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9.1 CHALLENGES FOR HUMANKIND IN 

THE TWENTY-FIRST CENTURY 

The twenty-first century has presented complex and multiple challenges for human­

kind and the main challenge is to achieve food security for all with scarce water 

resources and increasing land degradation. The world is facing a severe water scar­

city that is already complicating national and global efforts to achieve food security 

in several parts of the world. Agriculture is the world's second largest consumer of 

water after forestry. The second important factor controlling world food produc­

tion is soil health, which is severely affected due to land degradation. The growing 

human population is reducing the per capita avaiiability of land as well as water dif­

ferently in different parts of the world. Growing water scarcity and land degradation 

are emerging as the major biophysical factors affecting food security in the world. 

9.1.1 HIGH AND INCREASING RISK WITH CLIMATE CHAf'lGE 

Rainfed agriculture in the semiarid tropics is a fragile and risk-prone ecosystem due to 

high spatial and temporal variability of rainfalL Rainfall is concentrated in a short rainy 

season (approximately 3 to 5 months), with few intensive rainfall events that are unreli­

able in temporal distribution that is manifested by high deviations from the mean rainfall 

(coeffiCients of variation of rainfall are as high as 40% in semiarid regions) [Wani et al. 

2004]. In fact, even if water is not always the key limiting factor for yield increase, rainfall 

is the only truly random production factor in the agricultural system. This is manifested 

through high rainfall variability causing recurrent flooding, droughts, and dry spells. 

Established but incomplete evidence suggests that the high risk for water-related 

yield loss makes farmers risk averse, which in turn determines farmers' percep­

tions on investments in other prodUction factors (such as labor and improved seed 



New Paradigm to Unlock the Potential of Rainfed Agriculture 421 

and fertilizers). Smallholder farmers are usually aware of the effects of shortage and/or 

variability of soil moisture on the variety, quantity, and quality of produce, leading to a 

very narrow range of options for commercialization. This, together with the fluctuations 

in yields, makes it hard for resource-poor men and women in semiarid areas to respond 

effectively to opportunities made possible by emerging markets, trade, and globalization. 

Therefore, temporal and spatial variability of climate, especially rainfall, is a major con­

straint to yield improvements, competitiveness, and commercialization of rainfed crops, 

tree crops, and livestock systems in most of the tropics. Management options should 

therefore start by focusing on reducing rainfall-induced risks. 

Evidence is emerging that climate change is making the variability more intense with 

increased frequency of extreme events such as drought, floods, and hurricanes [IPCC 

2007]. A recent study assessing rainfed cereal potential under different climate change 

scenarios, with varying total rainfall amounts, concluded that it is difficult to estimate the 

exact degree of regional impact. But most scenarios resulted in losses of rainfed produc­

tion potential in the most vulnerable developing countries. In these countries, the loss of 

production area was estimated at 10%-20%, with an approXimate potential of 1-3 billion 

people affected by 2080 [IIASA 2002]. In particular, sub-Saharan Africa is estimated to 

lose 12% of the cultivation potential. This loss is mostly projected in the Sudan-Sahelian 

zone, which is already subject to high climatic variability and adverse crop conditions. 

Because of the risk associated with climate variability, smallholder farmers are generally 

and rationally keen to start reducing risk of crop failure due to dry spells and drought 

before they consider investments in soil fertility, improved crop varieties, and other yield­

enhancing inputs [Hilhost and Muchena 2000]. 
Global warming and associated impacts of climate change will have adverse 

impacts on water availability and food production and, here again, the developing trop­

ical region countries are likely to be affected more by impacts of climate change [IPCC 

2007]. Poverty and food security are very closely related and are affected by the grow­

ing water scarcity and land degradation, which are also affected by growing population 

pressure on the limited land and water resources essential for food production. 

An adequate human diet requires about 4000 liters of water per day to produce, which 

is over 90% of the daily human water requirement. The incre'asing water scarcity result­

ing from population growth, rising incomes, and climate change limits the amount of 

water available for food production and threatens food security in many countries. To 

meet the food demand of the world's growing population and rising incomes with the 

current production options, we will need an additional 1600 km3 water per year just to 

achieve the UN Millennium Development Goal of halving hunger by 2015 [SEI 2005], 
. and another 4500 km3/yr with current water productivity levels in agriculture to feed the 

world in 2050 (Figure 9.1) [Falkenmark et al. 2009; Rockstrom et al. 2009]. 
This is more than twice the current consumptive water use in irrigation, which is 

already contributing to depleting several large rivers before they reach the ocean. It 

is becoming increasingly difficult on social, economic, and environmental grounds 

to supply more water to farmers. There is a correlation between poverty, hunger, 

and water stress [Falkenmark 1986]. The UN Millennium Development Project has 

identified the "hot spot" countries in the world suffering from the largest preva­

lence-ofmalnourishment. These countries coincide closely with the countries in the 

world hosted in semiarid and dry subhumid hydro climates in the world (Figure 9.2), 
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FIGURE 9.1 The prevalence of undernourished in developing countries (as percentage of 
population 200112002), together with the distribution of semiarid and dry subhumid hydro­
climates in the world, i.e., savannah and steppe agroecosystems. These regions are dominated 
by sedentary farming subject to the world's highest rainfall variability and occurrence of dry 
spells and droughts. (From SEI, Sustainable Pathways to Attain the Millennium Development 
Goals-Assessing the Role of Water, Energy and Sanitation. Document prepared for the UN 
World Summit, Sept. 14, 2005, New York, SEI, Stockholm, Sweden, http://sei-international 
.org/mediamanager/documents/Publications/Water-sanitation/sustainable_pathways_mdg 
.pdf, 2005. With permission.) 

Savanna/Steppe 
mJlR1ID Dry tropical/temperate 
!iIIII!Ii Wet tropical 
_ Dry tropical (temperate wiIlte 

Other 
�:Desert 
1J1BRVrOther 

FIGURE 9.2 The zone with savanna type hydroclimate - the zone with large hunger 
eradication challenges but also huge potential for additional food production. (From SEI, 
Sustainable Pathways to Attain the Millennium Development Goals-Assessing the Role of 
Water, Energy and Sanitation. Document prepared for the UN World Summit, Sept. 14,2005, 
New York, SEI, Stockholm, Sweden, http://sei-internationaLorg/mediamanager/documentsl 
Publications/Water-sanitation/sustainable_pathways_mdg.pdf, 2005. With permission.) 
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i.e., savannahs and steppe ecosystems, where rainfed agriculture is the dominating 
source of food, and where water constitutes a key limiting factor to crop growth [SEI 
2005]. Of the 850 million undernourished people in the world, essentially all live 
in poor developing countries, which are predominantly located in tropical regions 
[UNStat 2005]. Drought (water scarcity) and land degradation are interlinked in a 
cause-and-effect relationship, and the two combined are the main causes of poverty 
in farm households. This unholy nexus between drought (water scarcity), poverty, 
and land degradation has to be broken to meet the Millennium Development Goal of 
halving the number of food insecure poor by 2015 [Wani et al. 2006]. 

9.2 CURRENT STATUS OF RAINFED AGRICULTURE 

The importance of rainfed agriculture varies regionally, but it produces most food 
for poor communities in developing countries. In sub-Saharan Africa, more than 
95% of the farmed land is rainfed, while the corresponding figure for Latin America 
is almost 90% and is about 60% for South Asia, 65% for East Asia, and 75% for 
Near East and North Africa [FAOStat 2010] (Table 9.1). Most countries in the world 

TABLE 9.1 

Global and Continent-Wide Rainfed Area and Percentage of Total Arable 

Land 

Total Arable land ' Rainfed Area 
Continent Regions (million ha)· (million hal % of Rainfed Area 

World 1551.0 1250.0 80.6 

Africa 247.0 234.0 94.5 

Northern Africa 28.0 21.5 77.1 

Sub-Saharan Africa 218.0 211.0 96.7 

Americas 391.0 342.0 87.5 

Northern America 253.5 218.0 86 

Central America and Caribbean 15.0 13.5 87.7 

Southern America 126.0 114.0 90.8 

Asia 574.0 362.0 63.1 

Middle East 64.0 41.0 6304 

Central Asia 40.0 25.5 63.5 

Southern and Eastern Asia 502.0 328.0 65.4 

Europe 295.0 272.0 92.3 

Western and Central Europe 125.0 107.5 85.8 

Eastern Europe 169.0 164.0 97.1 

Oceania 46.5 42.5 91.4 

Australia and New Zealand 46.0 42.0 91.3 

Other Pacific Islands 0.57 0.56 99.3 

Source:' FAO, AQUASTAT: FAO's Infonnation System on Water and Agriculture, hnp:llwww.fao.org/nr/ 

aquastat, 2010; FAO, FAOStat, http://faostatJao.org/site/567IDesktopDefau1y.aspx?pageID= 

567#ancor,�201O. 
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depend primarily on rainfed agriculture for their grain food. Despite large strides 
made in improving productivity and environmental conditions in many developing 
countries, a great number of poor families in Africa and Asia-where rainfed agri­
culture is the main agricultural activity-still face poverty, hunger, food insecurity, 
and malnutrition. These problems are exacerbated by adverse biophysical growing 
conditions and the poor socioeconomic infrastructure in many areas in the arid and 
semiarid tropics (SAT) and the subhumid regions. 

Even with growing urbanization, globalization, and better governance in Africa 
and Asia, hunger, poverty, and vulnerability of livelihoods to natural and other disas­
ters will continue to be greatest in the rural tropical areas. These challenges are 
complicated by climatic variability, the risk of climate change, population growth, 
health pandemics (AIDS, malaria), a degrading natural resource base, poor infra­
structure, and changing patterns of demand and production [Ryan and Spencer 2001; 
Walker 2010]. The majority of poor in developing countries live in rural areas; their 
livelihoods depend on agriculture and overexploitation of the natural resource base, 
pushing them downward into a spiral of poverty. The importance of rainfed sources 
of food weighs disproportionately on women, given that approximately 70% of the 
world's poor are women [WHO 2000]. Agriculture plays a key role in economic 
development [World Bank 2005] and poverty reduction [Irz and Roe 2000], with 
evidence indicating that every 1% increase in agricultural yields translates to a 0.6% 
to 1.2% decrease in the percentage of absolute poor [Thirtle et a1. 2002]. On an 
average for sub-Saharan Africa, agriculture accounts for 35% of the gross domestic 
product (GDP) and employs 70% of the population [World Bank 2000], while more 
than 95% of the agricultural area is rainfed [FAOStat 2010]. Agriculture will con­
tinue to be the backbone of economies in Africa and South Asia for the foreseeable 
future. As most of the poor are farmers and landless laborers [Sanchez et a1. 2005], 
strategies for reducing poverty, hunger, and malnutrition should be driven primarily 
by the needs of the rural poor, and should aim to build and diversify their livelihood 
sources. Substantial gains in land, water, and labor productivity, as well as better 
management of natural resources, are essential to reverse the downward spiral of 
poverty and environmental degradation, apart from the problems of equity, poverty, 
and sustainability and, hence, the need for greater investment in SAT areas [World 
Bank 2005; Rockstrom et a1. 2007; Wani et al. 2008a, 2009]. 

9.2.1 CROP YIELDS IN RAINFED AREAS 

Over the past 40 years, agricultural land use has expanded by 20%-25%, which 
has contributed approximately 30% to the overall grain production growth during 
the period [FAO 2002]. The remaining yield outputs originated from intensifica­
tion through yield increases per unit land area. However, the regional variation is 
large, as is the difference between irrigated and rainfed agriculture. In developing 
countries, rainfed grain yields are on an average 1.5 tiha, compared to 3.1 tlha for 
irrigated yields [Rosegrant et a1. 2002], and the increase in production from rainfed 
agriculture has mainly originated from land expansion. 

Trends are clearly different for different regions. With 99% rainfed production of 
main cereals such as maize, millet, and sorghum, the cultivated cereal area in sub-
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Saharan Africa has doubled since 1960, while the yield per unit land has nearly been 
stagnant for these staple crops [FAOStat 201OJ. In South Asia, there has been a major 
shift away from more drought-tolerant, low-yielding crops such as sorghum and mil­
let, while wheat and maize has approximately doubled in area since 1961 [FAOStat 
2010]. During the same period, the yield per unit land for maize and wheat has more 
than doubled (Figure 9.3). For predominantly rainfed systems, maize crops per unit 
land have nearly tripled and wheat more than doubled during the same time period. 
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FIGURE 9.3 Grain yield of predominantly rainfed maize and wheat for different regions 
during 1961--2010. (From FAO, FAOStat, http://faostatJao.org/site/567IDesktopDefauly 
.aspx?pageID=567#ancor, 2010. With permission.) 
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Rainfed maize yield differs substantially between regions (Figure 9.3a). In Latin 
America (including the Caribbean) it exceeds 3 t/ha, while in South Asia it is around 
2 t/ha, and in sub-Saharan Africa it only just exceeds 1 tlha. This can be compared 
with maize yields in the United States or Southern Europe, which normally amount 
to approximately 7-10 t/ha (most maize in these regions is irrigated). The average 
regional yield per unit land for wheat in Latin America (including the Caribbean) and 
South Asia is similar to the average yield output of 2.5-2.7 t/ha in North America 
(Figure 9.3b). In comparison, wheat yield in Western Europe is approximately twice 
as large (5 t/ha), while in sub-Saharan Africa it remains below 2 t/ha. In view of the 
historic regional difference in development of yields, a significant potential appears 
to exist for raised yields in rainfed' agriculture, particularly in sub-Saharan Africa 
and South Asia. 

9.2.2 RAINFED AGRICULTURE-A LARGE UNTAPPED POTENTIAL 

In several regions of the world, rainfed agriculture generates yields among the world's 
highest. These are predominantly temperate regions, with relatively reliable rainfall 
and inherently productive soils. Even in tropical regions, particularly in the subhu­
mid and humid zones, agricultural yields in commercial rainfed agriculture exceed 
5-6 tlha [Rockstrom and Falkenmark 2000; Wani et aL 2003a, 2003b] (Figure 9.4). 
At the same time, the dry subhumid and semiarid regions have experienced the low­
est yields and the weakest yield improvements per unit land. Here, yields oscillate 
between 0.5 to 2 tlha, with an average of 1 t/ha in sub-Saharan Africa and 1-1.5 t/ha 
in South Asia, Central Asia, and West Asia and North Africa (CWANA) for rainfed 
agriculture [Rockstrom and Falkenmark 2000; Wani et al. 2003a, 2003b]. 
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FIGURE 9.4 Three-year moving average of crop yields in improved and traditional man� 
agement systems during 1976-2009 at ICRISAT, India. 
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FIGURE 9.5 Rainfed potential yields and yield gaps of crops in India. (From Singh, 
P., et aI., Yield Gap Analysis: Modeling of Achievable Yields at Farm Level in Rain-Fed 

Agriculture: Unlocking the Potential, CAB International, Wallingford, UK, 81-123, 2009. 
With permission.) 

Yield gap analyses carried out for comprehensive assessment (CA) for major rain­
fed crops in semiarid regions in Asia and Africa and rainfed wheat in West Africa 
and North Africa (WANA), revealed large yield gaps, with farmers' yields being 
a factor 2 to 4 times lower than achievable yields for major ra)nfed crops (Figures 
9.5 and 9.6). Detailed yield gap analysis for major rainfed �tops in different parts 
of the world are discussed [Singh et aL 2009; Fisher et aL 2009]. In countries in 
Eastern and Southern Africa, the yield gap is very large (Figure 9.6). Similarly, in 
many countries in West Asia, farmers' yields are less. than 30% of achievable yields, 
while in some Asian countries, the figure is closer to 50%. Historic trends present a 
growing yield gap between farmers' practices and farming systems that benefit from 
management advances [Wani et aL 2003b, 2009a]. 

9.2.3 CONSTRAINTS IN RAINFED AGRICULTURE AREAS 

An insight into the inventories of natural resources in rainfed regions shows a grim 
picture of water scarcity, fragile ecosystems, drought, and land degradation due to 
soil erosion by wind and water, low rainwater use efficiency (35%-45%), high popu­
lation pressure, poverty, low investments in water use efficiency (WUE) measures, 
poor infrastructure, and inappropriate policies [Wani et aL 2003b, 2003c, 2009; 
Rockstrom et aL 2007]. These rainfed areas are also prone to severe land degradation. 
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FIGURE 9.6 Examples of observed yield gap (for major grains) between farmers' yields 
and achievable yields (100% denotes achievable yield level and columns contain the actual 
observed yield levels). (From Rockstrom, J., et a!., In Water for Food, Water for Life: A 

Comprehensive Assessment of Water Management in Agriculture, Earthscan and IW:MI, 
London and Colombo, Sri Lanka, 315-348, 2007. With permission.) 

Reduction in the producing capacity of land due to wind and water erosion of soil, 
loss of soil humus, depletion of soil nutrients, secondary salinization, diminution 
and deterioration of vegetation cover, as well as loss of biodiversity, is referred to as 
land degradation. The root cause of land degradation is inappropriate land use and 
management practices. Land degradation represents a diminished ability of ecosys­
tems or landscapes to support the functions or services required for sustaining liveli­
hoods. A global assessment of the extent and form of land degradation showed that 
57% of the total area of drylands occurring in two major Asian countries, namely 
China (178.9 million ha) and India ( 108.6 million ha), are degraded [UNEP 1997]. 

9.3 S TRATEGIES FOR HARNESSING THE POTENTIAL 
OF RAINFED AGRICULTURE 

9.3.1 UNDERSTAND THE ISSUE OF WATER SCARCITY 

Water scarcity is a relative concept. Using the conventional approach and assessing 
the amount of renewable surface and groundwater per capita (i.e., so-called blue 
water), suggests that water stress is increasing in a number of countries and that 
regions are moving into increasing water-stressed conditions. Although the global 
amount of fresh water has not changed, the amount available per person is much 
less than it was in 1950, with a significant difference between countries and regions. 
Water is not equally scarce in all parts of the world. As Figure 9.7a illustrates, 
Southeast Asia and the Middle East North Africa (MENA) regions are the worst 
affected in terms of blue water scarcity. However, this picture may be misleading 
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FIGURE 9.7 (a) Renewable liquid freshwater (blue water - hatched in dark) stress per capita 
using LPJ dynamic modeling year 2000. (From Rockstrom, 1., et aI., Water Resources Research, 

45, WOOA12, 2009.) (b) Renewable rainfall (green and blue water -p'atched in semi dark and 
dark) stress per capita using LPJ dynamic modeling year 2000. (From Rockstrom, J., et aI., 
Water Resources Research, 45, WOOAl2, 2009.) 

because the average amount of water per capita in each pixel could obscure large 
differences in actual access to a reliable water source. In addition, these water quan­
tities only include blue water. The full resource of rainfall, and notably green water, 
i.e., soil moisture used in rainfed cropping and natural vegetation, is not included. In 
a recent assessment that included both green and blue water resources, the level of 
water scarcity changed significantly for many countries (Figure 9.7b). 

Among the regions that are conventionally (blue) water scarce, but still have suf­
ficient green and blue water to meet the water demand for food production, are large 
parts of sub-Saharan Africa, India, and China. If green water (on current agricul­
tural land) for food production is included, per capita water availability in countries 

. such as Uganda; Ethiopia, Eritrea, Morocco, and Algeria more than doubles or tri­
ples. Moreover, low ratios of transpiration to evapotranspiration (T/ET) in countries 
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such as Bangladesh, Pakistan, India, and China indicate high potential for increasing 
water productivity through vapor shift [Rockstrom et al. 2009]. 

Absoluty water stress is found most notably in arid and semiarid regions with 
high population densities such as parts of India, China, and the MENA region. The 
MENA region is increasingly unable to produce the food required locally due to 
increasing water stress from a combination of population increase, economic devel­
opment, and climate change, and will have to rely more and more on food (and vir­
tual water) imports. 

For the greater part of the world, the global assessment of green and blue water 
suggests that water stress is primarily a blue water issue and large opportunities are 
still possible in the management of rainfed areas, i.e., the green water resources in 
the landscape [Rockstrom et al. 2009]. The current global population that has blue 
water stress is estimated to be 3.l7/billion, expected to reach 6.5 billion in 2050. If 
both green and blue water are considered, the number currently experiencing abso­
lute water stress is a fraction of this (0.27 billion), and will-only marginally exceed 
to day's blue water stressed in 2050. 

Given the increasing pressures on water resources and the increasing demands 
for food and fiber, the world must succeed in producing more food with less water. 
Hence, it is essential to increase water productivity in both humid and arid regions. 
Some describe the goal as increasing the "crop per drop" or the "dollars per drop" 
produced in agriculture. Regardless of the metric, it is essential to increase the' pro­
ductivity of water and other inputs in agriculture. Success will generate greater 
agricultural output, while also enabling greater use of water in other sectors and in 
efforts to enhance the environment. 

Water productivity can vary with household income, as farmers' yields vary as a 
result of loeal input and management styles. In a household level study of 300 farm­
ers in eight sub-Saharan countries, the more wealthy farmers had generally higher 
yield levels [Holmen 2004], and subsequently better water productivity (Figure 9.8). 
The differences were significant between the wealthier classes and poorest classes. 
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FI G U RE 9.8 Water productivity for maize yields and income levels for smallholder farming 
systems in sub-Sahara Africa. (Based on Holmen, H., Currents, 34, 12-16,2004.) 
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More than 1000 m3 additional water was required per ton of maize grain produced 
by the poorest farmers compared to the wealthiest farmers. Data suggest that yield 
improvements for the purpose of poverty alleviation can also significantly improve 
water productivity, especially in current low-yielding rainfed (green water) agricul­
ture in sub-Saharan Africa and parts of South Asia. Improved water use efficiency 
and productivity can improve food security. A sectoral approach to managing water 
is a cause of low water use efficiency. 

9.3.2 WATER ALONE CANNOT ACHIEVE FOOD SECURITY 

9.3.2.1 Soil Health: An Important Driver for 

Enhancing Water Use Efficiency 

Soil health is severely affected due to land degradation and is in need of urgent atten­
tion. Often, soil fertility is the limiting factor to increased yields in rainfed agriculture 
[Stoorvogel and Smaling 1990; Rego et al. 2005]. Soil degradation through nutrient 
depletion and loss of organic matter causes serious yield decline, closely related to 
water determinants as it affects water availability for crops due to poor rainfall infiltra­
tion and plant water uptake due to weak roots. Nutrient mining is a serious problem in 
smallholder rainfed agriculture. In sub-Saharan Africa, soil nutrient mining is particu­
larly severe. It is estimated that approximately 85% of African farmland in 2002-2004 
experienced a loss of more than 30 kg/ha of nutrients per year [IFDC 2006]. 

The International Crops Research Institute for the Semi-Arid Tropics' (ICRISAT) 
on-farm diagnostic work in different community watersheds in different states of India 
as well as in Southern China; North Vietnam, and Northeast Thailand showed severe 
mining of soils for essential plant nutrients. Exhaustive analysis in selected states in 
India showed that 80%-100% of farmers' fields are deficient not only in total nitrogen 
but also micronutrients like zinc, boron, and secondary nutrients such as sulfur beyond 
the critical limits (Table 9.2a and b) [Rego et al. 2007; Sahrawat et al. 2007]. 

A substantial increase in crop yields was experienced after micronutrient amend­
ments, and a further increase of 70% to 120% occurred when both micronutrients 
and adequate nitrogen and phosphorus were applied to a number of rainfed crops 
(maize, sorghum, mung bean, pigeonpea, chickpea, castor, and groundnut) in farm­
ers' fields [Rego et al. 2005; Sahrawat et al. 2007; Srinivasarao et al. 2010]. Evidence 
from on-farm participatory trials in different rainfed areas in India clearly indicated 
that investments in soil fertility improvement directly improved water management, 
resulting in increased rainwater productivity. Rainwater productivity (i.e., for grain 
yield per rom of rainfall) was significantly increased in the example above as a result 
of micronutrient amendment. The rainwater productivity for grain production was 
increased by 70%-100% for maize, groundnut, mungbean, castor, and sorghum by 
adding boron, zinc, and sulfur [Rego et al. 2005]. In terms of net economic returns, 
rainwater productivity was substantially higher by 1.50 to 1.75 times. Similarly, rain­
water productivity was increased significantly when integrated land, nutrient, and 
water management options were adopted as well as use of improved cultivars in 
semiarid regions of India [Wani et al. 2003; Sreedevi and Wani 2009]. Gains in rain­
water-use efiiciency with improved land, nutrient, and water management options 
were far higher in low rainfall years (Figure 9.9). 














































































