers food
production under climate change

According to a review by the Food and Agricultural
Organisation (FAO) in the 1990s, about half of the cultivable
soils in India were degraded, and the situation has not
improved. Since World War II, soil degradation in Asia had
led to a cumulative loss of productivity in cropland of 12.8%
(Oldeman, 1998).

Soil degradation, mainly the decline both in quality and
quantity of soil organic matter, is one of the major reasons
linked to stagnation and decline in yields in the most
intensive agriculture areas in India, such as Punjab (Dawe
et al., 2003; Yadav et al., 2000; Ladha et al., 2003). The
decline in soil organic matter is related to the improper use
of synthetic fertilisers and lack of organic fertilisation,
practices that are now widespread in the most intensive
agriculture areas in India (Masto et al., 2008; Singh et al.,
2005).

Over-application of nitrogen fertilisers (usually only urea),
common in Punjabi farms and influenced by the
government’s subsidy system on nitrogen, is not only
causing nutrient imbalances, but also negatively affecting
the physical and biological properties of the soils. For
example, indicators of good soil fertility like microbial
biomass, enzymatic activity and water-holding capacity are
all drastically reduced under common nitrogen fertiliser
practices (Masto et al., 2008).

Burning rice straw after harvest, now a widespread practice
in many places of the Indo Gangetic Plains of India, is also
causing large losses of major nutrients and micronutrients,
as well as organic matter (Muhammed, 2007).

Another common detrimental effect of the excessive use of
nitrogen fertiliser on soil health is acidification, and the
impact it has on soil living organisms, crucial also for
natural nutrient cycling and water-holding capacity (Darilek
et al., 2009; Kibblewhite et al., 2008).

Many Indian scientists are calling for a revision of the
current unsustainable farming practices that provoke soil
degradation and are compromising the future of the
country’s food security, especially under a drier and more
unstable climate (Gupta & Seth, 2007; Mandal et al., 2007;
Masto et al., 2008; Prasad, 2006; Ranganathan et al., 2008).
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Farmer burning his rice field after harvest. This
practice, now widespread in India, contributes
to emissions of greenhouse gases from
agriculture. It also reduces the input of organic
matter into the soil, which is much needed for
improving farm soil health.

Dry canal in Karimnagar, Andhra Pradesh,
where the failing monsoons of 2009 left farmers
struggling with drought. Water-demanding
crops, including rice and cotton failed as a
result.
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2.3. Biodiversity increases resilience from
seed to farm scales
There is abundant scientific evidence showing that crop biodiversity has
an important role to play in adaptation to a changing environment. While
oversimplified farming systems, such as monocultures of genetically
identical plants, would not be able to cope with a changing climate,
increasing the biodiversity of an agroecosystem can help maintain its
long-term productivity and contribute significantly to food security.

Genetic or species diversity within a field provides a buffer against losses
caused by environmental change, pests and diseases. Biodiversity (on a
seed-to-farm scale) provides the resilience needed for a reliable and
stable long-term food production (Diaz et al., 2006).

Under present and future scenarios of a changing climate, farmers’
reliance on crop diversity is particularly important in drought-prone areas
where irrigation is not available. Diversity allows the agroecosystem to
remain productive over a wider range of conditions, conferring potential
resistance to drought (Naeem et al., 1994).

In the dry-hot habitats of the Middle East, some wild wheat cultivars
have an extraordinary capacity to survive drought and make highly
efficient use of water, performing especially well under fluctuating
climates (Peleg et al., 2009). Researching the diversity and drought-
coping traits of wild cultivars provides scientists with new tools to breed
crops better adapted to less rainfall.

In Italy, a high level of genetic diversity within wheat fields on non-
irrigated farms reduces the risk of crop failure during dry conditions.
In a modelling scenario, where rainfall declines by 20%, the wheat yield
would fall sharply, but when diversity is increased by 2% not only is this
decline reversed, above average yields can also achieved (Di Falco &
Chavas, 2006; 2008).

In semi-arid Ethiopia, growing a mix of maize cultivars in the same field
acts like an insurance against dry years. Fields with mixed maize
cultivars yielded about 30% more than pure stands under normal rainfall
years, but outperformed with 60% more yield than monocultures in dry
years (Tilahun, 1995).

In Malawi, sub-Saharan Africa, intercropping maize with the legume tree,
gliricidia, has been shown in long-term studies to improve soil nutrients
and fertility, providing inexpensive organic fertiliser for resource-poor
farmers. In addition, fields with intercropped maize and gliricidia trees
hold about 50% more water two weeks after a rain than soil in fields with
maize monoculture (Makumba et al., 2006). This is an example of the
combined benefits of more biodiversity and healthier soils for coping with
less water, in addition to being an example of farm-level cropping
diversity.

In a recent analysis of the longest-running biodiversity experiment to
date in Minnesota, USA, researchers have shown that maintaining
multiple ecosystem functions over years (for example, high productivity
and high soil carbon) requires both higher richness of species within a
plot and also diversity of species assemblages across the landscape
(Zavaleta et al., 2010).

3. Breeding new varieties for use in
ecological farming systems
In addition to the ecological farming methods detailed above,
continued breeding of crop varieties that can withstand drought
stresses and still produce a reliable yield is needed. There are several
methods currently being used to develop drought-tolerant crops:
conventional breeding, conventional breeding utilising marker-assisted
selection (MAS) and genetic engineering.

Drought-resistance is thought to be controlled by several to many
genes, often likely acting in an orchestrated fashion. This makes it a
complex trait. Because of this complexity, breeding drought-tolerant
varieties is extremely difficult (Reynolds & Tuberosa, 2008; Anami et
al., 2009). This holds true not only for conventional breeding
approaches, but also for MAS (Francia et al., 2005) and genetic
engineering (Passioura, 2006). Marker-assisted selection is an
extremely useful technique for breeding complex traits, such as
drought tolerance, into new varieties. It allows many genes (which
may act together in the plant genome) to be transferred in one
breeding cycle, meaning that seed development and breeding
programmes progress more rapidly than traditional conventional
breeding.

BOX 2: Marker-assisted selection (MAS) or breeding (MAB)
utilises knowledge of genes and DNA, but does not result
in a genetically engineered organism. In MAS, specific DNA
fragments (markers) are identified, which are closely linked
to either single genes or to quantitative trait loci (QTLs).
QTLs are a complex of genes that are located close
together in the plant genome. Together, these genes
contribute to a quantitative trait, like drought tolerance or
root architecture. Markers are used with MAS to track
certain QTLs during conventional breeding. After crossing,
the offspring are screened for the presence of the marker,
and hence the desired trait(s). This process eliminates the
time-consuming step of growing the plant under stress
conditions (e.g. drought) in order to identify plants with the
desired trait, which would be the case with conventional
breeding. Thus, MAS is often viewed as ‘speeded up’ or
‘smart’ conventional breeding. One important advantage of
MAS over traditional breeding is that ‘linkage drag’ - where
unwanted traits are introduced along with desired traits -
can be avoided. While MAS uses genetic markers to
identify desired traits, no gene is artificially transferred
from one organism into another one. However, increased
public investment is required to avoid patent claims on
new crop varieties, including those developed by MAS.
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BOX 3: Different levels of biodiversity
on the farm

Crop genetic diversity is the richness
of different genes within a crop
species. This term includes diversity
that can be found among the different
varieties of the same crop plant (such
as the thousands of traditional rice
varieties in India), as well as the
genetic variation found within a
single crop field (potentially very high
within a traditional variety, very low in
a genetically engineered or hybrid
rice field).

Cropping diversity at the farm level
is the equivalent to the natural
species richness within a prairie,
for example. Richness arises from
planting different crops at the same
time (intercropping a legume with
maize, for example), or from having
trees and hedges on the farm
(agroforestry). Farm-level cropping
diversity can also include diversity
created over time, such as with the
use of crop rotations that ensure the
same crop is not grown constantly in
the same field.

Farm diversity at the regional level
is the richness at landscape level,
arising from diversified farms within
a region. It is high when farmers in a
region grow different crops in small
farms as opposed to large farms
growing the same cash crop (for
example, large soya monocultures in
Argentina).

CROP
GENETIC
DIVERSITY

RICH
HIGH DIVERSITY

POOR
LOW DIVERSITY

RICE OF DIFFERENT VARIETIES RICE OF SINGLE VARIETY

MAIZE AND BEANS INTERCROP
PLUS AGROFORESTRY

MAIZE IN MONOCULTURE
CROPPING
DIVERSITY
AT THE
FARM

FARM
DIVERSITY
AT THE
REGION
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The starting point for breeding programmes is also important. For
example, some varieties of wheat developed during the Green
Revolution have only short roots – decreasing their capacity for
drought tolerance (Finkel, 2009). Breeding stock could come from
historical or traditional drought-resistant varieties, making use of the
large seed repositories held across the globe by the Consultative
Group on International Agricultural Research (CGIAR) centres (e.g.,
the International Maize and Wheat Improvement Center (Centro
Internacional de Mejoramiento de Maíz y Trigo - CIMMYT),
International Rice Research Institute (IRRI)).

Both conventional breeding and MAS have already made an impact
on the development of drought-tolerant crop varieties, for example
through specific CIMMYT programmes for drought-tolerant maize, but
yet their full potential has not yet been utilised (Stevens, 2008; Anami
et al., 2009). Conversely, there is much scepticism that a panacea
can be delivered in the form of a single ’drought tolerance‘ gene that
has been genetically engineered into a plant.

Many drought-related markers (QTLs) have been mapped in a large
number of crops, including rice, maize, barley, wheat, sorghum and
cotton (Bernardo, 2008; Cattivelli et al., 2008) and much of the
information on these QTL findings has been collected in open source
databases.4 The entire genomic sequence of rice is in the public
domain, and this has aided the identification of QTLs (Jena & Mackill,
2008). The maize genome was made public at the end of 2009,
which will similarly greatly aid identification of QTLs in maize (Schnable
et al., 2009).

MAS is now assisting in the breeding of drought-resistant varieties of
several crops (Tuberosa et al., 2007). Most drought-tolerant QTLs
detected in the past had a limited utility for applied breeding, partially
due to the prevalence of genetic background and environmental
effects. However, the recent identification of QTLs with large effects
for yield under drought is expected to greatly increase progress
towards MAS drought-tolerant crops (Reynolds & Tuberosa, 2008;
Bernardo, 2008; Cattivelli et al., 2008; Collins et al., 2008).

Conventionally bred drought-tolerant crops are already available
(developed both with and without MAS). For example, the US
Department of Agriculture (USDA) has already released a drought-
resistant soybean developed using MAS.5 Following are examples of
commercially available conventionally bred (with or without MAS)
drought-tolerant maize, wheat and rice crops.

• Maize
The conventionally-bred maize variety ZM521 was developed by
CIMMYT. To develop the new variety, scientists from CIMMYT drew on
thousands of native varieties of corn from seed banks, which were built
up through decades of free exchange of landraces around the globe
(Charles, 2001). By repeated cycles of inbreeding and selection, the
scientists uncovered the previously hidden genetic traits that enable
maize to withstand drought. ZM521 is a maize variety that not only
exhibits remarkable vigour when afflicted by water shortage, but also
yields 30% to 50% more than traditional varieties under drought

(CIMMYT, 2001). Another of the pro-poor advantages of ZM521 is that
it is open-pollinated. In contrast to hybrid and GE maize varieties, seeds
from open-pollinated forms can be saved and planted the following
year. This benefits smallholder farmers who often face cash constraints
when buying new seed. ZM521 seeds are now available free of charge
to seed distributors around the world and in several African countries,
including South Africa and Zimbabwe, ZM521 has been released for
cultivation on farmers’ fields.
(Extracted from Vogel, 2009)

• Wheat
The wheat varieties Drysdale and Rees are two further notable
examples showing that conventional breeding can be used to develop
drought tolerance. Using conventional breeding techniques, wheat
breeding scientists from Australia's Commonwealth Scientific and
Industrial Research Organisation (CSIRO) succeeded in increasing
water-use efficiency, an important drought-tolerance strategy. Drysdale,
for example, can outperform other varieties by between 10% and 20%
(Finkel, 2009) in arid conditions and up to 40% under very dry
conditions (Richards, 2006). DNA markers that track genes conferring
drought tolerance are now being used to improve Drysdale and a new
variety developed by this MAS approach is expected to be ready by
2010 (Finkel, 2009). In addition, the CSIRO techniques are now being
used to breed drought-tolerant maize in sub-Saharan Africa (Finkel,
2009).
(Extracted from Vogel, 2009)

• Rice
In 2007, MAS 946-1 became the first drought-tolerant aerobic rice
variety released in India. To develop the new variety, scientists at the
University of Agricultural Sciences (UAS), Bangalore, crossed a deep-
rooted upland japonica rice variety from the Philippines with a high
yielding indica variety. Bred with MAS, the new variety consumes up to
60% less water than traditional varieties. In addition, MAS 946-1 gives
yields comparable with conventional varieties (Gandhi, 2007). The new
variety is the product of five years of research by a team lead by
Shailaja Hittalmani at UAS, with funding from the IRRI and the
Rockefeller Foundation (Gandhi, 2007).

In 2009, IRRI recommended two new drought-tolerant rice lines for
release, which are as high yielding as normal varieties: IR4371-70-1-1
(Sahbhagi dhan) in India and a sister line, IR4371-54-1-1 for the
Philippines (Reyes, 2009a). Field trials in India are being reported as
very successful, with the rice tolerating a dry spell of 12 days (BBC,
2009). Similarly, drought-resistant rice suitable for cultivation in Africa is
being developed using MAS by IRRI, in conjunction with other research
institutes (Mohapatra, 2009). IRRI scientists are also researching
genetic engineering approaches to drought-tolerant rice but these are in
the early stages of development, with ‘a few promising lines’ that need
’further testing and validation‘ (Reyes, 2009b). In contrast, the MAS
drought-resistant rice is already being released to farmers.
(Extracted from Vogel, 2009)

4 See for example http://wheat.pw.usda.gov/GG2/index.shtml
5 http://www.wisconsinagconnection.com/story-national.php?Id=808&yr=2009



“In Eastern India drought affects rice farmers very significantly. In dry
years, like 2009, about 60% of the rice area remained uncultivated due
to lack of water. Farmers see how water availability is reducing year
after year. Sahabhagi dhan, the rice seeds we have been working on
with farmers for a few years, can be seeded directly in farm fields, even
in dry years when rains come late and scarcely. The benefits of
Sahabhagi dhan are also related to its short duration, which allow
farmers to plant a second crop of legumes (chick pea, lentil, etc),
rapeseed or linseed. Rice seeds better able to resist drought plus an
additional crop would not only contribute to better farm income, but
would also motivate farmers to stay back in the farm in winter months
instead of having to migrate to towns for non-farm employment.”
Dr. Mukund Variar, Principal Scientist and Officer-in-Charge of
Central Rainfed Upland Rice Research Station, Indian Council of
Agriculture Research (ICAR) centre where the drought-resistant rice,
Sahabhagi dhan, was developed in Jharkhand (India).

3.1. Genetic engineering is not a suitable
technology for developing new varieties of
drought-resistant crops
“To think gene transfer replaces conventional breeding for drought is
unrealistic. We don’t yet understand the gene interactions well
enough.,”
Matthew Reynolds of CIMMYT, Mexico (Finkel, 2009)

“There is at present little evidence that characteristics enabling survival
under the drastic water stresses typically imposed on the tested
transgenic lines will provide any yield advantage under the milder stress
conditions usually experienced in commercially productive fields. In
contrast, exploitation of natural variation for drought-related traits has
resulted in slow but unequivocal progress in crop performance.” (Collins
et al., 2008)

There have been several attempts to create drought-tolerant GE crops,
in both the private and public sectors, although the private sector
dominates. Government scientists in Australia are reported to have
field-trialed experimental GE drought-resistant wheat.6 The largely
publicly-funded IRRI is researching GE approaches to achieve drought-
tolerant rice (detailed above), although IRRI-developed MAS drought-
resistant rice is already being released to farmers. The biotechnology
companies Monsanto and BASF are aggressively promoting their GE
drought-tolerant maize, which uses bacterial genes. They have applied
to US7 and Canadian8 regulatory authorities for commercialisation of
this GE maize (in the US, commercialisation is actually a decision to give
the crop non-regulated status) and also to other countries, including
Australia and New Zealand,9 for imports of the GE maize in food.

Genetic engineering can be used to insert genes into a plant, but
controlling the inserted genes presents more of a problem. Mostly, the
genes are active in all a plant’s cells, during all stages of a plant’s life.
Commercial GE crops predominantly only involve simple traits
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(herbicide tolerance and insect resistance traits) that only involve single
genes. The insertion of many genes (as would be required for
expression of a multi-gene trait) is possible through genetic engineering
but much more difficult is making all the genes operate together
(Bhatnagar-Mathur et al., 2008). Therefore, genetic engineering
approaches to traits such as drought tolerance tend to only involve a
single primary gene that is highly (or over-) expressed. This is exactly
the case with Monsanto’s GE drought-tolerant maize: a single primary
gene (for cold tolerance) is inserted and under the control of a switch
(35S promoter) that turns the gene on in every cell, all the time
(Castiglioni et al., 2008).

The GE drought-tolerant maize contains a gene from a bacterium that
produces a ’cold shock protein‘, which aids the bacterium to withstand
sudden cold stress (Castigioni et al., 2008). Coincidentally, Monsanto
discovered that the proteins produced by these genes also aid plants,
including maize, to tolerate stresses such as drought. However, the
fundamental science of how this particular protein helps the plant resist
drought stress is far from understood. It is thought that the protein
helps enable the folding of important molecules (RNA) in the cell
nucleus into the structure required by the cell. However, exactly which
molecule this particular protein helps fold is not known. Nor is it known
exactly how this protein helps the plant withstand drought. This new GE
maize does not seem to use water more efficiently, nor does it help
build a more resilient soil or crop. It merely makes the maize plant
tolerate drought stress using a bacterial mechanism, with unknown
consequences for plant ecophysiology under field conditions.

BOX 4:

For maize, there is a programme entitled ’Water-Efficient
Maize for Africa (WEMA)’, which involves several partners,
including BASF and Monsanto, to develop drought-tolerant
maize for Africa. This project utilises both MAS and genetic
engineering approaches. One website for the project10 says
that "The first conventional varieties developed by WEMA
could be available after six to seven years of research and
development. The transgenic drought-tolerant maize
hybrids will be available in about ten years." Hence, it
appears that conventional breeding using MAS will be
available first, providing incontrovertible evidence that
such objectives can be met without recourse to risky
genetic engineering.

6 http://www.reuters.com/article/pressRelease/idUS189618+17-Jun-2008+BW20080617
7 http://www.aphis.usda.gov/brs/not_reg.html
8 http://www.inspection.gc.ca/english/plaveg/bio/subs/2009/20090324e.shtml
9 http://www.foodstandards.gov.au/_srcfiles/A1029%20GM%20Corn%20AAR%20FINAL.pdf
10 http://www.foodstandards.gov.au/_srcfiles/A1029%20GM%20Corn%20AAR%20FINAL.pdf
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BOX 5:

The environmental and food safety of GE crops is
unknown, even for those GE varieties where it is
understood how the inserted genes act (at least in theory).
This lack of understanding is because the inserted genes
may disrupt the plant’s own genes, be unstable in their
new environment, or function differently than expected
(Schubert, 2003, Latham et al., 2006). These concerns are
heightened with Monsanto’s drought-resistant GE maize
because it is not known how the protein produced by the
inserted gene operates. There is a high probability of
unintended interferences with the plant’s own RNA
because the inserted gene relies on intervention at the
RNA level. The consequences may not be identified in any
short-term testing undertaken to satisfy regulatory
requirements in order to commercialise the crop, or may
only be apparent under stress. In addition, there may be
unexpected effects on wildlife if this GE crop alters plant
metabolism to become either toxic or have altered
nutritional properties. These heightened risks for stress-
tolerant GE crops pose new problems for regulators
(Nickson, 2008; Wilkinson & Tepfer, 2009).

Genetic engineering results in unexpected and
unpredictable effects. This is a result of the process of
inserting DNA into the plant genome, often at random. By
contrast, MAS utilises conventional breeding so that the
desired genes that are bred into the plant are under the
control of the genome. Thus, the potential for unexpected
and unpredictable effects are much less with MAS and the
environmental and food safety concerns are much less.

Conclusions
Biodiverse farming and building of healthy soils are proven, effective
strategies to adapt to the increase in droughts predicted under
climate change. With biodiversity and by nurturing farm soils we can
create resilient farms that are able to maintain and increase food
production in the face of increasingly unpredictable conditions.
Scientifically-proven practices that protect soils from wind and water
erosion (e.g., planting cover crops and incorporating crop residues),
and which build soil rich in organic matter (e.g., legume intercropping,
cover cropping, and adding manure and composts) are all ways to
help increase water infiltration, hold water in the soil, and make
nutrients more accessible to the plant.

In contrast, genetic engineering has inherent shortcomings pertaining
to plant-environment interactions and complex gene regulations that
make it unlikely to address climate change either reliably or in the long
term. This conclusion is also reflected in the recent IAASTD (2009)
report, which considered GE crops to be irrelevant to achieving the
Millennium Development Goals and to eradicating hunger. A one-
sided focus on GE plants contradicts all scientific findings on climate
change adaptation in agriculture, and is a long-term threat to global
food security.

Agriculture will not only be negatively affected by climate change, it is
a substantial contributor to greenhouse gas emissions. However, by
reducing agriculture’s greenhouse gas emissions and by using
farming techniques that increase soil carbon, farming itself can
contribute to mitigating climate change (Smith et al.,2007). In fact,
many biodiverse farming practices discussed above are both
mitigation and adaptation strategies, as they increase soil carbon and
use cropping systems that are more resilient to extreme weather.

To take advantage of the mitigation and adaptation potential of
ecological farming practices, governments and policy makers must
increase research and investment funding available for ecological
farming methods.
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