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ABSTRACT 
Water constraints for humans and nature are gaining more and more public 
attention as a critical environmental dilemma that needs to be addressed. When 
aquifers and rivers are running dry, the debate refers to an ongoing “world water 
crisis.” This thesis focuses on the water and agricultural production complexity 
in a global, regional and local perspective during different phases of 
development. It addresses the river basin closing process in light of consumptive 
water use changes, land use alterations, past and future food production in water-
scarce developing countries in general, and a south Indian case study basin in 
particular, the Bhavani basin in Tamil Nadu. 

The study focuses on early phases of global agricultural development and 
addresses consumptive water use and river depletion in response to land use 
change and irrigation expansion. It shows that focus must be shifted from a water 
use to a consumptive water use notion and that consideration must be given to 
both green and blue water resources. 

The Bhavani basin development trajectory reveals a dynamic interplay between 
land and water resources and different socio-political groups during the “green 
revolution” period. The present system has emerged as a step-by-step adaptation 
in response to hydro-climatic variability, human demands and infrastructural 
development. The study reveals three kinds of basin closure: allocation closure, 
hydrological closure, and perception-wise closure. Many concerted actions on 
multiple scales have contributed to an increasing water use complexity even after 
closure. The study shows the extent to which natural variability hides creeping 
changes and that the “average year” is a deceptive basis for water allocation 
planning. 

Future consumptive water requirements to feed growing populations in the 
developing world is analysed with a back-casting country-based approach. The 
study shows a doubling of water requirements by 2050 and how the challenge 
can be halved by increased water productivity. Since accessibility of blue water 
for irrigation will be clearly insufficient, additional green water has to be 
acquired by horizontal agricultural expansion into other terrestrial ecosystems. 
The task will be substantial and increase the importance of global food trade. 
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FAOSTAT DEFINITIONS 
Food - Data refer to the total amount of the commodity available as human food 

during the reference period. Data include the commodity in question, as well 
as any commodity derived therefrom as a result of further processing.  

Food Balance Sheets - Compiled every year by FAO, mainly with country-level 
data on the production and trade of food commodities. A supply/utilization 
account is prepared for each commodity in weight terms. The food 
component of the commodity account refers to the total amount of the 
commodity available for human consumption during the year. The FAO FBS 
also provides total food availability estimates by aggregating the food 
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population estimates, the per person dietary energy, protein and fat supplies 
are derived and expressed on a daily basis.  

Food consumption per person by food item - Food consumption per person is 
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derived from the total supplies available for human consumption (i.e. Food) 
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Undernourishment - Undernourishment refers to the condition of people whose 
dietary energy consumption is continuously below a minimum dietary energy 
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activity. The number of undernourished people refers to those in this 
condition. 
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is, as far as possible, used in this thesis. To make it easy for readers not used to 
SI units, conversions to the British units still used in Tamil Nadu parallel to SI 
units and other common units, are presented below.  

 

1012 = terra- = T = trillion  
109 = giga- = G = billion in the US and international praxis 
106 = mega- = M = million 
103 = kilo = k     
 
1 metric ton = 1,000 kg (kilogrammes) 
1 imperial ton (long ton) = 1,016.047 kg = 2,240 lb (pounds) 
 
1 m (metre) = 3.28 feet 
1 km = 0.6214 mile 
 
1 foot = 1/3 yard = 0.3048 m  
1 furlong = 220 yards = 1/8 mile = 201.2 m 
1 mile = 1,760 yards = 5,280 feet = 1,609.3 m = 1.61 km 
 
1 ha (hectare) = 2.471 acres 
1 km3 = 100 ha = 0.386 square miles 
 
1 m3 = 35.315 ft3 
1 Mm3 = 35.3 Mft3 = 0.0353 TMC (thousand million cubic feet) 
1 Gm3= 1 km3  
 
1 m3/s = 0.0864 Mm3/day = 2.63 Mm3/month = 31.536 Mm3/year = 86.4 mld (million 
litres per day) 
1 m3/s = 35.3 ft3/sec (cusecs) = 3.051 Mft3/day = 1.114 TMC/year 
1 m3/day = 0.001 mld  
1 Mm3/month = 0.093 ft3/sec = 0.228 mld 
1 Mm3/year = 1.12 ft3/sec = 2.74 mld   
 
US$1.00 = Rs 45.4 (Indian rupees) (Sept. 2008) 
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NAVIGARE NECESSE EST A Prologue with a Quote to Set the Context  
To introduce and guide the reader to the complexity and seriousness of the water 
for food problems addressed in this thesis this preamble presents one familiar 
river basin example. It illustrates the drivers leading to the present syndrome, the 
magnitude of the dilemma, the time perspective in which the present water-
scarce situation has evolved, and the challenges ahead. The prologue thus 
provides food for thought to the reader to approach today´s agriculture-water 
concerns.  

The Uprising 
“International Herald Tribune,” Monday, March 24, 2008.  

CAIRO, Egypt: Egypt's government is struggling to contain a political crisis 
sparked by rising world food prices. Violent clashes have broken out at long 
lines for subsidized bread, and the President, worried about unrest, has ordered 
the army to step in to provide more. 

The crisis in the world's most populous Arab country and a top U.S. ally in the 
Mideast is a stark sign of how rising food prices are railing poorer countries 
worldwide. The World Food Program on Monday urged countries to help it 
bridge a funding gap in food assistance caused by higher prices. 

The issue in Egypt centers on subsidized versions of the flat, round bread that is 
a staple of people's diets. Acute shortages of subsidized bread, which is sold at 
less than one U.S. cent a loaf, have caused long lines at distributors, prompting 
violence at some sites in poor neighborhoods in recent weeks. 

Demand for the subsidized bread has grown steadily in Egypt in recent months, 
fuelled by rising commodity prices — especially for flour — that have made 
unsubsidized bread less affordable for the more than 20 percent of Egypt's 76 
million people who live below the poverty line, according to the World Bank 
(IHT 2008).”  

The Market  
The subsidized wheat bread is the staple food for many of the poor. In February 
2008, the number of beneficiaries was 55 million, more than 70% of the 
population (Economist 2008a). Only half of the wheat and maize consumed in 
Egypt is cultivated within the country. As a result, Egypt is a major player in the 
world market for cereals and stand at 7% and 5%, respectively, of global imports 
of wheat and maize. Altogether, 40% of the domestic cereal food supply in Egypt 
is based on imports (FAO 2008b). The non-subsidized food-price increases in 
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Egypt reflect the trends in the global market. The skyrocketing world cereal 
market during 2007 and 2008, often described as “agflation,” has especially 
affected a country like Egypt.  

The River  
Egypt lies within the dry tropical region characterized by hot dry summers and 
moderate winters with little rainfall. As a result, since historic times food 
production in Egypt has been based on irrigation, with water from the Nile river. 
In 1971, the construction of the Aswan High Dam was completed. When 
President Gamal Abdel Nasser inspected the construction of the reservoir he 
stated with enthusiasm: “In antiquity, we built pyramids for the dead, now we 
build pyramids for the living (Postel 1999: 54).” The reservoir called Lake 
Nasser in Egypt and Lake Nubia in Sudan, even out differences between wet and 
dry years and can store 2 years of Nile flow and make it possible to shift from 
seasonal to perennial cultivation in Egypt (Postel 1999). Today, the total irrigated 
area in the country is estimated to be about 3.5 million hectares (Mha) (SIS 
2008).  

The Depletion  
The water use downstream of the Aswan High Dam amounts to 69 km3 (Gm3) 
and includes withdrawals from the Nile, shallow groundwater, local rainfall, and 
recycled agricultural drainage water. Of the water use, agriculture stands at 85%, 
while industry and municipal uses stand at 9.5% and 5.5%, respectively (SIS 
2008). On a system level, the water consumption efficiency, with evaporation 
and transpiration, is quite high, and today only about 1.8 km3 are annually 
discharged through the Nile to the Mediterranean Sea. Since there is a need to 
maintain certain water levels for navigation there is no room for increased water 
depletion in Egypt (Seckler 1996; Molden 1997). Before the construction of the 
Aswan High Dam, as much as 32 km3 of water reached the Mediterranean Sea 
every year (Postel 1999).  

During the 20th century, an efficient agricultural water use, in a step-wise 
process, has thus resulted in the depletion of the Nile river. The environmental 
impacts are considerable. In the Nile delta, a combination of total loss of 
sediment transport together with almost a complete reduction of river flow has 
led to a progression of coastal erosion, salt water intrusion and nutrient 
deprivation (Walker and Grabau 1999). The retreating delta could, within 60 
years, cause Egypt to lose 15-19% of its habitable land and would force the 
country to displace an equal number of people at the same time (Postel 1995). 
The delta village Borg-el-Borellos, which already ”resides” 2 km out to sea 
(Postel 1999) is a writing on the wall.  

The Population  
The need to meet demands from the growing Egyptian population was the 
impetus for the British engineers to develop the Nile irrigation system at the end 
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of the 19th century (Postel 1999). The population of Egypt increased from 3 
million in the early 1800s to 10 million by 1900. In 1950, it had reached 20 
million and was close to 70 million by 2000. Estimates for 2050 point to a 
population of more than 120 million (Figure 1). The food demand has thus 
already multiplied, and will significantly increase further in the future.  

The Resource 
There is a potential to increase the “more crop per drop” efficiency in food 
production in Egypt but it will not be possible to increase the water use. Another 
problem is the present water allocation rights in the Nile basin that build upon 
colonial agreements based on Egyptian hegemony in the basin. According to a 
revised bilateral agreement, from 1959, the average annual inflow of 74 km3 
reaching the Aswan High Dam is to be divided so that Egypt gets 55.5 km3 and 
Sudan 18.5 km3. Also in all the other eight upstream Nile basin states the 
population is expected to increase in the coming decades. From a perspective of 
both food and development it is likely that all these states will demand an 
increase in their share of the Nile water use. One example is Ethiopia where 
more than 80% of the Nile river flow originates and where only a fraction of the 
potential 3.7 Mha is irrigated (Postel 1999). The challenges are enormous and the 
competition will be fierce. 

The Perspective 
The Nile basin in Egypt has been cultivated for more than 5,000 years. The 
traditional irrigation system was based on the seasonal flood rhythm with an 
annual flooding with fertile sediments from upstream areas. In about 1500 BC 
the “shaduf,” a simple hand-operated water-lifting lever device, was introduced 
from Mesopotamia, and around 300 BC the farmers started to use the water 
wheel. Thanks to these development steps the original irrigated area of about 
800,000 ha was expanded to some 1 Mha and Egypt became an important bread 
basket in the Roman Empire (Postel 1999).   

 

Figure 1. Population in Egypt, 1800 to 2050 (data sources: Postel 1999; SIS 2008; UN 
2008, medium projection).  
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The quote by Pompey cited in the chapter title above, “Navigare necesse est,” 
comes from this time. The citation is often enthusiastically used among sailing 
aficionados referring to the direct translation “to sail is necessary.” Others 
interpret the words as an inspiration to find the way, to navigate in life. The truth 
is quite different. 

In 57 BC, Pompey, one of the triumvirate with Caesar and Crassus ruling the 
Roman Empire, was made master of all the land and sea in Roman possession, 
including the distribution of crops. To mitigate the threat of an upcoming food 
shortage, Pompey, as the commander of navigation and agriculture, sent out his 
agents and friends in various directions to collect grain. When Pompey, also 
himself participating in the operation, was about to set sail from the coast of 
northern  Africa, “there was a violent storm at sea, and the ship captains hesitated 
to put out; but he led the way on board and ordered them to weigh anchor, crying 
with a loud voice: Navigare necesse est, vivere non est necesse! [To sail is 
necessary, to live is not!]. By this exercise of zeal and courage attended by good 
fortune, he filled the sea with ships and the markets with grain, so that the excess 
of what he had provided sufficed also for foreign peoples, and there was an 
abundant overflow, as from a spring, for all” (Plutarch and Perrin 1917: 247). 

The Lesson 
The real quote thus also includes the essence of the often forgotten last part: 
“vivere non est necesse!” This part tells us that the Roman sailor had to be 
prepared to risk his life to bring cereals to the heart of the Roman Empire. The 
quote and the quest by Pompey also tell us that, historically, it was possible to 
import food from Egypt and northern Africa. The Nile river is only one example 
of depleted water sources in the region and today already 50% of the total 
domestic cereal food consumption in northern Africa is based on imports1. 
Within 10 years (1994-2005), Egypt, on average, imported 3,600,000 tons of 
maize and 5,300,000 tons of wheat, at the same time as Italy exported 100,000 
tons of maize and 190,000 tons of wheat (FAOSTAT 2008). With an estimated 
evapotranspiration of 1.12 m3 ton-1 of maize produced in Egypt (Renault 2003), 
only the maize import equals water savings of at least 4 km3 year-1.      

In 1908, during his days in British Egypt, Winston Churchill prophesised: “One 
day, every last drop of water which drains into the whole valley of the Nile... 
shall be equally and amicably divided among the river people, and the Nile 
itself... shall perish gloriously and never reach the sea (Postel 1995).” The dream 
of Churchill has almost come true, and the same “success” can be seen around 
the globe constituting a complex human-environmental problem that needs to be 
addressed.  

The present and future food situation in water-scarce Egypt also shows us that it 
is, and will be more so, necessary with food trade from countries with water to 
meet the food needs of a growing population in countries without enough water – 
Navigare necesse est ......... ! 
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The Thesis 
The Nile river case tells us an important story from which we can visualize the 
food-water complexity over time, with: climatic constraints with high 
evaporative demand; a rapid population increase; large consumptive water use 
for food production by irrigation; water storage to cope with variability; 
environmental and societal development over time; and a river depletion 
outcome. This intricate complexity is the focus of the PhD thesis presented in the 
following chapters, viewed in different spatial and temporal perspectives and 
with a detailed case study in southern India. 
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Chapter 1 

RISING CONCERNS IN A THEORETICAL  AND REALITY CONTEXT 
Water Scarcity: A Growing Global Interest  
Globally, water constraints for humans and nature are gaining increasing public 
attention as a critical environmental dilemma that needs to be addressed. Water 
scarcity is already a reality in many areas today, and will lead to an even more 
critical distress in the future (Molden et al. 2007; Falkenmark et al. 2007; 
Rijsberman 2006). Water scarcity was, for example, one of the main topics 
together with climatic change discussed at the World Economic Forum in Davos 
in January 2008 (WEF 2008). The BBC has launched a specific “world water 
crisis” webpage to describe how the world's supply of freshwater is running out 
(BBC 2008). The popular Wired Magazine compares, like many others, water 
with oil and talks about “peak water” and how aquifers and rivers are running dry 
(WM 2008). Some talk about water wars as an upcoming outcome of conflicts 
over dwindling water resources. On 6 February 2008, the UN Secretary-General 
Ban Ki-moon warned the General Assembly that many of today’s conflicts 
around the world are being fuelled or exacerbated by water shortages (UN NC 
2008). The US National Security Council reports that lack of access to stable 
supplies of water is reaching critical proportions, particularly for agricultural 
purposes, and will aggravate the problem because of rapid worldwide 
urbanization and population increase in the coming decades (NIC 2008). 

A number of programmes, conferences and meetings, organizations, and 
activities have been set up to focus on, and resolve, the global water crisis as, e.g. 
the Global Water Partnership, UN-Water, the World Water Council, the World 
Water Week in Stockholm, the CGIAR Challenge Program on Water and Food, 
and the Comprehensive Assessment of Water Management in Agriculture 
(Molden et al. 2007).  

Water scarcity has several definitions and can be defined at different scales and 
from a variety of perspectives (Rijsberman 2006). The concepts of physical and 
economic water scarcity have been defined by Seckler et al. (1998) (Figure 2). 
Physical water scarcity occurs when water resources development is 
approaching, or has exceeded, sustainable limits, and more than 75% of river 
flows are withdrawn for human uses. Areas are approaching physical water 
scarcity when more than 60% of river flows are withdrawn and these areas are 
likely to face physical water scarcity in the near future. A region experiences 
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Figure 2. Areas of physical and economic water scarcity, 2005 (Molden et al. 2007).  

economic water scarcity when water is available in nature, but human, 
institutional and financial capital limits access to water. In a situation of 
economic water scarcity less than 25% of available water in rivers is withdrawn 
for human purposes, including irrigation and, at the same time, malnutrition 
exists in the area. Out of today´s global population of 6.7 billion (UN 2007) 
around 2.8 billion live in areas where they face water scarcity. More than 1.2 
billion experience a situation of physical water scarcity and 1.6 billion live in 
areas of economic water scarcity (Molden et al. 2007). 

In a recent conceptualization of water scarcity, Falkenmark et al. (2007) 
emphasized the difference between demand- and population-driven water 
scarcities. Accordingly, there is a fundamental difference between a water-
scarcity situation that is caused by “too much use” and a condition that has arisen 
because of “too many people” relative to renewable water quantities in an area. 
As the population increases less and less water is available per person or, said 
otherwise, there will be more and more persons per available renewable water 
unit. When there are more than 1,000 persons per 1 million cubic metres of water 
per year an area, because of “water crowding,” can be said to be in state of 
“chronic water shortage” (<1,000 m3 pers-1 year-1). When use is too high an area 
experiences “water stress” (the same as physical water scarcity). When both a 
high water use and water crowding affect an area, the water-scarcity situation is 
often difficult to handle and such areas are said to be in a state of “severe water 
shortage.” Estimates show that populations of about 1,100 million live in areas 
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facing severe water shortage with withdrawals above 70% and with more than 
1,000 persons per 1 million cubic metres of renewable freshwater per year. 

Human Water Use Dimensions 
Water scarcity must be put in proportion to different human water-use categories. 
Although there is a difference between use and consumptive water use (see 
further below) a presentation of different direct and indirect human water-use 
categories puts focus on the major human water challenges that have to be 
addressed. To satisfy biological needs, a person must drink 2-4 litres of water per 
day (Renault 2003), which amount is equivalent to around 1 m3 pers-1 year-1. 
Domestic water use, e.g. cooking, cleaning, personal hygiene and other 
household uses, amounts in different countries to 50-350 litres pers-1 day-1, or 
let’s say a reasonable minimum of 50 m3 pers-1 year-1. Depending on different 
diet preferences and a range of environmental conditions during agricultural 
production (see further below) the daily average food consumption in many 
countries has a consumptive water use of about 2,500-5,000 litres pers-1 year-1 
(Renault 2003) or around or above 1,000 m3 pers-1 day-1 (the water shortage limit 
mentioned above). According to this simplified comparison, the ratio of human 
water use is one unit for drinking water, 50 times more water for other domestic 
uses and about 1,000 times more water to meet human food requirements. Water 
scarcity is thus first and foremost related to agriculture and the food produced by 
this sector.  

Agricultural Production and Agricultural Water Use  
Up till the beginning of the 20th century food production was based essentially on 
a continued expansion of cultivated lands. During the 19th century, this fact 
nurtured a growing pessimism about the possibility of feeding a constantly 
growing population, a concern put into words by Malthus (1766-1834). Around 
1900, a science-based agriculture emerged with, e.g., the possibility of producing 
nitrogen fertilizers after the development of the Haber-Bosch process in 1909, 
genetic crop improvements based on the early ideas by Darwin (1859) and 
Mendel (1866), and the development of pesticides and improvements in farm 
machinery. By the 1930s, a basic scientific knowledge for a high-yielding 
agricultural production existed in the USA. The global spread was however held 
back by the World Wars (Borlaug 2000).  

After WWII the populations in many of the newly independent developing 
countries increased dramatically and by the mid-1960s many countries were 
dependent on large food aid from industrialized countries to keep the wolf from 
the door. In 1967, a report of the US President´s Science Advisory Committee 
stated that “the scale, severity and duration of the world food problem are so 
great that a massive, long-range, innovative effort unprecedented in human 
history will be required to master it” (IFPRI 2002).  
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As a response to the hunger challenge, different public and private agencies and 
organizations, like the Rockefeller and Ford Foundations, started in the 1940s 
and 1950s to invest in an international agricultural research system in developing 
countries. They focused initially primarily on developing high-yielding varieties 
of rice and wheat. The use of agricultural science and modern techniques in food 
production in the Third World resulted in impressive yield increases in rice and 
wheat in Asia and Latin America in the late 1960s, and is known as the “Green 
Revolution”1 (Borlaug 2000; IFPRI 2002).  

The Green Revolution is however not limited only to developing countries and, 
as shown in Figure 3, the yield increases in agriculture are still led by the 
advancements in developed countries. The average maize yields in China have 
more than tripled and are approaching the same level as within the 15 European 
Union countries (EU15). Yields in India and Kenya have both doubled from 1 to 
2 tons per hectare, but they still equal only 40% of the yield level in China and 
20% of the level in the USA. Paddy yields in both China and India have doubled, 
and China has now almost reached the same level as in the USA. Wheat yields in 
India and the USA have reached the same level at the same time as the yields in 
China and are approaching the yield levels of around 5 tons per hectare in the 
intensive and highly fertilized agriculture in the EU.  

The development of irrigated agriculture is a significant and vital component in 
the development of agriculture in the developing world and was especially 
successful in Asia. Adequate supply of irrigation water was essential to achieve 
the gains from high-yielding fertilizer-responsive varieties. During the second 
half of the 20th century international development banks, donor agencies and 
national governments made vast investments in large-scale public surface 
irrigation infrastructure (Molden et al. 2007). As shown in Figure 4, the peak 
construction period for large reservoirs took place from the 1950s to the 1980s.  

 

Figure 3. Yield increase for maize, rice and wheat, 1961-2005, 5-year averages (data 
source: FAOSTAT 2008).  
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Figure 4. Construction of large reservoirs in the 20th century, volume larger than 0.1 km3 
(other regions are Latin America, Africa and Oceania) (Gleick 2003).  

The total storage volume of the world reservoirs is about 6,000 Gm3, with a total 
water surface area of 500,000 km2 (Shiklomanov 2000).    

The water use development, which took off around 1950 (Figure 5), increased by 
650% in total during the last century. In relation to the population increase of 
370% during the same period, the pressure on water resources increase has been 
1.8 times higher. The agriculture sector, which is the main human water use 
accounts for about 70% of the global water use. Municipal and industrial uses 
together represent less than 30%.  

 

Figure 5. Global trend for water use by different sectors, population and irrigated areas, 
1900-2000 (data sources: Shiklomanov 2000; UN 2008). 
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While the world’s cultivated lands have increased by less than 20% during 1950-
2000 the irrigated land use, not considering cropping intensity, has increased by 
250% during the same time period. About 70% of the irrigated lands are found in 
Asia (Molden et al. 2007).  

With rising yields per hectare, the total world cereal production increased by 
240% between 1961 and 2005 to more than 2,100 Mton per year (Figure 6). 
China and India account for more than half of the global rice production and 
together with USA, EU, India and China produced almost 60% of the world´s 
production of total cereals in 2003. The importance of irrigation is shown by the 
fact that about 42% of world’s cereals (1995, in Rosegrant et al. 2002) are 
produced on, and 45% of the gross value of crop production comes from irrigated 
lands (Molden et al. 2007).     

More People Eating More and Animal Foods  
There were two major drivers behind the demand for the massive agricultural 
production increase during the 20th century. The most important factor was the 
nearly quadrupling of the world population from 1.65 billion to more than 
6 billion (Figure 5) with a constant increasing number of mouths to feed. The 
other factor is changed food habits comprising two components.  

The first factor is an increase in the consumption of more calories per person 
than earlier. Data on a national level show that the average food consumption per 
person and day has increased steadily in most countries during the last decades 
(Figure 7). China and Indonesia are two developing countries with high 
populations that exemplify this trend, and from 1961 to 2001, the average calorie 
food consumption per person and day has increased from less than 1,700 to 
almost 3,000 calories, a 65-80% increase in 40 years. Both countries are now 

 

Figure 6. Global production of total cereals, wheat, maize and rice, 1961-2005, Mton, 5-
year moving averages (data source: FAOSTAT 2008). 
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Figure 7. Average per capita food supply per day for 1961-2001 separated into vegetal and 
animal calories, in the range of 1,500 to 4,000 kcal pers-1 day-1 (data source: FAOSTAT 
2008). 

approaching the average calorie level of many developed countries, with 3,800 
kcal pers-1 day-1 in the USA and 3,500 kcal pers-1 day-1 within the EU15. A 
country like India, with a higher population increase and a less successful 
agricultural production increase than e.g. China, still lags behind at around 2,400 
kcal pers-1 day-1 (FAOSTAT 2008).   

The second component concerns the increased demand and consumption of 
animal products. With increased economic development, people can afford to 
move up the food chain (Brown 1995). The increasing shift from prevalent 
undernourishment to richer and more varied diets, often leading towards over-
nutrition, has been termed the “nutrition transition” (Popkins et al. 2001 in 
Steinfeld et al. 2006). While about 30% of the average food consumption of 
calories in the US and the EU consists of animal products (in some countries like 
Denmark and France close to 40%), the corresponding  ratio is only about 20% 
in China, Mexico and Brazil, and less than 10% in India, Bangladesh, Indonesia 
and Nigeria. The dramatic increase in China can be explained by a food-supply 
increase in kilos per person and year from 1961 to 2003 of pork from 2 to 35 
kilos, poultry from 1 to 11 kilos and eggs from 2 to 18 kilos; in summary, an 
increase from 5 to 64 kg-1 pers-1year-1 for these food items. The increase in 
animal proteins in commonly vegetarian India can mainly be explained by a 50% 
increase in milk consumption from 38 to 68 kg-1 pers-1 year-1. The total milk 
production of buffalo and cow milk in India has increased from around 20 Mton 
in 1960-70, surpassing the production in the USA in the 1990s, to 85 Mton in 
2001 and more than 100 Mton in 2006-2007 (FAOSTAT 2008, FBS data). In 
India, this development is known as the “White Revolution.” The most 
successful developing countries are however still far behind the leading meat-
eating countries in the world with an annual per capita supply of beef of 42 kg 
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and poultry of 50 kg in the USA, and an annual supply of pork of 44 kg and milk 
of 255 kg pers-1 in the European Union (FAOSTAT 2008, 2003 data). 

Animal food production competes for natural-resources and agricultural-
production capacity in segments and areas where cultivation of feed competes for 
the production of vegetarian foods. The feed conversion efficiency rate denotes 
the amount of feed necessary to produce one unit of meat or other animal 
product. Feed conversion ratios have increased for all species during the last 
decades, e.g. in the USA the weight of feed per gramme of egg has fallen from 
about 3 to 2 grammes from 1960 to 2001 (Arthur and Albers 2003 in Steinfeld et 
al. 2006). Data for the Swedish chicken industry show that a hundred years ago it 
took 120 days for a chicken to reach full size. Today, it takes only 33 days for the 
weight of a chicken to increase from 67 grammes to 1.9 kilos. At the same time, 
the fodder consumption is only one-fifth compared to that of the 1950s with 1.75 
kilos of fodder needed to produce one kilo of chicken (SvD 2008a). The “Cobb 
700” is the latest high-yielding broiler breed in the international market, the 
“Belgian Blue” among chickens, and has a feed conversion ratio of only 1.36 
during the first 33 days (SvD 2008b). Monogastric species, like poultry and pigs, 
have a better conversion ratio than ruminant animals and consume as a rule only 
2-4 kilos of grain per kilo of meat compared to 7 kilos of feed per kilo of meat 
for cattle, sheep and goats (Rosegrant et al. 1999 in Steinfeld et al. 2006). The 
favourable feed conversion rate for the short-cycle monogastric animals is one of 
the main factors that have driven a development towards livestock production 
with poultry and pigs. During 1980-2004, this segment increased its share from 
59% to 69% of the total world meat production (Steinfeld et al. 2006).  

The growing and intensified animal sector has moved towards an increased use 
of feed concentrate based on soybean products and cereals as maize, barley and 
wheat. Out of the total feed concentrate use of about 1,200 Mton in 2002 about 
670 Mton were grains, or one third of the total global cereal harvest. Feed 
production is today estimated to use about 30% of the global land surface. Out of 
this, 26 percentage units or 34.8 Mkm2 are pastureland and 4 percentage units or 
4.7 Mkm2 are crop land dedicated to feed production. This crop land area equals 
33% of all crop lands (Steinfeld et al. 2006).   

In spite of rising average calorie levels in most countries across the globe, a 
population of as many as 923 million was considered undernourished in 2008, 
with 907 million in developing countries. Because of the rising food prices in 
2007-2008 the number has increased from the previous estimate of 848 million in 
2003-2005 (von Grebmer et al. 2008). Available regional data from the latter 
period show that the highest percentage of undernourished of the total population 
is found in Africa where many of the sub-Saharan countries had more than 30% 
of the population suffering from undernourishment. However, in total numbers 
Africa only came second with almost 220 million. The highest number of 
undernourished was found in South Asia with more than 310 million and out of 
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this 210 million were found in India alone. In East Asia, 150 out of 160 million 
were undernourished in China (FAOSTAT 2008, estimates for 2003-2005).  

Consumptive Water Use and Water Productivity 
Consumptive use of water is, in this thesis, synonymous with evapotranspiration2 
(Jensen et al. 1990; Keller and Seckler 2004; Falkenmark and Rockström 2004) 
and includes evaporation from land and water surfaces and transpiration from 
plants. In the annual global hydrological cycle (Figure 8) consumptive use stands 
for the vapour flow equivalent to 70,000 Gm3 of water back to the atmosphere 
from the terrestrial and freshwater surfaces on the continents; later, this vapour 
falls as precipitation on land and oceans.  

Evapotranspiration from Plants 
Evapotranspiration is an inevitable part of all plant growth and the amount 
depends on the energy supply, the vapour pressure gradient and the wind, which 
are determined by the meteorological parameters: radiation, air temperature, air 
humidity and wind. Transpiration is also decided by crop characteristics, 
environmental aspects and agronomic practices (more details on transpiration 
and vapour pressure in Annex 1) (Allen et al. 1998).  

For a given crop and climate there is a linear relationship between transpiration 
(T) and the yield of total crop biomass, i.e. the dry matter in the roots, stems, 
leaves and fruits/grains (transpiration efficiency, see below). It is the evaporation 
(E) that is the variable part of the total evapotranspiration (ET) (Tanner and 
Sinclair 1983; Keller and Seckler 2004; Molden and Oweis 2007). While 
transpiration thus contributes to productive crop growth, evaporation represents 
“collateral” unproductive water losses (Molden and Oweis 2007: 287; 
Falkenmark and Rockström 2004).  

For seasonal crops with sufficient water availability and at normal yields, the 
evaporation-transpiration ratio follows a clear pattern (Figure 9). During the 
sowing and initial cropping stage when the soil is bare and exposed to solar 
radiation evaporation accounts  for almost 100% of the evapotranspiration.  

 
Figure 8. A simplified depiction of the global hydrological cycle (Gm3) (Jones 1997). 
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Figure 9. The partitioning of evapotranspiration into evaporation and transpiration over the 
growing period for an annual field crop (Allen et al. 1998). 

During the development stage, the plants cover an increasingly larger part of the 
soil, and crop transpiration exceeds soil evaporation in magnitude. Over the 
initial growing period, there is thus a “vapour shift” from unproductive 
evaporation towards productive transpiration. A concept that describes the plant 
density per unit area is the “leaf area index” (LAI). The LAI, which is a 
dimensionless quantity, is expressed as the upper side leaf area per unit soil 
below, m2 leaf area per m2 ground area. Values of 3-5 are common for many 
mature crops. During mid-season when plant growth is at its peak LAI reaches its 
peak value and evaporation accounts for less than 10%. During the late season 
and close to harvest or full senescence transpiration decreases and the 
evaporation share increases again (Allen et al. 1998). 

Water Productivity in Agriculture  
Water productivity has many definitions (Molden and Oweis 2007; Kijne et al. 
2003). Generally, the concept defines the ratio of net benefits to the amount of 
water used to produce these benefits. Physical water scarcity relates the mass to 
the amount of water used, and economic productivity relates the value to the 
water use.  

When considering water productivity regarding plant growth and crop cultivation 
on the field, Keller and Seckler (2004) use three physical water productivity 
definitions, expressed as kg per m3 water:    

• Transpiration efficiency (TE) = aboveground biomass (dry matter of 
stems, leaves and fruit) divided by the volume of water transpired 
during the accumulation of that biomass. 
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• Crop water use efficiency (WUE) = aerial crop biomass divided by 
volume of evaporation and transpiration. 

• Crop water productivity (CWP) = economic (grain, fruit, lint, etc.) yield 
divided by volume of evaporation and transpiration.  

Considering the Green Revolution it is of interest to see how water productivity 
gains have contributed to rising crop yields.  

As described above and in Annex 1, the transpiration efficiency is constant and 
there have therefore not been any gains in the ratio of biomass to transpiration. 
Out of the biomass the ratio of grains/fruits to other biomass, as straw, leaves, 
etc., has however, thanks to plant breeders, improved greatly during the past 
decades. The dry matter grain yield divided by the aboveground biomass is 
referred to as the “harvest index” (HI). The HI increases have accounted for a 
substantial part of the growth in crop yields during the past decades (Keller and 
Seckler 2004). From 1960 to the 1980s the HI for wheat and maize increased 
from 0.35 to 0.5 (Sayre et al. 1997 in Molden and Oweis 2007). Since the 1980s 
there have only been marginal gains in HI for wheat, rice and maize. This 
indicates that the physiological limits have been reached and further HI gains are 
difficult to anticipate for these crops that were the main focus for crop breeders 
during the Green Revolution (Zwart and Bastiaanssen 2004 in Keller and Seckler 
2004).  

Another important factor linking growth in food production to raised water 
productivity is the impact of increased plant densities per unit area. With higher 
plant densities the total biomass per unit area and evapotranspiration increase 
(Sinclair and Gardner 1998 in Keller and Seckler 2004). As shown in Figure 9, a 
high LAI, as a consequence of increased plant densities, means a higher 
proportion of productive transpiration relative to evaporation, and E relative to 
total seasonal ET decreases as T increases. This improvement is valid for the 
improvement of low to moderate yields and reaches a constant (as transpiration 
efficiency is constant) in intensive cropping situations (Tanner and Sinclair 
1983).  

Yield is also decided by other agricultural parameters as, e.g. climatic conditions, 
agronomic practices, farmers’ competence, pest and diseases, and fertilizer and 
soil status. From the perspective of water productivity the increases in crop water 
use efficiency (WUE, see above) can be related to increased LAI/plant densities 
per unit area. Raised crop water productivity (CWP, see above) is related to both 
higher LAI/plant densities and the improved harvest index. The potential for 
increases in crop water productivity is highest at low yields, i.e. 0 to 3 tons per 
hectare (Rockström et al. 2007a, b). A single ton yield improvement from 1 to 2 
tons per hectare in water limited rain-fed crop cultivation corresponds to a 74% 
increase in crop water productivity, while an increase from 7 to 8 tons is 
equivalent only to a 4% productivity enhancement (Rockström 2003). 



Chapter 1 

 
18 

Water productivity can also be considered for agricultural production that is not 
directly related to evapotranspiration in the field. One example is to consider 
agricultural output in relation to all consumptive water losses in an entire 
irrigation system, e.g. evaporation losses from reservoirs and canals. Another 
example is “livestock water productivity.”  In animal husbandry, the output 
depends on how efficient an animal can convert the feed to animal meat, dairy, 
egg or other produce, all depending on, e.g. the environmental conditions and the 
health state of the animal. The feed conversion rate for different kinds of 
animals, as discussed above, is an important factor that decides the efficiency of 
animal production.  The actual feed conversion rate for each animal in 
combination with the evapotranspiration to produce the feed thus decides the 
livestock water productivity. For grazing ruminants, the evapotranspiration lost 
from pasturelands corresponds to the consumptive water use in feed cultivation. 

Consumptive Water Use and Diets 
Water productivity for different agricultural produce is presented in Table 1. The 
consumptive water use per kilogramme of produce, protein and calories varies 
greatly, both for each crop and between different products. This can be explained 
by both different climatic conditions and agronomic practices. Crop water 
productivity levels range, on average, from 1,000 to 3,000 m3 t-1 for the world’s 
predominant cereal crops (Rockström 2003). The average food composition for 
different countries varies with regard to total calorie level (Figure 7), proportion 
and combination of different vegetal components, and share and mix of animal 
food items. On average, the evapotranspiration necessary to produce the daily 
diet is in the range of 2,500-5,000 litres of water pers-1 day-1 (Renault 2003). 
Based on estimations on future food production expectations and consumptive 
water use calculations, Rockström (2003) reached a “generic human water 
requirement” of about 3,600 litres of water pers-1 day-1. The estimate is based on 
a daily average food supply level of 3,000 kcal pers-1 day-1 and an animal calorie 
share of 20%. The difference in evaporative demand in different climatic regions 
is, in this approach, balanced by differences in transpiration efficiency between 
C3 and C4 plants (Annex 1) and results in an evapotranspiration of 500 litres of 
water per 1,000 kcal of vegetal foods and 4,000 litres per 1,000 kcal of animal 
foods.  

Agricultural Consumptive Water Use of Blue and Green Water  
Water use in agriculture is a continuum that stretches from purely rain-fed, as 
most cultivated lands in Sweden or sub-Saharan Africa are, to fully irrigated 
fields as, e.g. those described earlier for Egypt. In between there is wide range 
from supplemental irrigation in areas with almost sufficient rainfall, over a 50-50 
mix, to irrigated systems where rainfall only partially contributes to the total 
consumptive water use.  
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Table 1. Water productivity for selected agricultural produce (Modified from Molden and 
Oweis 2007: 292). 

 
 

Water productivity 

Products 
m3 / kg 

produce 
 m3 / kg 
 protein 

m3 / kcal  

Vegetal products    
Cereals    

Wheat 0.8 - 5.0   7 – 20 0.2 - 1.5 
Rice 0.6 - 6.7 20 – 83 0.5 - 2.0 
Maize 0.5 - 3.3   5 – 33 0.1 - 1.0 

Legumes    
Lentils 1.0 - 3.3   7 – 11 0.3 - 0.9 
Fava beans 1.3 - 3.3   7 – 10 0.3 - 0.8 
Groundnut 2.5 - 10.0   8 – 33 0.3 - 1.3 

Vegetables    
Potatoes 0.14 - 0.33   8 – 20 0.14 - 0.33 
Tomatoes 0.05 - 0.20   5 – 20 0.25 - 1.00 
Onions 0.10 - 0.33 15 – 50 0.25 - 0.83 

Fruits    
Apples 0.2 - 1.0  n.d. 0.4 - 1.9 
Olives 0.3 - 1.0  33 – 100 0.3 - 0.9 
Dates 1.3 - 2.5  60 – 130 0.4 - 0.9 

Animal products    
Beef 10 - 33  33 – 100 4.8 - 16.7 
Fish (aquaculture*) 1 - 20  3 – 60 0.6 - 11.8 
* Includes extensive systems without additional nutritional inputs to 
super-intensive systems. 

 

To generate more management-oriented interest to the consumptive use 
component of water use the terms green and blue water flows were introduced at 
an FAO seminar in 1993 (Falkenmark, 1995). On a basin level, the green water 
flow component includes, besides consumptive use by terrestrial and agricultural 
ecosystems, evaporation from wet surfaces and free water surfaces in wetlands, 
lakes and reservoirs. The blue water flow comprises the liquid water outflows 
leaving the basin. Green and blue water flows thus point out where and how 
water leaves a basin or field after use.  

The terms green and blue water instead point at the water sources in agriculture 
before they are used and thus aim to put focus on how to manage available water 
sources more efficiently to enable a better and more efficient crop production 
from a water perspective. Green and blue water puts focus on the soil moisture, 
which is the water source used by plants. Blue water stands for the liquid water 
in streams, rivers, wetlands, lakes and aquifers that can be generally abstracted 
and thus used for irrigation. Green water stands for the rain-fed soil moisture, i.e. 
the water source naturally available to plants (Renault 2003:79; Falkenmark and 
Rockström 2004; Rockström et al. 2007b). The term green water is now widely 
used and even though the definition differs slightly between users the concept 
has clearly put focus on the rain-fed soil moisture in agricultural development. In 
this thesis green and blue are used to denote the water resource. 
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The rain-fed soil moisture, green water, can be increased by different field 
management practices, such as tilling to make the surface more permeable, that 
increase the penetration of rainwater into the soil and thus increase the soil 
moisture content, or management practices, such as increased organic matter to 
increase the water-holding capacity or plastic cover to stop evaporation, that 
minimize drainage or evaporation from the soil. Horizontal expansion replacing 
natural vegetation with crop cultivation is a way to appropriate additional green 
water (Falkenmark and Rockström 2004). Accessibility of blue water to be used 
for irrigation can be increased by, e.g. larger dams to store more of the seasonal, 
annual or multi-annual run-off, long-distance transfers from other basins or 
deeper bore wells to abstract renewable and fossil water resources.  

With increasing water scarcity and anticipated escalating food demands it is 
important to include the green water in water productivity estimates. Many 
researchers often only consider blue water productivity (e.g. Merrett 2002) 
because it represents an infrastructural and abstraction cost. While naturally 
infiltrated rainwater is free of charge, in many cases, a lost opportunity to utilize 
this green water will result in a blue water cost somewhere else. Many water 
researchers also do not consider green water as part of human global water use 
(e.g. Shiklomanov 2000). Out of the global consumptive water use from food 
production of about 7,000 Gm3, the green water contribution is estimated to 
account for about 70% and blue water for about 30% (Rockström et al. 1999; 
Falkenmark and Rockström 2004; de Fraiture and Wichelns 2007). 

Consumptive Water Use by Different Sectors 
The graphs in Figure 5 show the global human blue water use for three sectors. 
Out of the total water withdrawals of about 3,800 Gm3 year-1 agriculture 
accounts for 70%, industrial uses for 20% and municipal uses for 10%. When 
considered from a consumptive water use perspective the proportions are quite 
different. Total consumptive water use is 2,000 Gm3 year-1 and equals more than 
50% of the total use. Out of this, agriculture accounts for as much as 93%, while 
industrial and municipal uses account only for 4% and 3%, respectively 
(Shiklomanov 2000).  

Evapotranspiration is, as described above, an unavoidable water loss in 
agriculture. Industrial and municipal water use is more of a through-flow-based 
use and the major part of the water remains after use, even though the quality is 
often reduced by pollution. More and more industrial water use moves towards 
recycling of treated water in closed systems. The same trend, with the use of 
reclaimed waste water, is also visible in some water-limited urban areas as, e.g. 
in Windhoek (Sjömander Magnusson 2005) and Singapore (Tortajada 2006). 

L’vovich and White (1990) analysed consumptive water use from total 
withdrawals during 300 years, 1680-1980 and Figure 10 clearly illustrates the 
dominance of irrigation. Agriculture thus stands for a very large part of all water 
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that is evaporated every year from rivers and lakes, and that has brought severe 
environmental and societal dilemmas.  

River Depletion 
With a sevenfold increase in consumptive use from global blue water sources in 
the 20th century the effects have been obvious in many river basins around the 
world. Sandra Postel questions in the title of her 1995 World Watch article as 
“Where have all the rivers gone?” She gives a number of examples of “a 
disturbing world-wide trend” where more and more rivers are running dry as 
dams and diversions siphon water off for thirsty farms and burgeoning cities. She 
points out that the magnitude of the problem is alarmingly graphically conveyed 
with the arresting decline of the world’s larger rivers that are now so dammed 
and diverted that for parts of the year little or none of their freshwater reaches the 
sea. “Along with mounting ecological damage, these diminishing flows portend 
worsening water shortages that may make it difficult to sustain irrigated 
agriculture, much less expand it” (Postel, 1995). 

River depletion is characterized by reduced river flow relative to the long-time 
average; some rivers have changed from perennial to intermittent ones, with 
totally dry periods in the lower reaches. The phenomenon is found in arid and 
semi-arid river basins. The major reason is consumptive water use by irrigation. 
Out-of-basin transfers can however also be a major contributing factor, like in 
the Colorado basin. The river-depletion situation has been described for a whole 
set of rivers; Yellow, Indus, Colorado, Nile (described above), Ganges, Murray-
Darling, Jordan, Huai, Rio Grande, Chao Phraya and the Aral Sea tributaries 
Amu Darya and Syr Darya, etc. (Lannerstad  2002). Several of these river basins 
are thus all close to, or suffer from, physical water scarcity as shown in Figure 2.  

A number of terms have been used to describe the trend of river depletion. The 
World Commission on Dams describes this global phenomenon as a consequence 
of “cumulative effects” (WCD 2000). Glantz (1998) who depicts the 

 

Figure 10. Consumptive water use (CU), irrigation and non-irrigation from total withdrawals, 
1680-1980 (Falkenmark and Lannerstad 2005).  
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consumptive use development behind the disappearing Aral Sea also focuses on 
the step-wise development where every stride appears to be too little to notice. 
He talks about river depletion as an example of a “creeping environmental 
problem.” Different authors have used different terms as: “over-committed” 
(Perry 1999), “river desiccation” (Ongley 1999), “overtapped rivers” (Postel 
1999) and “river depletion” (Falkenmark 1998). Meybeck (2003) points out that 
the river depletion trend has escalated and spread after 1950, and designates a 
river flow reduction of at least 50% as “neo-arheism,” i.e. new absence of flow.  

River depletion has a number of negative effects. Basic water supply for 
agriculture and societies is threatened in many regions. Considerably reduced 
river flow in many basins imperils societal development and increases the 
competition between upstream and downstream users. Since large volumes of 
diversions are used for irrigation, the return flow of salty drainage water is 
increasing.  Decreased flow cannot dilute effluents from industry, municipalities 
and agriculture as before. The resulting inferior downstream water quality 
threatens ecological and societal assets. Aquatic, wetland and coastal ecosystems 
are thus affected by both decreased freshwater quantity and quality (Lannerstad 
2002). 

River Basin Trajectories and Basin Closure  
River flow discharged to the sea has long been regarded as wasted and a lost 
opportunity for increased human use (Postel 1999; Keller et al. 1998; Molle 
2006). In the 12th century, Parakrama Bahu I, a king of Lanka (present Sri Lanka) 
is attributed to have stated:  “Let not a single drop of water that falls on the land 
go into the sea without serving the people” (Molle 2006: 15). As mentioned 
above, in 1908, Churchill wanted the Nile water to be divided among the river 
people and the Nile itself “to perish gloriously, and never reach the sea.” Up till 
the beginning of the 20th century, the Colorado river was an unexplored system. 
The Californian engineer Joseph Lippincott proclaimed in 1912: “We have an 
American Nile awaiting regulation, and it should be treated in as intelligent and 
vigorous a manner as the British government has treated its great Egyptian 
prototype” (Postel, 1999: 50).  

The river-basin concept has emerged through different shapes during the last 
century to be eventually regarded as the basic water resource management and 
planning unit. During 1930-1960, the concept built on the Utopian ideas of the 
late 19th century (reflected above) with the aim to reach full control of the 
hydrologic regime through, e.g. construction of multipurpose dams. It was only 
during the last decades that the concept has come to be used in a broader context 
that includes also general societal and environmental considerations. The 
Integrated Water Resources Management, IWRM, is one of the most important 
examples whose theories are based on the river-basin entity (Molle 2006). The 
river basin is the logical unit of analysis because water flows starting from 
precipitation can be traced to understand how the physical water resource base 
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responds to interventions that serve human needs (Molden et al. 2005). One 
definition of a river basin is given as: “the geographical area determined by the 
watershed limits of a system of waters, both ground and surface, flowing to a 
common terminus” (Mostert et al. 2000 in Svendsen et al. 2005).  

River Basin Trajectories  
A general development progression applicable to all river basins as water 
supplies are developed to meet rising human demands is conceptualized by 
Keller et al. (1998). Within their framework for river basin analysis and planning 
(Figure 11) three major development phases related to supply and utilization are 
distinguished: exploitation (E), conservation (C) and augmentation (A). During 
the exploitation phase, E-I and E-II, water use moves from easily arranged 
surface water diversions and shallow groundwater use to large-scale storage and 
distribution systems and deep groundwater use. Net withdrawals increase and 
reach close to the average annual renewable supply level. At the same time, total 
withdrawals reach above this level because of increasing dependence of reuse of 
return flows. During the conservation phase the focus moves towards getting 
more benefit from already developed water supplies. During the C-III stage it is 
most cost-effective to reduce demand or increase efficiency. Due to increasing 
reuse and generally more efficient water use the consumptive use 
(evapotranspiration or USE) relative to net withdrawals increases dramatically 
during the E-II, C-III and C-IV phases, and less water remains in the streams and 
rivers. The C-IV phase is thus characterized by a strong link between quality and 
quantity as the practice to rely on dilution during earlier phases has to be 
replaced by pollution abatement and waste water reclamation to increase usable 
and safe supplies of freshwater. Finally, during the augmentation phase 
additional water is brought into the basin through freshwater transfers from other 
basins or desalination of sea water. Although the conceptual structure of the 
basin progression is depicted as linear in Figure 11, Keller et al. (1998) point out 
that several phases of water development can exist in parallel within a basin as 
water-related stresses differ across a basin.  

Molden et al. (2001, 2005) also divide a general river basin trajectory into the 
three phases: development, utilization and reallocation as shown in Table 2. 
During the development phase, the amount of naturally occurring water is not a 
constraint, and increasing demands drive the construction of new infrastructure 
and expansion of agricultural land. During the utilization phase, management is 
focused on optimizing the use of existing infrastructure at the same time as the 
reuse increases as also shown in E-II in Figure 11. Institutions focus on sectoral 
issues. During the reallocation phase, competition has increased and efforts focus 
on increasing the productivity and value of every drop of water often 
accomplished by reallocation from use with low- to higher-valued output. 
Institutions change their focus from intra-sector to inter-sector issues with 
regulation, conflict resolution, and reallocation (Molden et al. 2005). 
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Figure 11. Conceptual presentation of river-basin development phases (Keller et al. 1998).  

 

Table 2. Dominant characteristics and concerns at different phases of river basin 
development (modified from Molden et al. 2005). 

Characteristics  Development Utilization Reallocation 

Dominant activity Construction Supply management 
Demand 
management 

Depleted fraction 
of utilizable flow  

Low 
0 to 40% 

Medium 
40 to 70% 

High 
40 to >100% 

Value of water Low value Increasing value High value 

Infrastructure  New projects 
Modernization, 
rehabilitation 

Measurement, 
regulation 

Groundwater Development and use Conjunctive use Regulation attempts 

Pollution Dilution 
Pollution and salinity 
problems 

Abatement 

Conflicts over 
water 

Few 
Within systems and 
sectors 

Cross sectors, across 
basin 

Water scarcity Economic Institutional Physical 
Importance of 
water data 

Perceived 
unimportant 

System delivery data 
Basin water 
accounting data 

Poor water users 
Included/excluded in 
development of 
facilities 

Included in operation 
and management 
decisions 

Lose access to water 
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Basin Water Reuse 
To be able to understand the hydrological implications during basin development 
it is fundamental to identify and estimate the reuse pattern in a basin. Within 
every basin or irrigation system there are several water use cycles (Keller et al. 
1998). Traditional irrigation performance analyses often focus only on “irrigation 
efficiency” for a single use cycle, i.e. ET relative to diverted water for one use, 
e.g. on field level or system level, and frequently fail to see the overall efficiency 
on a larger scale, e.g. basin level. It is important to make a distinction between 
water diverted for a specific use, water that is physically consumed (mainly 
evapotranspiration), and water that is recoverable for further diversions 
downstream after the initial use (Keller et al. 1996; Perry 1999).  

A strongly simplified conceptual illustration of a series of irrigation water use 
cycles is visualized in and presented in Figure 12 and Table 3. In the example it 
is possible to follow the initial 100 water units all the way through the basin and 
see the final outflow to the ocean. The example builds on the assumption of 40% 
evapotranspiration and 60% usable return flow at every water use cycle. Every 
single cycle has consequently only a 40% beneficial depletion proportion at the 
same time as systems I and II each with two use cycles having a 64% beneficial 
depletion ratio. At the basin level, the evapotranspiration relative to net 
withdrawals grows as high as 87%, and would thus be an example of 
development phase IV in Figure 11 (USE/NW=0.87). The cumulative effect of 
constantly increasing number of water cycles in many basins is thus one main 
reason behind river depletion.  

 

Figure 12. Irrigation water use cycles in a theoretical basin system with inflow, 
evapotranspiration, and reused return flow, and final outflow with an assumption of 40% ET 
and total reuse of return flows for each cycle (dimensionless water units) (concept: Keller et 
al. 1996). 

100 

60 

24 

14.4

36 

12.96

Ocean 

Use 4

8.64

21.6

40 

Use 3

Use 2

Use 1 

= System I 

= System II 

Basin 
      



Chapter 1 

 
26 

Table 3. Total water withdrawals (TW), total evapotranspiration (ET, beneficial depletion) 
and total “efficiency” evapotranspiration/net withdrawals (ET/NW) at each level of water 
use shown in Figure 12 (dimensionless units) (concept: Keller et al. 1996). 

 
 

Level of water use 

 
 
 
 

Single use 
cycles 

System I 
2 cycles 

(NW=100) 

System II 
2 cycles 
(NW=36) 

Basin 
4 cycles 

(NW=100) 

 
 
 
 

TW  
= 

NW 
ET 

ET/ 
NW 
(%) 

TW 
Total 
ET 

ET/ 
NW 
(%) 

TW 
Total 
ET 

ET/ 
NW 
(%) 

TW 
Total 
ET 

ET/ 
NW 
(%) 

Cycle 1 100 40 40 100a 40 40 - - - 100a 40 40 

Cycle 2 60 24 40 160b 64c 64 - - - 160 64 64 

Cycle 3 36 14 40 - - - 36a 14 40 196 78 78 

Cycle 4 22 9 40 - - - 58b 23c 64 218b 87c 87 

See Figure 12. a – net withdrawals (NW); b – total withdrawals (TW); c – evapotranspiration (ET). 

 

The multiple water cycle example clearly shows how the same water can be 
reused several times, thus allowing the total withdrawals to far exceed the 
average annual supply at the basin level as shown in Figure 11. At the fourth use 
level, only 22 water units out of the original 100 net withdrawals remain, at the 
same time as the total withdrawals at the basin level total 218 units3. As 
mentioned above, water quality becomes important with an increased number of 
water use cycles. With the assumption that the initial salinity of water is 100 
parts per million (ppm) and the salt load is constant, the salinity concentration 
builds up during the water use cycles. At the fourth cycle the salinity has 
increased to 500 ppm and the final outflow from the basin has an eightfold 
increase in concentration, or about 800 ppm. Normally, salt or other pollution is 
picked up during each cycle, increasing the pollution exponentially, and 
eventually the water is too polluted for further use (concept from Keller et al. 
1996).  

Reuse mainly occurs at three levels: exploiting of seepage from canals and fields 
that have recharged aquifers; recovery of water from local drains; and outflow of 
drainage water to a river diverted again at downstream diversion works. It is 
important to recognize that “losses” from upstream projects in heavily developed 
basins with more than one diversion or abstraction points form inflows to 
downstream projects. To invest in increasing the “efficiency,” i.e. ET/NW, in one 
water cycle area, without understanding the overall basin water use “efficiency” 
can thus result in illusive “paper savings” and no real savings as downstream 
users are deprived of their supply4 (Keller et al. 1996; Keller et al. 1998; Perry 
1999). As water users in basins adjust to water-scarcity conditions by increasing 
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reuse the potential for net water savings at the basin level is often overstated 
(Molle et al. 2007). To understand water use and be able to improve water 
productivity at the basin level it is thus necessary to understand the linkages 
between sources, uses and reuses.  

Basin Water Accounting 
A water accounting framework developed by Molden (1997) and Molden et al. 
(2001) uses a water balance approach to identify and quantify water flows at 
basin, or other system level. The framework analyses whether the available basin 
water supply leaves the basin as an outflow or is depleted within the basin, and 
how beneficial the outcome of the basin water depletion is. Water depletion is a 
key concept and denotes a use or removal of water that renders it unavailable for 
further use. The depletion process can be either beneficial or non-beneficial, i.e. 
producing a good or providing a need, or a depletion with no, or negative, 
benefits. The four generic depletion processes are: evaporation; flows to sinks 
like the ocean or saline groundwater; pollution, making the water unfit for use; 
and incorporation into a product. Basin water productivity is consequently the 
physical mass or economic value of the benefits relative to the total depleted 
water quantity. The outflow from the basin is either committed to downstream 
needs, as an irrigation project or an environmental need (Dyson et al. 2003; 
Smakhtin 2008) or is uncommitted and available for upstream development 
projects. In principle, basin water productivity can be increased in four ways: 
increasing evapotranspiration productivity (i.e. crop water productivity, see 
above); minimizing non-beneficial depletion; providing additional supplies by 
tapping uncommitted outflows; or reallocating and co-managing water among 
users, e.g. moving water to higher-value uses or enabling multiple uses to reap 
multiple benefits (Molden and Oweis 2007).  

Basin Closure 
During basin development, as presented above, a basin evolves from an “open” 
to a “closed” state (Seckler 1992 in Seckler 1996). These concepts denote a 
theoretical conceptualization to describe river depletion. In an open basin there is 
sufficient water to satisfy demands even during the dry season, and primary 
freshwater flows out of the basin. A basin is defined as closed when there is no 
usable outflow leaving the basin, i.e. when there is no dry-season outflow 
because of upstream evapotranspiration, or the outflow is too polluted to be used 
again. A basin approaches “absolute closure” at the end of the final development 
progression (Keller et al. 1998). Falkenmark and Molden (2008) point out that, 
today, the basin closure concept is more explicit and also includes water rights 
and environmental flows, i.e. the water that needs to be allocated for the 
maintenance of aquatic ecosystem services (Smakhtin 2008). In many basins 
experiencing closure all water is generally already allocated according to old 
agreements or established uses. It is thus difficult to introduce a new allocation 
system to meet environmental flow needs as this is only possible at the expense 
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of other sectors (ibid.). A closed water basin can be reopened. Seasonal closure 
can be overcome by increased basin storage enabling inter-temporal allocations 
from the wet to the dry season. Basins suffering from annual closure can be 
reopened by transfers into them from more water-fortunate basins (Seckler 
1996).  

At basin closure there is significantly increased basin interconnectedness with 
spatial and hydrological interplay, socio-political dimensions and ecological 
interactions. Water users and managers turn to multiple water sources eventually 
resulting in third-party impacts and unexpected consequences across the basin 
(Molle et al. 2007). In well-managed basins the point of closure can be managed 
equitably and sustainably. In mismanaged basins the interconnectedness results 
in intensified conflicts and fierce competition for water, with additional 
development of water infrastructure that often leads beyond closure towards a 
critical and unsustainable situation where the environment and weak water users 
are the first to lose (Table 2) (Falkenmark and Molden 2008). 

Basin Closure Drivers 
Molle (2008) discusses why water infrastructure in many basins continues 
beyond sustainable levels, “why enough is not enough,” and lists eight main 
drivers that lead to “overbuilt basins” and basin closure. The drivers give a 
contextual background behind over-committed basins and explain how project 
planning often becomes a goal by itself overriding criteria of hydrologic and 
economic relevance.  These drivers are as follows: 

• The convergences of interest of influential actors often drive the 
development of large water infrastructural projects. Large projects 
become political icons in many states with strong support from state line 
agencies and local politicians. Private consultants and construction 
companies look for business opportunities, while development banks 
and agencies prefer large-scale projects minimizing project-
management costs.  

• Gigantic and prestigious engineering and construction projects are used 
as key elements in state building and also demonstrate how modernity 
can tame and dominate nature to benefit growing nations. The famous 
quote by Nehru who spoke of dams as “temples of modern India” is one 
example.  

• Over-optimistic assumptions based on incomplete hydrologic 
knowledge often lead to hydrological infrastructural construction with a 
designed over-allocation in order to satisfy more users. Water rights 
become unclear and double accounting of available resources is a 
common feature. 
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• Cost-benefit analysis often proves to be malleable. Politically desirable 
projects encourage accounting inventiveness leading to intangible 
benefits becoming tangible and quantified. The analysis result becomes 
an objective truth used to substantiate existing project optimism.  

• Absence of water-sharing agreements often leads to continued 
development in upstream and poor regions, based on the rationale to 
spread benefits and increase equity in the basin. As a result, benefits are 
merely shifted spatially and the economic return of existing downstream 
infrastructure is reduced.  

• Public irrigation schemes are highly subsidized, and it is only rarely that 
even the costs of operation and maintenance are recovered from 
irrigators. Low risk and costs carried by the taxpayers as a result spur 
local populations, authorities and politicians to demand new projects.  

• Shock events like droughts, accompanied by food shortages and 
disruption of livelihoods, often lead to emergency measures with 
massive investments in water and other rural infrastructure. Economic 
and hydrologic rationality is sidestepped, and with overextended 
infrastructure the frequency and impact of forthcoming shortages 
increase.  

• Projects are often characterized by lack of openness and absence of 
participation, with, e.g. feasibility studies and environmental impact 
assessments not made public. This tends to let the driving forces of 
basin overbuilding progress go unchecked, affecting third parties and 
the environment. 

The drivers listed above mainly refer to large-scale irrigation schemes, reservoirs 
and other infrastructure built and managed by state agencies. The accumulated 
impact from unchecked and uncoordinated individual diversions of surface water 
and groundwater abstractions can also contribute to basin closure, and this is 
often the case in Indian catchments (ibid).  

Still More People Demanding Still More Food 
As described above, the water resources development has been massive. The 
intensification of food production and water use played a major part in the broad 
societal and environmental development that occurred during the second half of 
the 20th century, a period described as the “time of great acceleration” (Steffen 
2007).  

A medium UN population projection forecasts (UN 2008, 2006 revision; Figure 
13) a continued global population increase of another 2,700 million to reach a 
total of 9,200 million by 2050. The increase will be strongest in the first decades 
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and starts to flatten out during the second half. This is the first time when the 
majority of the global population will live in urban areas. Urban growth till 2050 
will include the total population increase and a migration of a population of more 
than 550 million from the rural to the urban areas. It is only in the “least 
developed” countries with the majority found in sub-Sahara that the rural 
population will increase, by about 40% to almost 800 million. China will reach 
its peak population (with its one-child policy since 1979) of around 1,460 million 
about 2030 which will decrease to 1,410 million by 2050. India will be the most 
populous country by 2050 with a population of about 1,660 million after an 
increase of more than 500 million.  

The projection of average per capita food supply demand for the population 
living in the developing countries up to 2050 (Figure 14) indicates that more than 
5,000 million will reach above an average of 3,000 kcal pers-1 day-1, and 1,600 
million will have an average food consumption of 2,700-3,000 kcal pers-1 day-1. 
In 2030, the average for developing countries is thus estimated at 2,960 kcal 
pers-1 day-1 and in 2050 at 3,070 kcal pers-1 day-1 (Alexandratos et al. 2006).  

Urbanization and expected higher disposable incomes drive a trend towards 
global convergence of diets, as e.g. the increasing poultry consumption in most 
countries, and similar eating habits, with fast and convenience food. 
Consumption of meat and milk and dairy products in all developing countries 
(not considering China and Brazil) will double by 2050. Relatively monotonous 
diets based on indigenous staple grains or starchy roots, locally grown 
vegetables, other vegetables and fruits, and limited foods of animal origin are 
replaced by more varied diets that include more pre-processed food, more foods 
of animal origin, more added sugar and fat, and often more alcohol (Steinfeld et 

 

Figure 13. Global population, urban and rural, 1950-2050, medium projection, 2006 
revision (data source: UN 2008). 
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al. 2006). The urban migrants lose the traditional connection to the local 
agricultural production, on their own or the neighbours’ fields, and move towards 
becoming consumers on the urban, and thus also on the international, market.  

At the same time as most developing countries are expected to move forward, 
sub-Saharan Africa is still left behind. This region suffers from a high percentage 
of undernourished (FAO 2004), displays low agricultural yields (FAOSTAT 
2008), is the main food aid recipient (FAOSTAT 2008) and has agriculture-
dependent economies (Economist 2007). Many of the sub-Saharan countries 
belong to the “least developed” nations that, in contrast to the rest of the globe, 
face increasing numbers of people living in rural areas, i.e. more people that rely 
on agriculture.  

Based on the consumption and production trends during the last century, the 
challenge from a food production perspective is thus twofold. On the one hand, 
there is a challenge to produce enough food to satisfy the demands from the 
burgeoning upper part of the developing countries that is rapidly approaching the 
same consumption pattern and levels as are already prevalent in the western 
world, without undermining the environment and sustaining an intensive 
agriculture. On the other hand, there is a need to assist the least developed 
countries to improve their agricultural output to produce enough for survival and 
to reduce rural poverty.  

Considering the already widespread water scarcity, with river depletion and river 
basin closure, the magnitude of the water challenge dimension in future food 
production is colossal.   

 

Figure 14. Projection of average per capita food supply for the population living in 
developing countries, 1969/70 to 2050 (data source: Alexandratos et al. 2006).  
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Chapter 2 

OBJECTIVE AND SCOPE 
This thesis focuses on the water and agricultural production complexity on 
different temporal and spatial scales. It aims to address the river basin closing 
process in light of consumptive water use changes, land use alterations, past and 
future food production in poor water-scarce countries in general and a South 
Indian catchment in particular. It combines a global, regional and local 
perspective. The overarching aim is to better understand the interplay between 
natural resources and socio-political systems, which are both highly dynamic 
with some basic drivers and constraints in terms of the basin closure process. 
Finally, the study aims to shed some light on the future options globally and in 
the case of the study basin.  

This thesis analyses the historical river basin closing process and its links to food 
production on a global, regional and local level (papers I, III and IV). It reviews 
earlier estimates of historical global and regional consumptive water use to feed 
humanity (I). It describes and analyses the links between land use changes and 
consumptive water use alterations (I and IV). The changes on the global, national 
and basin level are explained and shown in water balance diagrams separating 
vapour flow originating from rain or irrigation, i.e. a focus on  consumptive 
water use by differentiating green and blue water resources (I, II). The thesis 
presents estimates of water demand for future food production to reach the 
hunger alleviation MDG goal, considering population increase, diet changes, 
climatic preconditions and environmental implications in developing countries, 
and gives examples of the scale of land use changes that might have to take place 
to meet future food water demands (II).  

A South Indian basin was chosen for a detailed case study of the closing process 
(III, IV and V). A general purpose has been to describe the historical basin 
development trajectory. This relates to both infrastructure and command area 
expansion and individual and societal management responses to, and in light of, 
natural water resource variability over time. A detailed study of the closure 
process leads to a deeper understanding of different underlying processes that 
take place. This is important in order to assess future options in over-committed 
basins.  

The basin is located in a semi-arid water-scarce part of the world with a rapid 
socio-economic development, where the closing process “started” already in the 
1950s. The analysis thus allows a comparison of the dynamics within the case 
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study basin with identified main trends in India and on the global scene. The 
agricultural context, presence of other and competing sectors, the manageable 
size and geographic setting have made it possible to analyse the basin above the 
individual level and still below the often used large-scale context focusing only 
on major command area development. The study aims to describe the basin 
trajectory. What does the closing process look like (III and IV)? It analyses the 
drivers behind the closing process. How is water use changing in the basin? Who 
and what are the most important drivers? Are they the farmers, the authorities, 
the planners or are they changing over time? How can the interplay between 
farmers, water engineers, administrators and legal authorities be described (III, 
IV and V)? How can changes in terms of cropping pattern be related to the 
changes in water demands (IV and V)? Is it possible to detect a spatial pattern of 
the water resources development in the basin? What are the upstream-
downstream water use linkages (III, IV)? 

Within the case study area, the major command area was chosen for a detailed 
study (V) and this part of the study analysed how different actors have driven the 
development and formulation of the project design and allocation scheme, with 
changes and alterations, all the way from the planning stage till the present 
system. What changes have taken place? Who has supported and driven the 
development? The transformations and adjustments of the command area setup 
were examined from an adaptive water resource management perspective. To 
what extent do farmers and water resource managers already practise adaptive 
management? Is it practised in an optimal manner, or could there be areas for 
improvements based on recent theoretical advancements in the theory of adaptive 
management? 

 

 



Methods and Materials 

 
35 

Chapter 3 

METHODS AND MATERIALS 
Papers I and II 
Papers I and II are desktop studies based on literature review, calculations and 
analyses of data and statistics, and water balance studies with conceptual 
illustrations. The calculations for the back-casting study in paper II are based on 
UN statistics, e.g. population estimates; FAO statistics, e.g. Food Balance Sheets 
and AQUA-stat data; and land cover statistics retrieved from vegetation data set 
by Olson et al. (1983) (more details in paper II). 

Papers III, IV and V 
Papers III-V all build on extensive material collected during several field trips to 
Tamil Nadu with visits to Chennai (earlier Madras) and the Bhavani basin 
region. Some trips only lasted a few weeks and some lasted several months. The 
Bhavani basin study aims to understand the closure trajectory and builds on a 
historical reconstruction of the water resources development that has taken place. 
Anyone who has worked in India is probably familiar with the difficulty of 
finding reliable data and trustworthy information, and how, e.g. answers during 
interviews are often influenced by strong preset perceptions. This context brings 
a high level of complexity. It is thus desirable to minimize the incorrectness and 
increase validity and reliability of the results. During the research process, it 
became clear that it was necessary to use a “triangulation” approach. This 
methodology aims to find out the most likely explanation behind a certain 
development, fact or situation, and to limit data uncertainty by using several 
sources and viewing findings from different perspectives. Triangulation in this 
study is thus a “method of cross-checking data from multiple sources to search 
for regularities in the research data” (O’Donoghue and Punch 2003:78). In 
surveying, triangulation is a recognized method used to determine, e.g. distance, 
position, or height by using trigonometry and geometry. A third point in a 
triangle can be determined with one known side and two known angles. Today, 
the triangulation concept is widely used not only in natural and social sciences 
but also, e.g. in politics.  

The study builds on the following: 

a) Examination of written information: books, articles and published and 
unpublished reports, etc. 
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b) Analysis of time series: river flow, water allocations, changes in 
groundwater level, precipitation data. 

c) Statistics: cropping data, population data. 

d) Field visits: to gain understanding and to check the actual situation on 
the ground during different seasons and at different locations in the 
basin. 

e) Interviews: with officials, researchers, NGO representatives and local 
informants  

i. Single semi-structured/deep interviews.  
ii. Focus group interviews. 

iii. Research meetings/workshops. 
iv. Ground truth point farmer interviews. 

f) Land cover changes from remote sensing analysis: A comparison of 
Landsat satellite images from 1973 and 2001 shows a difference over 30 
years during the dry season, and a comparison between 1999 and 2001 
shows a difference between the dry season and the monsoonal season 
around 2000. 

g) Preparation of maps: to spatially visualize water resources development 
with location, scale and changes over time, based on topographic maps, 
basin boundary maps, administrative maps, remote sensing maps, field 
visits, and written historic documentation.   

Interviews and Personal Communication 
Many farmers, especially those with medium or larger landholdings, speak 
English. Smaller farmers and farm labourers in most cases speak only Tamil. 
Sometimes however, some belonging to the younger generation, even 
schoolchildren, are present and can participate in discussions and act as 
interpreters. Fully fledged discussions and interviews were however carried out 
together with persons who could act as interpreters. The field work and 
interviews were carried out in close collaboration with knowledgeable and 
experienced persons hired during longer periods, i.e. several months, and shorter 
time periods, i.e. from a few days to a few weeks. These persons made it possible 
to overcome problems with translations from Tamil to English, and their 
understanding of local conditions combined with specific expertise in the 
agriculture and water research field made it possible to avoid issues of specific 
misunderstandings. Travelling and living together during many field trips 
generated ample opportunities for interesting discussions with possibilities to 
reflect on interview responses, field observations, and collected information and 
reports.  

Information accumulated from interaction with persons, officials, researchers, 
NGO representatives, and local informants related to the Bhavani basin or related 
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issues in Tamil Nadu build on four components (i-iv under e above). The single 
semi-structured/deep interviews were carried out over several years. Despite 
many years of presence by the Department of Water and Environmental Studies, 
Linköping University (DWES) in the Bhavani basin area there was almost no 
information (data, reports, articles) available at the department that would have 
served as valuable background information before leaving for the first visit to the 
Bhavani basin. As a result, in the beginning the interviews had to be very open 
and more of a reconnaissance type. All interview responses were gathered as 
handwritten notes. 

As more information was gathered and the knowledge base and understanding 
increased the interviews could focus on more detailed issues and complex 
linkages. Altogether, more than 50 persons/office holders were interviewed, and 
many several times. The interviews had three aims: to tap the informants of his 
or her expert perspective; to check or verify the accuracy of already known 
“facts;” and to ask for alternative explanations or new perspectives. The number 
of interviewees is not exact as an interview situation at an engineer’s office often 
included various persons. One reason is the 2-year rotation rule within the Public 
Works Department (PWD). Since some offices were visited several times up to 
three different persons were interviewed on the same position. Because of the 
regular replacement of the engineers, in reality, the real knowledge lies with 
other types of office persons, or lower-rank engineers, who are permanently 
stationed at particular offices. A good example is the Head Drafting Officer 
(HDO) at the Kalingarayan Weir, Mr. Subbaiah. He actually belongs to the 
administrative personnel category but has excellent knowledge and insights 
regarding water allocations for the Kalingarayan canal.  

Altogether, 16 focus group interviews with farmers were carried out across the 
basin. Representatives for different farmer groups and associations were 
contacted in advance and asked to bring together other farmers of the area. A few 
of the meetings in the upper part of the Bhavani basin were carried out on an ad 
hoc manner. With leading questions the farmers were given freedom to talk 
about what they found the most urgent problems regarding agriculture and water. 
During the focus group interviews two to four of the contracted knowledgeable 
and experienced persons participated in the discussions. One person was 
responsible for taking down handwritten notes, later checked by the other 
persons present during the meetings. Besides general issues, questions with 
specific topics were also asked based on analysis of water allocation data and 
other specific local circumstances. The meetings with farmers at the head, middle 
and tail reaches of the Kalingarayan command area exemplify this approach. 
Here the farmers were asked to respond to question about, e.g. their reaction to 
cancelled water releases during the drought of 2002-2004; the frequent 
discharges of industrial effluents into the canal; and what the farmers belonging 
to the gravity-irrigated command area thought about the large-scale water 
pumping for irrigation on the elevated west side of the canal. 
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During four workshops held at the Water Technology Centre at the Tamil Nadu 
Agricultural University (TNAU) deeper discussions between researchers and 
invited stakeholders could take place. Three of the workshops were co-organized 
by DWES. During two of the workshops Indian and international researchers, 
NGO representatives, government officials, the Tamil Nadu Water Supply and 
Drainage Board (TWAD) and PWD engineers generally discussed the water 
situation in the Bhavani basin. Farmers were also invited to the remaining two 
workshops. At a general workshop, research results from the Bhavani basin were 
presented by teams from DWES, Madras School of Economics (MSE) and 
SaciWaters. A workshop organized by an MSE team focused on the 
environmental status of both surface water and groundwater in the Bhavani 
basin.  

Between 21 February and 3 March 2007 land cover data were collected for 157 
ground truth points all over the Bhavani basin. The data were used as input to the 
classification of the Landsat images used for land cover analysis, carried out 
under a consultancy contract at the IWMI GIS unit (Thenkabail et al. 2005). The 
period of data collection coincides with the dates of the 1973 and 2001 satellite 
images, 27 February and 3 March, which were chosen to visualize the crop area 
difference during the dry season over almost 30 years. At 45 of the ground truth 
points farmers were interviewed with regard to water use development and crop 
choices of the present and historical times (Annex 1). The outcome of these 
interviews is a temporal and spatial understanding of the step-wise establishment 
of new water use practices all over the basin.    

Triangulation Example 
A good example of how the triangulation approach has been used is the finding 
of the “1986 modification of 1964 system” from the “1964 system wet-dry” 
presented in paper V and illustrated in Figure 4 (Lannerstad and Molden 2009b). 
The Lower Bhavani Project (LBP) allocation system is not easy to grasp and it is 
also unusual compared to the normal setup in other irrigation projects in Asia. I 
was asked to contribute to an article that compared different basins. I included, 
and described in short, the LBP system and the system changes over time. The 
principal author thought I must have made some mistake and actually changed 
the text so that the description matched that of other irrigation systems.  

According to unpublished local research reports, the yearly releases into the LBP 
canal vary highly over the years. A first visit to the Lower Bhavani Farmers’ 
Federation resulted in general discussions and increased understanding. Field 
visits showed the mixed cropping landscape with different kinds of crops. By 
studying the allocations for different seasons and creating a graph where 
allocations for different seasons were visualized (like Figure 5, Lannerstad and 
Molden 2009b) a new perspective was visualized. The graph illustrated the 
allocations for the entire system. Water is however shared between two equal-
sized zones and the system graph thus did not capture how the high variability 
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has affected the two farmer groups over time. During more field visits the new 
insights made it possible to notice how sluices were numbered 1 and 2 (odd or 
even), and when looking at the cropping landscape, the cropping pattern, with 
paddy, groundnut and fallow fields,  which was significant for the system, 
became visible. During the 1980s there were a number of years with little or no 
releases into the LBP canal. When the actual allocations were studied with 
respect to the two zones, and not only at system level, it became clear that one of 
the zones according to the set rotating allocation scheme must have suffered 
several years in a row without any water at all. Some research reports actually 
have detailed information about allocations to the different zones. The reports 
support the unequal supply during the 1980s. How is this possible? Would the 
farmers belonging to the unfortunate zone accept this unfairness in water supply? 
The issue was discussed with water researchers. They had never analysed the 
LBP system in this way and the discussions often ended in conflict. During one 
of these chaotic discussions one of the leaders for the LBP farmers showed up by 
coincidence. I rapidly grasped the opportunity to ask him about the 1980s and 
what really happened. He immediately understood my questions and replied that 
the farmers themselves introduced a change in the system to increase the equity 
during consequent years with drought. If one zone had lost several seasons they 
were to be given water the next time water would be available, even if the water 
according to the scheme should go to the other zone. During interviews at a later 
date with LBP leaders all was explained more in detail and the LBP farmers 
generously shared their information and court documents describing the system 
change in the 1980s.  

Case Study Area: Bhavani Basin 
The Bhavani basin is the fourth largest (6,500 km2) sub-basin in the Cauvery 
basin (81,000 km2). The western part (Western Ghats) is hilly terrain with an 
altitude ranging from 300 to 2,400 metres. The northern and north-eastern 
(Eastern Ghats), the southern and south-eastern sides of the basin are dominated 
by rugged discontinuous hills, with altitudes ranging from 300 to 1,000 metres. 
The Bhavani Valley, a flat terrain covering around 20% of the basin area, starts 
from the foothills of Western Ghats and stretches eastward all the way to the 
confluence of the Bhavani river with the Cauvery river (NWDA 1993). The 
northern part of the upper Bhavani basin is drained by the Moyar river and the 
southern part by the Bhavani river. Below the Lower Bhavani Project (LBP) 
reservoir the Bhavani river continues eastward traversing the Bhavani Valley 
(Figure 15). 

In the upper Bhavani basin the major part of the yearly precipitation falls from 
June to September, during the south-west monsoon. In the lower Bhavani basin 
most of the rain falls during the less reliable north-east monsoon, from October 
to December. Yearly average precipitation in the upper Bhavani is estimated at 
1,600 mm per year (Wilk 2000: 87) and the value of 700 mm per year is an 
approximation for the lower Bhavani. The total average yearly areal precipitation  
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Figure 15. Bhavani basin in an administrative, hydrological and irrigation perspective 
(Lannerstad and Molden 2009a). 

is thus about 6,500 Mm3 above the LBP reservoir (4,100 km2) and approximately 
1,700 Mm3 below (2,400 km2). Potential yearly evapotranspiration (ET) in the 
central upper Bhavani basin is about 800 mm and around 1,600 mm in the lower 
Bhavani basin (von Lengerke 1977). 

In the upper parts and the northern part of the lower Bhavani basin, there are 
large areas of forest reserves and plantations. The cultivated areas in the Nilgiris 
district in the upper Bhavani basin are dominated by tea and coffee plantations, 
vegetables (carrot, potato and cabbage) and spices (cardamom and ginger). In the 
parts of the Bhavani basin that fall within the Erode and Coimbatore districts 



Methods and Materials 

 
41 

there are irrigated lands with canals and groundwater, and rain-fed crop lands, 
often with supplemental groundwater irrigation. Cultivated crops are paddy, 
groundnut, pulses, fodder sorghum, sugar cane, coconut, sesame, turmeric and 
banana (SCR 2005).  

The population in the basin has increased about 200% during the last 50 years to 
about 2.5 million (GoI 2005). More than 50% of the workforce in the Nilgiris 
district are occupied with livestock, forestry, fishing, hunting, plantations or 
orchards, and 14% are working in the agriculture sector as cultivators or 
agricultural labourers. In the Erode district, almost 55% work in agriculture and 
about 45% in the non-agriculture sector (Census of India 1991a, b). Industrial 
development is now increasing in the basin and is fuelled by the rapid 
development in Coimbatore, the industrial and second biggest city in Tamil 
Nadu, and Tiruppur, the textile centre of southern India, both located in the 
southern neighbouring Noyyal basin.  
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Chapter 4 

FINDINGS AND INTERPRETATIONS 
Historical Agricultural Land and Water Use Insights  
Development of agriculture to meet food needs of an increasing global human 
population has, over time, resulted in a massive expansion of cultivated lands. 
Much attention was paid already in the 1960s to the terrestrial hydrological 
systems by the Soviet scientist M. I. L’vovich (1979). He quantified the 
partitioning of precipitation for all the major biomes, based on data of 
precipitation and streamflow from all the continents, and analysed infiltration, 
actual evaporation and groundwater recharge in generic diagrams.  

This work was continued by L’vovich and White (1990) who focused on the 
lands being cultivated in 1980 and analysed consumptive water use changes in 
relation to land use alterations on all continents during 300 years, from 1680 to 
1980. Figure 16 presents a global picture of how land and vegetation 
transformations on cultivated land have changed. The natural vegetation that 
originally existed on present global cultivated lands is estimated to have had a 
total consumptive water use of 6,540 Gm3 year-1. A change from natural 
vegetation to different cultivation practices has resulted in the successive 
decrease in water consumption, and thus increased run-off. Already in 1680, the 
decrease compared to natural vegetation was about 1,000 Gm3 year-1, and as 
expected occurred predominantly in Europe and Asia. The decrease in 
consumptive use, i.e. increased run-off and groundwater formation, culminated 
around 1950 when the vegetation on ploughed land evapotranspired around 
3,700 Gm3 year-1 less than virgin vegetation. New agro-technical practices during 

 

Figure 16. Changes in water consumptive use on global cultivated lands 1680-1980 
(Falkenmark and Lannerstad 2005). 
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the 20th century resulted in further change with increased soil moisture, 
decreased surface run-off and marked replenishment of underground water back 
to a situation more similar to the original hydrological pattern. Consumptive use 
increased again and was estimated at 2,900 Gm3 year-1 in 1980. A study of large-
scale redistribution of global water vapour flows by Gordon et al. (2003b) 
supports this assessment by estimating global reduction of consumptive use to 
3,000 Gm3 year-1 because of deforestation. 

Consumptive use changes and land use alterations for the Australian continent 
were similarly analysed by Gordon et al. (2003a). During the last 200 years, 
European settlers have made extensive clearance of perennial deep-rooted forest 
vegetation. The estimated reduction of consumptive water use is almost as large 
as the present annual natural blue water flow from the continent. In the Murray-
Darling basin, 12 to 20 billion trees were replaced by short-rooted grasses and 
seasonal crops. This vegetation change has.resulted in amplified blue water 
formation, with rising groundwater levels and increased river flow. In the past 
100 years, a parallel development of construction of river regulatory and water 
storage structures has enabled large-scale diversions, today amounting to over 
11,000 Mm3. Today, through increased consumptive use, outflow to the sea has 
thus decreased from an average of 12,300 Mm3 to 4,900 Mm3 (MDBC 2003). 

Figure 17 illustrates a general trajectory seen in many semi-arid basins when the 
initial agricultural development starts with clearance of natural vegetation to gain 
farming lands, resulting in decreased evapotranspiration and increased blue water 
flow from the basin. Later, especially during the second half of the last century, 
construction of flow-control structures, reservoirs and irrigation infrastructure, 
with intensive blue water use, and intensified rain-fed land use increased the 
consumptive use again.  The schematic visualization shows the general 
consequences over time in a river basin in terms of changed relative vapour and 
blue water basin outflows caused by vegetation alterations and water resources 
development.  

The height of the Y axis in Figure 17 equals the yearly precipitation over the 
basin. The figure shows how this water quantity “leaves the basin” as 
evapotranspiration or a blue water outflow, and how this partitioning changes 
over time.  

A) Virgin land has evolutionary optimized vegetation, with a large water 
vapour outflow. 

B) Forest clearance to gain pasture and crop lands, with less transpiration from 
seasonal and short-rooted vegetation results in increased blue water 
outflow.  

C) Improved agricultural techniques and crop improvement increase the basin 
evapotranspiration again, with reduced run-off formation. The land use 
alteration reduces streamflow.  
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D) Consumptive water use, mainly for irrigation, from river flow and 
groundwater together with evaporation from reservoirs directly reduces 
river flow and increases the amount of the precipitation over the basin 
leaving as a vapour flow. 

The blue water outflow from a basin can be thus principally altered in two ways. 
The first alternative is rain-fed vegetation changes, that increase or decrease 
evapotranspiration, and thus alter run-off formation. The second option is altered 
consumptive use of blue water. River flow can be changed by direct use, e.g. 
irrigation, and through indirect use as evaporation from storage surfaces. Altered 
groundwater use can reduce or increase aquifer outflows to rivers and wetlands. 
The illustration shows the importance, when discussing water use, of properly 
distinguishing between the consumptive and evaporative components of water 
use and the non-consumptive component, returning to the system. The latter is 
traditionally often perceived as “losses,” but principally constitutes a return flow 
that can be reused downstream (see introduction).  

The Incomati river basin in southern Africa (Van der Zaag and Carmo Vaz 2003) 
(Figure 18) is an illustrative case that shows the effects of both increased blue 
water use and changed rain-fed vegetation. The net virgin run-off of 3,587 Mm3 
yr-1 has been reduced step by step by altogether 1,800 Mm3 yr-1 till 2002, and can 
be predicted to decrease by another 500 Mm3 yr-1 according to an approved 
treaty. It is interesting to notice the increased consumptive water use by exotic 
tree plantations, almost 550 Mm3 yr-1. These plantations are entirely rain-fed and 
are an example of how land use changes can alter natural hydrology and reduce 
blue water formation. These forest plantations are thus an example of a 

 
Figure 17. Conceptual illustration of water partitioning changes in a basin from undisturbed 
to present with: virgin land (A); evapotranspiration reduced by deforestation (B); and 
increased evapotranspiration due to intensified rain-fed land use (C) and through irrigation 
(D) (Falkenmark and Lannerstad 2005). 
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Figure 18. Human-generated streamflow reduction in the Incomati river basin, southern 
Africa (Falkenmark and Lannerstad 2005). 

development that the South Africans define as streamflow impacting activity and 
for which the forest companies in South Africa will have to pay for the additional 
water literally consumed. The final outcome of increased transpiration and 
evaporation from both rain-fed and irrigated areas will, in other words, be a 
reduction of original blue water flow by 2,300 Mm3 yr-1, leaving only 35% of the 
original streamflow for freshwater and downstream coastal ecosystems. 

Down-to-Earth Study 
The Bhavani basin is a sub-basin in the Cauvery basin; this is the most southern 
part of the red zone suffering from physical water scarcity in southern India as 
shown in Figure 2. The basin is evidence for both water resources development 
and changed rain-fed land use leading to river depletion and basin closure. With 
a rapid population increase and fast societal development, the Bhavani basin is 
also a down-to-earth example reflecting the water use and the population 
development shown in Figure 5.  

Climatic Variability and Population Increase 
Most parts of Tamil Nadu lie in the rain shadow area of the Western Ghats and 
can be compared to other parts of India which rarely benefit from the relatively 
reliable south-west monsoon from June to September. Instead, the state has to 
rely mainly on the unpredictable and erratic north-eastern monsoon from October 
to December, characterized by cyclones, showers and downpours. The high 
variability of annual and seasonal rainfall and the hot climate pose an agricultural 
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challenge, and food shortage has thus often been a problem in Tamil Nadu 
(Mohanakrishnan 2001: 1).  

The Coimbatore and Erode districts (Figure 15), covering part of the Bhavani 
basin and the entire LBP command area is described as an area “of exceptional 
dryness” with “not less than two-thirds of the seasons” as “unfavourable” 
(Madras Presidency 1902: 102). During the 19th century and in the beginning of 
the 20th century serious water scarcity was a reality during a larger number of 
years, described with words such as “scarcity, desolation and disease” or 
“famine, sickness and death.”  In 1808, failure of both monsoons caused a famine 
“that carried off half the population,” while the “The Great Famine” in 1876-78 
is described as “more disastrous in effect than any of its predecessors” (Madras 
Presidency 1902: 39, 102; Baliga 1966: 17). 

Problems of water scarcity continued in the Coimbatore and Erode districts 
during the first half of the 20th century. There was, e.g. serious shortage of fodder 
in 1924 and a famine in 1939 (Baliga 1966). The circumstances during the 
construction work of the LBP reservoir (Figure 15) at Bhavanisagar that started 
in 1948 clearly illustrate the situation. At the time an acute national food shortage 
had forced the Government of India to reintroduce rationing. The common 
quantum of ration varied from 6 to 8 ounces (180-240 g) of rice per person and 
day. This was not enough for the hard-working LBP workers. The Government 
of Madras was approached and the ration was increased to 16 ounces a day (450 
g) and the Bhavanisagar colony was set up to constitute a separate food grain 
rationing district. During the local famine in Coimbatore and Erode districts in 
March 1951 as many as 50,428 adults and about 6,600 children got rations in the 
LBP colony (GoM 1965: 52).  

The annual precipitation records from the LBP reservoir site are shown in 
Figure 19 and demonstrate high variability revealing no “average” rainfall 
situation. Farmers have to adjust to an annual rainfall variability ranging from 
less than 400 mm to more than 1,200 mm, as well as to a high intra-annual 
irregularity. “Thus, the agricultural economy of the area in the absence of 
irrigation is solely dependent on unfailing, regular and periodical rains. When the 
rain fails, and drought conditions prevail in the country, the economic balance is 
upset. The area falls into the grip of famine and distress prevails over large 
areas” (GoM 1965: 7). 

Like in other areas with rains only during particular times of the year, as in the 
Sahel region or in southern Africa, in many cases, a food shortage is thus caused 
by irregular and insufficient build-up of soil moisture for rain-fed crops. The 
famines in Coimbatore district are another example of “green water scarcity as 
the classic cause of famines” (Falkenmark et al. 2007: 7). Despite famines and 
other hardships, the Bhavani area is highly populated and during the first half of 
the 20th century the joint population in the Coimbatore and Erode districts 
increased by 70% (GoI 2005). 
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Figure 19.  Annual precipitation at the LBP reservoir site 1950/51-2004/05, May-June (data 
source: PWD). 

Agricultural Blue Water Use Responses  
In a climatic context with crop failure and famines and with a large increasing 
population it has been important to improve the agricultural output in the 
Bhavani basin area. The total net cultivated area, i.e. areas cropped at least once 
during a cropping year, in the Bhavani basin is about 170,000 ha (Lannerstad and 
Molden 2009a). To be able to meet the crop consumptive water use demands it 
has been fundamental to increase agricultural water security in the area. This has 
been achieved by development of blue water resources in a step-wise process at 
various scales and with various techniques across the basin. One way to analyse 
agricultural blue water use is to divide it into infrastructure-based surface water 
use distributed by gravity and pumping of surface water or groundwater by a 
single farmer or groups of farmers.  

Gravity Irrigation 
Construction of tanks (small reservoir) to capture local run-off and temporary or 
permanent weirs to divert water from the rivers has been a long-standing 
tradition in Tamil Nadu to overcome highly variable climatic conditions and 
enable irrigation (Ratnavel and Gomathinayagam 2006). The trajectory for blue 
water use infrastructure in the Bhavani basin, with tanks, weirs and reservoirs is 
shown for three points of time in Figure 20. 

Compared with many other districts in Tamil Nadu there are few tanks in the 
Coimbatore and Erode districts and the total tank irrigated area in Bhavani basin 
is only about 2,000 ha (MIDS 1998). To utilize the flow in the Bhavani river and 
several of the minor tributaries there are a number of large and small weirs in the 
basin. The two most important weirs were constructed by local rulers in 
historical times. In the 13th century, the Kalingarayan weir (4,800 ha) was 
constructed across the Bhavani river just above the confluence with the Cauvery  
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Figure 20. Surface water resources development in the Bhavani basin by 1940, 1970 and 
2000 (Lannerstad and Molden 2009a). 
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river. In the 17th century, the Kodiveri weir, which serves the Arakkankottai 
(2,000 ha) and Thadapalli (7,200 ha) canals, was constructed 50 km further 
upstream. Several other historical small-scale diversions in the basin together 
serve about 1,300 ha (Baliga 1966; MIDS 1998). 

During WWII, the food problem became acute on a national scale in British 
India. To quickly increase food production, the Grow More Food (GMF) 
Campaign was launched. Within the campaign, the PWD started several projects 
in the Bhavani basin. Most important was expanding the Arakkankottai 
command area by 800 ha and increasing cropping intensity from one to two 
paddy crops for both Arakkankottai and Tadapalli command areas (Baliga 1966). 
Water use demand thus doubled for the canals served by the Kodiveri weir.  

The major response to the continued local and national food shortage after 1940 
was the development of the Lower Bhavani Project (LBP), sanctioned shortly 
after Independence in 1947. The project includes a reservoir with a storage 
capacity of 930 Mm3 and an irrigated area that straddles the Bhavani basin 
boundary, with about 31,500 ha falling within it and 52,500 ha outside it. Water 
was released into the LBP canal for the head region in 1952/53 and the full 
command area was in operation by September 1956 (GoM 1966: 14). In 1964, 
the allocation system for the LBP command area was changed from only one 
season with intermittently irrigated “dry crops,” like different kinds of millets, 
cotton or groundnut, over the entire area, to a system with two seasons where 
during normal years paddy is cultivated on half the area the first season and dry 
crops on half the area during the second season. The decision to intensify crop 
cultivation increased the designed water allocation by 60% to 1,020 Mm3.  

With the completion of the LBP, the possibilities for larger surface water 
infrastructure for irrigation were exhausted. Since 1970, only three minor 
irrigation reservoirs, with a total storage capacity of only 10 Mm3 and a designed 
command area of about 2,000 ha, have been constructed in the basin (TWAD 
2000).  

Between 1940 and 2000, primarily in the period 1950-1955, the net canal-
irrigated area within the Bhavani basin (not considering cropping intensity) 
increased four times, from about 12,000 ha to about 48,000 ha. The total net 
command area designed to rely upon surface water generated within the Bhavani 
basin increased from about 17,000 ha to 105,000 ha, more than a sixfold 
increase. The annual demand for surface water generated within the Bhavani 
basin for gravity irrigation increased from about 600 to more than 2,000 Mm3 per 
year (Figure 24).  

Lift Irrigation 
Although development of infrastructure for gravity irrigation has been 
considerable in the Bhavani basin in the last century, historically, wells were the 
major source of irrigation in the Coimbatore and Erode districts. At the end of 
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the 19th century, the open wells were mainly situated in “little valleys and 
hollows” and were described as “the heart and life of the district.” The 
groundwater irrigated area amounted to about 20% of the cultivated area in the 
beginning of the 20th century (Krishnaswami Ayyar 1933). 

The importance of groundwater pumping has increased over the years and during 
the 20th century the number of wells in the Erode district has about tripled, as 
shown in Figure 21. Mechanization started to replace traditional bailing by 
bullocks at the end of the 1950s and the mode of lifting is now fully mechanical, 
with 15% of the wells equipped with diesel pumps and 85% with electrical 
pumps. This has increased water abstractions considerably and a comparison at 
the end of the 1970s showed that the average extraction potential with diesel or 
electrical pumps was four times greater than from bailing by bullocks 
(Palanisami 1984). Since the 1980s, the farmers in Tamil Nadu have been given 
free electricity irrespective of the quantity consumed. This subsidy has inspired 
the farmers to increase pump capacity, and groundwater use flourish all over 
Tamil Nadu (Kannan 2004).  

The traditional well in the Bhavani basin is an open rectangular well of about 7x7 
m with a depth of 15-40 m. The statistics show that open wells dominate and 
only a fraction comprises bore wells (7%) (SCR 2005). Today, a bore well is 
however often the preferred option for a new well. In the 1970s, bore wells used 
to be about 80 m deep. After 2000, bore wells down to a 250 m depth have 
become common (TWAD 2000).  

Until recent years well development within the irrigation command areas was 
concentrated in the LBP command area. Because of the porous soil in the 
Bhavani basin the seepage inside the LBP command area turned out to be quite 
significant. After the introduction of the seasonal alternating irrigation allocation 
system in 1964 half the command area is fallow every season. With shallow 
groundwater wells farmers can capture the return flow and intensify water use 

 

Figure 21. Wells in the Erode district 1915-2005, number and mode of lifting (Lannerstad 
2008). 
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and cultivate in more seasons. During the drought years of 2002-2004, the 
diversions into the historical Kodiveri and Kalingarayan canals were cancelled 
for the first time in history. The farmers normally use the continuous canal 
supply to cultivate two to three paddy crops. The immediate water scarcity 
instantly triggered widespread well development and now these farmers can cope 
with drought years and intensify water use during normal years, with perennial 
crops or diversification of the cropping pattern.  

Pumping surface water has increased and is, in some areas, more important than 
pumping groundwater. The improvement in pump and pipe technology in 
combination with free electricity for all agricultural connections has propelled 
intensified water pumping also from streams, rivers and canals. Even though 
some farmers have authorized rights to pump from rivers and canals, a large 
majority are pumping water illegally. This development is driven by individuals 
or groups of farmers. Farmers purchase a small piece of land close to the river or 
a canal and dig an open well. Through an unauthorized underground pipe the 
well is connected to the canal or the river. By using free electricity farmers can, 
without any cost, pump water from rivers and canals that are, often, more than 5 
km away. 

The ample and almost annually continuous canal supply in the historical canals 
has spurred intensive establishment of water-lifting arrangements to irrigate 
lands on the elevated lands west of the Kalingarayan canal and north and south of 
the Kodiveri canals. The number of unauthorized pumps has gradually 
mushroomed and today the number of pumps along the Kalingarayan canal alone 
is estimated to be 1,000-2,000 and the total lift irrigated area estimated to be 
more than 7,000 ha (PWD pers. comm. 2004-2007). The canal pumping disturbs 
the water allocations from the canals and tail-end farmers often face water 
scarcity. During later years, also pumping from the LBP canal has emerged as an 
increasing problem (PWD pers. comm. 2004-2007).  

A farmer with lands just north of the Arakkankottai canal cultivating sugar cane 
and banana exemplifies this development. Originally, coarse grains cultivated on 
the farm were irrigated through bailing by bullocks from an open well from the 
1920s. In the middle of the 1970s the well was connected to the Arakkankottai 
canal by an underground pipe and the farmer’s father was one of the first in the 
village to install a diesel pump. After 2 years, electricity replaced diesel and 
today two 10 hp pumps are used. After the drought years of 2002-2004, with 
suspended diversions into the Arakkankottai canal, in 2007, the farmer drilled 
side bores from the open well to increase the recharge and to ensure better supply 
in case of seasons without canal supply and to be able to bridge the annual canal 
closure period. 

The best source of surface water for lift irrigation in the basin is the Bhavani 
river itself. In the mid-1990s, the total irrigated area along the Bhavani river 
above and below the LBP reservoir was estimated to be almost 1,100 ha (MIDS 
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1998). In 2000, it appreciably expanded to 7,000 ha (TWAD 2000), and it must 
have increased further since then.  

In the Nilgiris district the increased cropping intensity is based on hose and 
sprinkler irrigation from streams or shallow dug wells initiated in the 1970s. 
Areas uphill and at longer distances can be irrigated with the use of pipes from 
the streams (Lannerstad, 2008). As a result, the cropping intensity and water use 
have increased.  

All in all, gravity irrigation based on run-off generated in the Bhavani basin and 
small-scale water lifting of both groundwater and surface water have increased 
dramatically during the last 50 years.  

Competing Urban Water Use 
Parallel to agricultural water infrastructure development the demands for 
drinking water and hydro-power have increased the competition for water 
resource in the Bhavani basin (Figure 20). The urban sector made its first claims 
in the basin in the 1930s with an initial drinking water diversion to the 
Coimbatore city and the first hydro-power development. The hydro-power 
reservoir construction peaked during the 1960s and reached a total storage of 500 
Mm3, with 26 dams and weirs (TNEB pers. comm. 2005-2006). Drinking water 
withdrawals from the Bhavani river and its tributaries took off during the 1970s. 
The major part is out-of-basin transfers to meet the needs of Coimbatore and 
Tiruppur cities. After establishing new schemes and upgrading old infrastructure 
altogether almost 170 Mm3 are annually abstracted to meet domestic needs. Out 
of this quantity more than 100 Mm3 are transferred to meet the urban and rural 
demands in the southern neighbouring Noyyal basin (Figures 15 and 20). Total 
yearly industrial withdrawals, in contrast, amount only to about 20 Mm3 (TWAD 
2000; TWAD pers. comm. 2005-2006). Municipal and industrial abstractions 
together amount to almost 10% of the annual demand of the major canals in the 
basin. 

Water-Related Land Use and Crop Changes 
Considering the changed and intensified water use in the Bhavani basin it is 
interesting to see how this is reflected in changed land use and crop changes. 
While some pattern can be related to increased blue water use, some changes are 
instead taking place on rain-fed areas and are thus potentially altering the run-off, 
blue water, formation.  

Upper Bhavani Basin 
In the upper part of the Bhavani basin there are land use changes related to both 
irrigation and changed rain-fed land cover. Within the Nilgiris district there have 
been major alterations of the rain-fed areas during the last half of the 20th 
century. Land use statistics show that the joint area of the “fallow,” “cultivable 
wasteland,” and “grazing lands” categories has decreased, from about 30% to 
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7%. These lands, with weak vegetation and low consumptive use, have been 
mainly replaced by increasing forest areas (50 to 60%) and plantations (6 to 
25%) with higher consumptive use (Allen et al. 1998; SCR different years). 
There has also been a trend of conversion of natural forest to forest plantations, 
like Eucalyptus. The rapid development of tea plantations during the last decades 
is as an example shown in Figure 22.  

The remaining categories “non-agricultural use” and “sown land” have stayed 
almost stable, with only a slight decrease. Irrigation with water from streams or 
shallow wells, as described above, has enabled an intensification of vegetable 
production on “sown land,” with a shift from one or two to two or three crops per 
year. From remote analysis this stream irrigated area is estimated to be 6,500 ha 
(Lannerstad and Molden 2009a). Since the 1970s, stream pumping in some areas 
has also been used for sprinkler irrigation of tea plantations during the dry 
seasons. The lower areas of the upper part of the Bhavani basin (not Nilgiris 
district) have a hotter climate and less rainfall. In these areas there is  increasing 
river pumping to cultivate the same crops as on the plains in the lower part of the 
Bhavani basin.  

Lower Bhavani Basin 
Land cover and land use changes in the lower part of the Bhavani basin are 
almost entirely related to altered and intensified blue water use. The entire 
command area of all three major canals, i.e. LBP, Kodiveri and Kalingarayan, 
taking off from the Bhavani river falls within the Erode district (Figure 15). An 
analysis of crop land statistics for the Erode district comparing the year 1926 
with the period 1980-2005 shows the same net sown area while canal irrigated 
area has increased five times and groundwater irrigated areas by 30% 
(Krishnaswami Ayyar 1933; SCR 2005). An analysis of satellite-based remote 

 

Figure 22. Tea, coffee and cinchona plantation areas in the Nilgiris district 1903-2005 (data 
source: SCR different years). 
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sensing comparing the maximum crop extent during the north-east monsoonal 
period and crop cover during the dry “summer” months around 2000 shows a 
wet-season cropped area of 110,000 ha and a dry-season cropped area of about 
70,000 ha. Net cropped area is 130,000 ha and cropping intensity is almost 40% 
(Lannerstad and Molden 2009a).  

Remote sensing data comparing dry seasons of 1973 and 2001 for non-command 
areas in the lower Bhavani show that cultivation has increased by 100% to 
44,000 ha. This confirms the increased water-lifting irrigation relying on 
groundwater and surface water. Within the LBP command, the cropped area 
increased by almost 75%, indicating also increased water lifting from aquifers, 
canals or the Bhavani river in this irrigated area (ibid.).  

Figure 23 shows the dramatic changes in crop statistics for two Erode sub-district 
areas, Sathymangalam and Gobichettipalayam taluks. Water-intensive crops, 
such as paddy and sugar cane, have increased from 9 to 35%, with perennial 
sugar cane cultivation increasing from 127 to 16,000 ha and paddy from 8,000 to 
18,000 ha. The category of “other crops” has increased and indicates an 
increased crop diversification with turmeric, banana, tobacco, maize, flowers, 
spices, coconut trees and garden produces. Cultivation of less water-demanding 
coarse food grains like sorghum, spiked millet and ragi (eleusine cora cana) has 
noticeably decreased by 60%. Fodder sorghum is however cultivated on 20% of 
the cultivated area. This shows two facts: First, sorghum that was earlier a staple 
food crop is now entirely classified as fodder. Second, the data also show that 
livestock is an important part of agriculture in the Erode district, as  fodder 
cultivation in the district is 30% of all fodder crops cultivated in the entire Tamil 
Nadu state (SCR 2002). The data also confirm the general diet preference 

 

Figure 23. Cropping pattern changes from 1925/26 to 2001/02 in Sathymangalam and 
Gobichettipalayam taluks (June-May) (Modified from Lannerstad and Molden 2009a).  
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changes in developing countries, as shown in Figure 7. The 12-fold increased 
maize production in Tamil Nadu, 1955-2000 (Table 4) also points at increased 
use of feed grains. The present South Indian diet is largely vegetarian but diet 
trends following urbanization highlight an increased intake of animal calories, 
e.g. chicken. The fact that the Coimbatore district has become a major broiler 
centre, producing 2.5 million chickens per week, is a sign of this development 
(Hindu 2005). Even in remote Nilgiris villages there are white broiler chickens 
squeezed together in small metal cages on display for sale at almost every corner, 
at the same time as the traditional colourful chicken breeds run around freely in 
the streets and gardens.  

The general trends in the Bhavani basin are valid for the entire Tamil Nadu. 
Statistics comparing cropping data around the years 1955, 1980 and 2000 capture 
the Green Revolution in a Tamil Nadu perspective. Yields have increased 
dramatically, with e.g. rice from 1.3 to 3.5 tons ha-1, spiked millet from 0.4 to 1.4 
tons ha-1, and groundnut from 1.0 to 1.8 tons ha-1. The statistics for Tamil Nadu 
also show the importance of irrigation as the yield for irrigated sorghum, spiked 
millet or ragi is about twice the rain-fed yield. The statistics also show, as in the 
Bhavani basin, that areas in Tamil Nadu with coarse cereals have gone down by 
50 to 75%, while e.g. areas with sugar cane have increased by 800%. Compared 
to national yield data shown for India in Figure 3 rice yields in Tamil Nadu are 
higher than the average and maize yields lower. Both national maize and rice 
production have about tripled nationally during 40 years (Figure 6), similar to 
rice production in Tamil Nadu (SCR 1958, 1982, 2002).  

The trend in the Bhavani basin with more water-intensive crops and higher yield 
means more evapotranspiration and thus higher water requirement per hectare. 
The water demand for increased cropping intensity and higher yields is to some 
degree compensated for by new shorter-duration crop varieties. Paddy crops in  

Table 4. Agricultural statistics for Tamil Nadu 1955, 1980 and 2000 (metric tons) (SCR 
1958, 1982, 2002). 

 Year Paddy 
Ground

-nut 
Sorgh 
-um 

Spiked 
Millet 

Ragi
Red 

Gram
Sugar
-cane

Maize Cotton 

Area 
(ha x1,000) 

 

1955 2,000    750 750 620 370 66      40   7 380 

1980 2,700    940 690 390 250 71    160 21 290 

2000 2,200    770 350 150 120 67    310 75 190 

Production 
(tons x1,000)

1955 2,600    730 430 240 340 25    280   9 48 

1980 5,300 1,000 610 360 360 42 1,800  22 79 

2000 7,700 1,400 340 210 250 45 3,400 120 63 

Yield 
(tons/ha) 

1955 1.3 1.0 0.6 0.4 0.9 0.4 7.0 1.1 0.13 

1980 2.0 1.1 0.9 0.9 1.4 0.6 11.0 1.1 0.27 

2000 3.5 1.8 1.0 1.4 2.0 0.7 11.0 1.6 0.33 

Data years: 1952/53-1955/56, 1976/77-1980/81 and 1998/99-2000/01 
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the area originally demanded 180 days and later 150 days and now 135 days 
(Kulandaivelu pers. comm. 2007).  

Finally, total land use changes and crop changes in the Bhavani basin confirm an 
intensified blue water use in both the lower and upper parts of the basin, and 
indicate an increased consumptive use from rain-fed areas, with grazing lands 
converted to tea or forest areas, in the upper part.  

Blue Water Outcome 
Increased consumptive use following intensified blue water use and likely 
increased evapotranspiration from rain-fed areas all affect the hydrological 
cycles on all basin levels.  

Groundwater Changes 
An analysis of the groundwater trend in the Bhavani basin based on water-level 
readings from observation wells shows a pattern that can be separated into four 
zones: the Nilgiris district, the command areas, areas close to canals and the 
river, and non-command areas on the plains (Lannerstad and Molden 2009a).  

In the high altitude Nilgiris district the groundwater level is stable, or increasing 
for some wells. Within the command areas on the plains groundwater levels are 
stable or slightly falling. The wide practice with conjunctive use in the LBP 
command for the last 50 years appears to be sustainable in the long term, as 
seepage from the fields and canals recharge the aquifers. On the plains outside 
the command areas groundwater levels indicate a drop of 6 to 14 m and many of 
the observation wells have been dry for a month or more. The most interesting 
pattern is seen in non-command areas, next to the canals and the river. Here 
groundwater levels have been rising 2-10 m. One plausible explanation for this 
pattern must be the increased pumping from the Bhavani river and the canals. 
Over the years, the return flows have locally raised the groundwater level by 
several metres. Free electricity has thus not only resulted in aquifer over-
exploitation but also in locally rising groundwater levels. 

River Flow Changes 
The inflow into the LBP reservoir is both the outflow from the upper part of the 
Bhavani basin and the water quantity to be shared among the users in the lower 
part of the basin. The reservoir is thus the interface between water-impacting 
activities above and water-dependent actors below. River flow changes in the 
basin are thus best analysed separately for the upper and lower parts. Despite a 
high variability in flow at the reservoir site (Figure 24) it is possible to discern a 
trend of falling inflow to the LBP reservoir by about 500 Mm3 during the last 
decade, a reduction of about 25% of the inflow. This is due to the accumulated 
effect of several factors in the upper part of the basin: the 104 Mm3 of drinking 
water transfers to Coimbatore and Tiruppur cities; the evaporation of about 10 
Mm3 from domestic water use; the evaporation of about 40 Mm3 from the hydro-
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power reservoirs (NWDA 1993); the general trend of conversion of grazing land 
and natural forest into tea and tree plantations; and irrigation with water pumped 
from streams and rivers. Areal precipitation, not analysed in this study, could be 
another cause. A fairly recent in-depth analysis of the areal precipitation during 
the 20th century up to 1995 did however not report of any long-term trends (Wilk 
2000). 

In the lower part of the Bhavani basin the overall blue water development has 
affected both canal and river flows. To meet the needs of the gravity irrigating by 
command farmers and the canal pumping by non-command farmers the 
diversions into the historical canals under Kodiveri and Kalingarayan weirs have 
been increased by 25-30%. River pumping along the Bhavani river below the 
LBP reservoir is reducing the flow to be diverted into the historical canals. 
Releases from the LBP reservoir have, consequently, to be increased to 
compensate for both canal pumping and river pumping.   

Perhaps this would not have been a problem a few decades ago but with falling 
inflow to the LBP reservoir the outcome will be less and less water that can be 
released into the LBP canal. The LBP farmers have the lowest priority of water 
supply in the Bhavani basin (PWD 1984). The records from the PWD show that 
as soon as the inflow to the LBP reservoir is less than 1,500 Mm3 yr-1 the LBP 
farmers lose one, two, or both seasons of canal releases. In addition, in some 
years, during episodes with high water demand in the delta, water is released to 
the Cauvery delta farmers, reducing the water available within the Bhavani basin 
altogether.  

The annual average unintended discharge over the Kalingarayan weir during the 
last 25 years has been about 240 Mm3, or 10-15% of the outflow present before 
the completion of the LBP (Figure 24).  

 

Figure 24. Outflow from the upper Bhavani basin (after 1954 inflow to the LBP reservoir), 
basin outflow to the Cauvery river, and cumulative demand (modified from Lannerstad 
2008 and Lannerstad and Molden 2009a.) 
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Basin Development Phases Moving Upstream 
The water resources development in the Bhavani basin has been intensive since 
the 1940s. When analysed from the perspective of the phases suggested by Keller 
at al. (1998, see introduction and Figure 11) the entire basin has moved through 
the exploitation phases, ending with large-scale storage and deep groundwater 
use, and has entered the first level of conservation. Even though there is no 
authorized basin plan to reduce demand and increase efficiency, this is taking 
place anyway. All the many individual farmers using pumps increase efficiency 
and since the LBP farmers, having the lowest riparian right, are forced to act as 
the basin buffer (Lannerstad 2008) demand is in a way also reduced every season 
when the LBP farmers have to stand back as there is not enough inflow to the 
LBP reservoir to meet all downstream needs. As pointed out by Molle (2008) the 
water use and the benefits are spatially shifted during basin closure.  

Considering the basin development stages put forward by Molden et al. (2005; 
see introduction and Table 2 in this thesis) the basin can be said to have mainly 
reached the allocation phase, with a dramatic increased interconnectedness 
between all the actors in the basin. There are both reallocations within the 
agriculture sector, and from agriculture to the urban sector. The individual 
farmers with pumps, compared to farmers relying solely on the often erratic 
canal supply, can apply water with higher accuracy in both time and quantity. 
With eliminated risk for crop failure because of droughts the farmers become 
motivated to invest in seasonal or perennial high-value crops (Figure 23). At the 
same time as this behaviour disturbs planned allocations across the basin, 
eventually depriving the LBP farmers of seasonal supply (Lannerstad 2008, 
Lannerstad and Molden 2009b), it also moves the agricultural water use from 
low to higher values. The urban water uses, as evaporation from the hydro-power 
reservoirs and domestic and industrial water use inside and outside the Bhavani 
basin, are examples of reallocations across sectors to higher-valued outputs. 
Considering the physical water scarcity situation that has emerged in the lower 
part of the basin these reallocations also increase the competition within and 
across sectors in the entire basin.  

With a historical perspective, as shown in Figure 20, the water use and water 
resources development are moving upstream closer to the source, the plentiful 
precipitation in the upper part. It started with the Kalingarayan weir in the 13th 
century, continued with the Kodiveri weir in the 17th century, the LBP scheme in 
the 1950s, the hydro-power reservoirs in the 1960s and a drinking water reservoir 
in the beginning of the 1980s and major out-of-basin transfers at the end of the 
1990s.  

On a small-scale level, water use is also moving closer to the source. This can be 
seen along the canals and rivers where the farmers pump water “upstream” those 
for whom the water is actually released. The individual actors in this way 
intervene and appropriate water between the source and the intended user. This is 
also true for groundwater use that has moved from withdrawals of renewable 
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water lifted using bullocks to abstract fossil water with submerged electric 
pumps from deep bore wells. The farmer with the deepest bore well is closest to 
the source.  

Three Types of Closure 
The present water situation in the Bhavani basin and the trajectory behind give 
examples of three kinds of basin closure: allocation closure; hydrological 
closure; and perceptive closure (Lannerstad 2008).  

The allocation closure in the Bhavani basin is shown in Figure 24. The combined 
cumulative demand curve for surface water represents the allocations in the 
basin. The graph includes canal diversions, abstractions for urban and industrial 
uses and evaporation from water reservoirs. The major changes and the moment 
of closure occurred in the 1950s. The water allocations for the LBP command 
area and increased diversions at Kodiveri weir in 1950 and 1958 pushed the 
demand above 2,000 Mm3 yr-1 and the basin was “allocation-wise” closed 
relative to the average water availability in the basin. Total large-scale demands 
have now increased to approximately 2,300 Mm3 yr-1. Real demands are even 
greater as the value does not include groundwater use, pumping from streams, 
canals and rivers, and the occasional releases for the Cauvery delta.  

The hydrological closure is also depicted in Figure 24 as the actual outflow from 
the basin has fallen to only about 10-15% of the outflow present before the 
completion of the LBP. There is no storage below the LBP reservoir to capture 
the intensive downpours during the north-east monsoon and the return flows 
from the LBP and Kodiveri command areas during the annual 6-week closure of 
the Kalingarayan canal. The outflow to the Cauvery river can thus only fall close 
to zero when local run-off and return flows are so small that all can be diverted 
into the Kalingarayan canal. The small outflows during the last decades indicate 
that the consumptive water use within the Bhavani basin and out-of-basin 
transfers have reached a maximum level and cannot increase further.  

Often, farmers’ difficulty with agricultural profitability and survival from the 
cultivation of staple crops are too easily explained by water scarcity. The 
expression “paddy goes with poverty” and the remark that “the best way to 
escape poverty, is to escape agriculture” (Briscoe 2005) describe a general 
structural problem in agriculture that is not directly related to water. The 
problems in agriculture become apparent for many farmers when they compare 
themselves to the growing urban middle class with constantly rising purchasing 
power. Many LBP farmers blame their distress on water scarcity and reduced 
water availability.  A “perception-wise closure” thus denotes a situation where 
higher costs of living and stagnant purchase prices for agricultural products are 
explained by the farmers as being due to reduced water resources. 
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Water Use Cycles 
In the beginning of the 20th century there were only few water use cycles in the 
Bhavani basin. At that time, the run-off generated in the upper part of the basin 
was not diverted until it reached the Kanniyampalayam weir (today submerged 
by the LBP reservoir). The same water, as return flows from the Kanniyam-
palayam command areas, could be diverted again at the downstream Kodiveri 
weir, and finally once more at the Kalingarayan weir. Today, the same water, at 
least theoretically, can enter a large number of human-controlled water use 
cycles along the way down to be discharged to the Cauvery river. In the Nilgiris 
area, the run-off down the hills can be used for one or more water use cycles for 
irrigation of vegetables; if retained in the hydro-power reservoirs the evaporation 
constitutes one cycle; upstream of the LBP reservoir water is pumped for 
irrigation all along the river; several communities withdraw drinking water; in 
the LBP reservoir, the water is again retained and evaporated; water is pumped 
from the river for irrigation downstream of the reservoir; water is withdrawn for 
municipal use along the river; water released into the LBP canal might be reused 
several times through groundwater or drainage pumping until the drainage water 
reaches the Bhavani river or contributes to the flow in the Thadapalli canal; 
water reaching the Kodiveri weir might be diverted into the Arakkankottai canal 
and piped to the well of the farmer described above and pumped to the field; with 
side bores, the return flow from the field is used a second time on the same field; 
eventually, the return flow goes back to the canal and can be diverted for paddy 
cultivation; drainage water finally reaches the Bhavani river and can be diverted 
into the Kalingarayan canal; here canal pumping lifts the water uphill to irrigated 
non-command crops; and eventually, the return flow goes back to the 
Kalingarayan canal and is used for paddy cultivation before the remaining 
drainage reaches the Cauvery river.  

Consequently, the water use in the Bhavani basin has reached a very complex 
and interconnected pattern. Whenever a new use is introduced or existing uses 
increase in quantity or consumptive use fraction, the overall consumptive use 
fraction for the entire basin increases and the river depletion outcome, that is the 
hydrological closure, will progress.  

Variability and Water Accounting 
To assess the overall water resource situation in the Bhavani basin it is important 
to take into account the proportion of the water that is generated within the basin 
but is used outside the basin boundary. As seen in Figure 25 the tail section of 
the LBP is located in the Noyyal basin and both the middle part of the LBP and 
the entire Kalingarayan command areas drain directly to the Cauvery river. With 
62.5% of the LBP releases (640 Mm3 yr-1), 100% of the water diverted into the 
Kalingarayan canal (400 Mm3 yr-1), and all the drinking water piped to 
Coimbatore and Tiruppur cities (114 Mm3 yr-1) as much as 50% of the annual 
large-scale demands of 2,300 Mm3 yr-1 constitute out-of-basin transfers in an 
average year. Considering the high variability in inflow to the LBP reservoir this 
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Figure 25. Bhavani basin command areas in a basin perspective. 

is however seldom the actual situation. As mentioned earlier, the LBP farmers 
have the lowest riparian right and are the first to lose their supply in periods of 
water shortage (Lannerstad and Molden 2009b). During the last 44 years, the 
difference in releases into the LBP canal has varied greatly with more than 
1,000 Mm3 yr-1 released during the top one fourth years and less than 
500 Mm3 yr-1 during the bottom one fourth. Another factor is the committed 
outflow for uses downstream of the Cauvery river. All outflows to the Cauvery 
contribute to irrigation in the delta area (Figure 15). As shown in the Figure 24 
part of the outflow is water released from the LBP reservoir for the sole purpose 
of supplying the delta farmers. The total annual committed outflow is thus highly 
variable and unpredictable.  

The Bhavani basin has entered the reallocation phase and a proper water 
accounting analysis would be appropriate (Table 2). Future research therefore 
should aim to carry out such a study. Normally, such studies aim to present the 
situation during an average year (Molden 1997; Molden et al. 2001) or perhaps 
for the average year at different points of time (e.g. Venot et al. 2008), but never 
to capture the differences owing to the variability in climate and water 
availability.  

In the Bhavani basin, where the average corresponds to the actual situation 
during less than half the time, it makes little sense to aim for a normal situation. 
This study shows that it is necessary to analyse the variation in water use, 
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agricultural output and the basin water productivity for years with different 
precipitation and water availability. To understand basin water productivity it 
will be necessary to include also the LBP and Kalingarayan command areas 
outside the basin boundary in the analysis. One also needs to consider that 
several and different water sources are used depending on changing water 
availability situations. An important part of such an analysis should be a remote 
sensing analysis based on satellite images with high spatial resolution during 
several years and seasons, and on-the-ground empirical studies of water use. It is 
necessary to capture the scale and location of the intensive and flexible small-
scale irrigation pattern in the basin, with pump-based irrigation both within and 
outside command areas. Regarding remote sensing, the clouds during many of 
the seasons make it difficult to acquire satellite images of usable quality. All in 
all, this will be a very complex exercise, or as pointed out by Wester et al. 
(2008:285) “water accounting is not rocket science – it’s harder!” 

Bhavani Basin Closure Drivers  
It is amazing how well many of the drivers behind the closure process in the 
Bhavani basin match the drivers put forward by Molle (2008; see introduction to 
this thesis). The construction of the LBP is the main water resources 
development contributing to the closure of the Bhavani basin. The project was 
based on plans mainly designed already during the last decades of British rule. 
As it was one of the first projects launched immediately after Independence, it 
was, and still is1 of iconic importance to show the local success and the 
capability of the new nation, and thus part of Nehru’s objective to build “temples 
of modern India.” Jawaharlal Nehru, as Prime Minister, actually visited the 
project site on 4 October 1953 (GoM 1965: 59). The project is also an example 
of how the cost-benefit analysis behind the project was reassessed to permit an 
approval of the project. The project did not meet the British return requirements 
(Baliga 1966: 259; GoM 1965: 4; Mohanakrishnan 2001: 58). After 
Independence a lower return ratio was accepted and the project was sanctioned. 
This, of course, has to be understood in the severe general national food shortage 
situation at the time (Lannerstad and Molden 2009b).  

Over-optimism, over-allocations and a desire to spread benefits to less fortunate 
areas are also found in the basin. Several years of river flow analysis preceded 
the design of the LBP project and total annual appropriate quantity to be 
allocated was estimated at 650 Mm3 to irrigate 69,000 ha. In the final design, the 
command area to 84,000 ha. After the decision was taken to build the dam was 
taken an influential local politician managed to get the plans changed and the 
canal was extended in length by 40% to reach and spread the benefits to a 
famine-prone sub-district area south of the Noyyal river (Figure 15). Even 
though, as mentioned earlier, the LBP was optimized to use all available water in 
the basin, around 1950, the irrigation authorities decided to both increase the area 
and raise the supply to allow two paddy crops for the command areas under the 
Kodiveri weir, and in 1964 the planned allocation for the LBP command area 
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was further increased by 60%. The politically sanctioned drinking water 
diversions and the subsidized small-scale river, canal and groundwater pumping 
during the last decades have contributed to a pronounced double counting in the 
basin. With more and more allocations, the available water in the basin is less 
and less sufficient (Lannerstad and Molden 2009a, b).  

The decision to increase the water supply for the LBP command area from 1964 
is also an example of how a designed storage with a carry-over capacity from one 
year to another, that can be used to even out annual and seasonal variability, has 
become an “everyday use." The same trend is visible among farmers pumping 
surface water or groundwater. Construction of wells and arrangements to pump 
surface water are often measures to overcome a momentary scarcity condition. 
Gradually, this type of adaptation is used to intensify or extend crop cultivation 
even under normal conditions. 

Local, regional and national famine situations are examples of constant and 
recurring “shock events” that have driven the water resources development. The 
LBP was a massive investment launched in a state of national food emergency. 
The Grow More Food campaign that followed was the impetus behind the 
expansion and intensification along the Kodiveri canals. The campaign is also the 
reason for lifting the regulations to limit canal pumping along the historical 
canals, proliferating into today’s disturbed canal supply. A recent example is the 
instantaneous well construction by the farmers under the historical canals after 
they suffered immediate lack of canal water during the recent and exceptional 
drought years of 2002-2004.  

The lack of basin authority that could keep track of both large- and small-scale 
water uses is also a problem. There is no collected and compiled information 
about water uses by sectors and across the basin that can be used for decision 
making regarding present or future water allocations and uses. Like in most 
places there is also no difference between an allocation and a consumptive water 
use. Water researchers and engineers still talk about “duty,” that is, how much 
water that has to be applied on a field depending on the cultivated crop. When 
the fraction evaporated versus return flows increases and a larger share of the 
allocated water is literally consumed, evaporated or transpired, less water is, of 
course, available for downstream users (see introduction).  

From Famines to Factories  
Parallel to the water resources development in the Bhavani basin during the last 
50-60 years, dramatic societal development has taken place in India and Tamil 
Nadu. Since 1900, the Indian population has increased almost five times to the 
present 1,100 million (2007, Economist 2007). Compared to the entire India, the 
Tamil Nadu state has both a lower population increase and a higher percentage 
living in urban areas (Table 5). This is also true for the three districts in the 
Bhavani basin area. The rapid population increase still continuing in the Nilgiris 
district may be explained by the fact that this, originally tribal, hilly area with a 
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colder climate was brought under development under European rule only during 
the last century. In the Coimbatore district, ongoing urbanization and 
industrialization attract a large number of people to Coimbatore and Tiruppur 
cities and surrounding suburban areas.  

As late as the mid-1960s, India continued to witness serious drought and near-
famine conditions with food shortages only partly compensated for by food aid 
imports, mainly from the United States under Public Law 480 (P.L. 480). In 
response, came a major shift in the Indian food policy, with public investments in 
agriculture, both domestic and international, eventually resulting in the take-off 
of the Green Revolution at the end of the 1960s, as seen in Table 4 for Tamil 
Nadu. In 1976, national food production self-sufficiency targets were met for the 
first time (del Ninno et al. 2005). Despite the dramatic population growth, food 
shortage on a national level is not a problem anymore. 

India as a nation has moved from an agricultural economy with famines towards 
a society where agriculture only stands for one fifth of the GDP, compared to 
four fifths for the dominating service and industrial sectors (Economist 2007). In 
Tamil Nadu, agriculture only represents 11% of the Net State Domestic Product 
at the same time as the agriculture sector is still of great importance for the 
28 million large workforce of which as many as 47% work as “cultivators” or 
“agricultural labourers” (2004/05, TNDES 2006).  

The Indian and Tamil Nadu societal development is clearly reflected in the 
Bhavani basin water resources development. In the 1940s and 1950s the entire 
focus was directed towards increased food production. In the 1960s the hydro- 
power development peaked and since the 1980s and 1990s water transfers to 
Coimbatore and Tiruppur have become the centre stage of water development 
policies in the area. The general trend is thus a moving societal interest from 
agricultural water security to meeting municipal and industrial demands. At the 
same time the individual farmers, often thanks to the free electricity given to 
agriculture, continue to change their water use pattern and try to appropriate 
additional water, to compensate for lost supply or to develop new sources. The 
agricultural water use development can be described as an interplay between 
actors as farmers, engineers, and authorities and how these actors respond to, or 

Table 5. Population data for India, Tamil Nadu and three TN districts in and around 
Bhavani basin (GoI 2005).  

Population (x 1,000) 1901 
Growth

(%) 
1951 

Growth
(%) 

2001 
2001 

Urban 
(%)  

  India 225,000   65  371,000 177  1,029,000 28  

      Tamil Nadu state 19,000   58  30,000 107  62,000 44  

           Coimbatore district 980   80  1,800 142  4,300 66  

           Erode district 870   60  1,400   85  2,600 46  

           Nilgiris district 110 176  310 144  760 60  
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interact with, the variable natural resource system; a rapidly changing socio-
political system; and agricultural progresses, including agronomic, technical and 
market changes.  

Real-Life Adaptive Management  
Lannerstad and Molden (2009b) analysed in detail the interplay in the Bhavani 
basin for the LBP. The LBP reservoir and command area are, in this study, 
analysed as a human-environmental-technological system in relation to adaptive 
water management theories; and the study aims to answer if the LBP system is 
only coping with short-term changes or has adapted over time. A system that is 
only coping is reactive, opportunistic and only expresses short-term responses to 
change in an ad hoc manner. An adaptive system instead learns from the past and 
incorporates knowledge learned during critical episodes in the management rules. 
In a critical or time-restrained situation also an adaptive system will cope with, 
and have to rely on, short-term solutions, but when the same situation occurs the 
next time an adaptive system is more likely to have learned lessons and be ready 
and can handle the same crisis differently or in a better way.  

Proposals for an irrigation project in the Bhavani basin emerged already in the 
19th century and concrete plans were developed during the last decades of British 
rule. The final plan was presented in 1946 and the project was launched in 1947, 
shortly after Independence. Already during the last years of planning, pressure 
from stakeholders resulted in changing plans. Since the inauguration a number of 
changes at system and farm level have taken place (for details see Lannerstad 
and Molden 2009b).  

The list of the major changes starts with the command area expansion, partly 
described above, to meet the demands to share the project benefits with the 
people in a famine-prone area. At the end of the 1950s when food shortages were 
severe both farmers and the state government forced the irrigation authorities to 
favour paddy cultivation instead of different kinds of millets and cotton. This 
changed the water allocation system from an intermittent to a continuous supply. 
The doubled water demand by far exceeded the estimated average water 
availability. A period with extremely high precipitation in the upper part of the 
Bhavani basin with peak inflows into the LBP reservoir made it possible to 
extend this system over 4 years. The dent upwards in the demand curve during 
the years 1960 to 1964 in Figure 24 shows how farmers and irrigation authorities 
during 4 years over-optimistically agreed to increase the annual water use in the 
LBP command area to allow all LBP farmers to cultivate one paddy crop every 
year (see further Lannerstad and Molden 2009b). In the middle of the 1960s a 
compromise was reached to cultivate half the area with paddy and the other half 
with millets and groundnut. The water demand was reduced to a level 1.5 times 
the original annual potential quantity. In principle, this compromise does not 
leave any reservoir storage to even out water-rich and water-scarce years. The 
outcome is a high occurrence of seasons without canal supply for one or both 
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seasons. Since only half of the farmers get water every season and because of the 
high climatic variability, one group of farmers can, arbitrarily suffer many 
seasons without canal supply. In the 1980s, the farmers therefore agreed between 
them to increase equality in case of prolonged drought by temporarily setting the 
rules aside and giving the first available supply to the drought-stricken half of the 
farmers.   

The changes can be viewed in relation to the climatic preconditions in the area. 
The original plan favouring only one season with millets and cotton did not 
utilize the plentiful north-east monsoon to cultivate paddy during the first season. 
The change from the 1950s introduced paddy not only during the first season, but 
also, inappropriately, during the dry and rain-deficient second season. The 
alternative from the 1960s instead both favour a paddy crop during the 
monsoonal season and less water-demanding crops during the dry season. The 
allocation rules also include an option to allow a small third crop during water-
rich years. Thus on a system level this system is adjusted to the normal intra-
annual climatic seasonality during one cropping year, and is also flexible to 
allow a wide combination of water supply and cropping patterns depending on 
the variability of the inter-annual water availability. The famers’ agreement in 
the 1980s is thus a complement that increases the flexibility to inter-annual 
variability on a sub-system level, i.e. the two farmer groups. On the farm level, 
the widespread construction of wells in the command area increases every 
individual farmer’s possibility to complement insufficient canal supply or sustain 
crops also during fallow seasons.  

The LBP system is an example of an irrigation system capable of adapting to 
changing environmental and societal drivers. Several changes have taken place 
and earlier mistakes or failures have been addressed in a step-wise way to reach 
the present human-environmental-technological system. The analysis shows that, 
over the years, the LBP system more and more complies with of the criteria of a 
complex adaptive system. It has proved to have an adaptive capacity and farmers 
not only cope with changes on an ad-hoc basis but have evidently developed 
different adaptive strategies. The system has moved from a top-down project to a 
management system with multiple actors and both farmers and authorities have 
learned over the years and now have better possibilities to interact. The LBP case 
study thus shows that adaptive management already takes place in real life. Even 
though the development over the years has not been carried out with the AWM 
theories as the road map, the LBP system over time has proved to follow many of 
the ideas brought forward within this research field.  

The LBP example shows the importance of including flexibility in both 
infrastructure and management rules to be able to adjust over time. The failed 
implementation of the original LBP plan shows the importance of including the 
actors, here the farmers, early in the process of implementation of complex 
systems and new practices. If the engineers had invested more energy in this 
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aspect, the LBP system would have experienced less turbulence before reaching 
equilibrium where nature, technology and humans agree. 

Future Outlook  

Global Consumptive Water Use  
In light of the large-scale water and land use changes that have already taken 
place to meet the demands of a growing and more and more affluent global 
population it is imperative to estimate the scale and the potential impact from 
efforts to meet challenges in the future.  

The total global consumptive water use in food production is estimated to be 
about 6,800 Gm3 year-1, out of which 1,800 Gm3 year-1 originate from irrigated 
agriculture and 5,000 Gm3 year-1 from rain-fed agriculture (Rockström et al. 
1999). Along with already globally widespread water scarcity and river depletion 
impacts the global population projections (Figure 13) put consumptive water use 
for future food production in focus.  

Since the developed countries are projected to have a stable population and 
already have reached an extreme average per capita calorie consumption level 
with a high animal food content (Figure 7) almost the entire increased future 
food demand can be assumed to take place in developing countries. The United 
Nations (UN) Millennium Development Goals (MDG) aim to improve the 
conditions for the poor in the developing countries. An analysis of how to meet 
the “MDG-Hunger Goal” thus also gives an estimate of the future global 
consumptive water use requirements for food production. 

The Hunger Goal aims to eradicate hunger in a long-term perspective and the 
“Hunger Goal Target” is an aim to halve the proportion of malnourished by 
2015, compared to the level in 1990. In the study by Rockström et al. (2007a) 
92 developing countries were analysed regarding consumptive water use 
quantities for future food requirements, based on a food self-sufficiency 
perspective in relation to present national food consumption level and 
composition, population projections, and available land and water resources in 
each country.  

The calculations are based on the assumption of a future average national daily 
calorie supply level of 3,000 kcal pers-1 day-1 from projections by Bruinsma 
(2003) and confirmed by Alexandratos et al. (2006). The estimates by 
Alexandratos et al., illustrated in Figure 14, indicate that 3,000 kcal pers-1 day-1 
are rather a too low, than a too high, average food demand projection level.  

The MDG analysis uses a future average food ratio with 20% animal foods. This 
is far from the about 35% in the EU and the USA and already a level that many 
of the developing countries have reached, as shown in Figure 7, e.g. for Mexico, 
Brazil and China. It is important to notice that, e.g. the values for China also 
include 150 million undernourished. Based on the “generic human water 
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requirement” by Falkenmark and Rockström (2004; introduction) the assumed 
food level will have a consumptive water use of 1,300 m3 pers-1 year-1. A purely 
vegetarian food supply would, in comparison, consume only 550 m3 pers-1 year-1 
and a theoretical purely animal composition as much as 4,380 m3 pers-1 year-1. 

The study showed that four population categories had to be analysed to estimate 
the food requirements to reach the Hunger Goal Target by 2015. The first group 
consists of the continued undernourished, assumed to be given a diet to meet 
minimum dietary requirements at a chosen general approximation level of 1,700 
kcal per-1 day-1. The remaining three categories are to be considered nourished 
and include: upgraded undernourished; already nourished obtaining upgraded 
diets; and the estimated population increase. In every country these groups were 
all assumed to be lifted to an average consumption level of 3,000 kcal per-1 day-1, 
and with a 10% increase in animal foods from the starting level up to the set 
maximum desirable level of 20%. For the years 2030 and 2050, the Hunger Goal 
is assumed to be reached in all developing countries. All countries will then have 
an average food supply level of 3,000 kcal per-1 day-1 and 20% animal foods (see 
introduction).  

Water Challenges 
In 2002, the total consumptive water use for food production in the analysed 
92 developing countries was estimated to be 4,500 Gm3 year-1. This is about 66% 
of the estimated global consumptive water use of 6,800 Gm3 year-1. From the 
calculations based on the food supply composition and water productivity for the 
2002 base year the total consumptive water use requirements to reach the Hunger 
Goal Target by 2015 would be 6,700 Gm3 year-1; and 8,660 Gm3 year-1 and 9,660 
Gm3 year-1, respectively, to reach full nourishment by 2030 and 2050 (Table 6). 
The estimated water quantities represent increases of 49%, 93% and 115% for 
the three points of time. With water demand in the developed world assumed to 
be static, the total global projected water demand by 2050 amounts to 12,000 
Gm3 year-1 (6,800 + 5,160). The estimate is comparable to forecasts by the 
International Water Management Institute (IWMI), indicating that global water  

Table 6. Future consumptive water use requirement to reach the MDG Hunger Goal target 
by 2015 and full nourishment by 2030 and 2050 (modified from Rockström et al. 2007a).2 

Component 
2002 

(Gm3 yr-1) 
2015

(Gm3 yr-1) 
2030

(Gm3 yr-1) 
2050 

(Gm3 yr-1) 
Total consumptive use 92 developing countries 4,500 6,700 8,660 9,660 
Additional requirements relative to 2002 2,200 4,165 5,160 
   - Water productivity gains    350 1,150 2,300 
Total consumptive use after productivity gains 6,350 7,510 7,360 
Additional requirements after productivity gains 1,850 3,015 2,850 
   - Irrigation food/feed cultivation    270    520     725 
   - Rain-fed food/feed cultivation  1,155 1,800 1,470 
   - Rain-fed grazing    425    695     655 
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requirements will have to increase from their current estimate of 7,200 Gm3 
year-1 to 11,000–13,500 Gm3 year-1 (IWMI 2006).  

The estimated water quantities are based on current water productivity in food 
production. The study recognizes that production will not be statistic in the 
coming decades and considers a general water productivity gain of about 24% up 
to 2050 to be possible. These gains are mainly derived from the fact that very 
low yield levels (<3 ton ha-1) common in many developing countries still permit 
a high potential for crop water productivity increases based on a vapour shift of 
unproductive evaporation towards a higher ratio of transpiration (i.e. T/ET) with 
yield growth (see introduction). This reduces future water demand for food 
production in developing countries considerably. Following this, water 
productivity gains exceed the projected population increase from 2030 to 2050 
and the projected demand during this period even decreases slightly, from 7,500 
Gm3 year-1 to about 7,400 Gm3 year-1.  

Which Water Resources? 
The estimated consumptive water use requirements after water productivity gains 
nevertheless amount to increases of more than 40% by 2015 and around 65% by 
2030 and 2050. Additional water resources can be met either by blue or green 
water, and can be either a consumptive water use in crop cultivation or from 
grazing lands.   

The diet water requirement estimates indicate differences of a factor of 8 in terms 
of consumptive water use for animal-based calories, compared with vegetarian 
foods. With an average food composition of 20% animal foods, two thirds of the 
water necessary to generate the desired diet will be used to produce feed and 
fodder. Assuming that this balance persists, the first question to be addressed is 
to estimate the contributions from rain-fed grazing lands. Based on FAO food 
balance sheets the calories from animal products in current average food 
consumption in developing countries were divided into two main categories of 
livestock systems: (i) systems with monogastric animals fed from non-
grazing/cultivated fodder (poultry, egg, pork), and (ii) systems with ruminants 
based partly on grazing (dairy, beef, mutton, and goat) (see introduction). In the 
next step, the fodder in the ‘‘partly grazing’’ category was split into grazing-
based and cultivated fodder, all based on information from Bruinsma (2003). 
This simple analysis shown in Figure 26 indicates that about 23% of total water 
requirements will be met by grazing. Calculations thus suggest that grazing will 
contribute with fodder equivalent to 375 Gm3 year-1 of the water requirement by 
2015, and 875 and 745 Gm3 year-1 by 2030 and 2050, respectively.  

The remaining water requirements are thus assumed to be used for rain-fed or 
irrigated crop cultivation of food and feed. Although the global trend of river 
depletion has caused irrigation projections to be scaled down in recent years, 
opportunities still remain for additional water resources development, 
particularly in sub-Saharan Africa. With assumptions of additional irrigation 
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Figure 26. Split between grazing and crop cultivation for future water requirements. 

development in pace with population growth (Seckler et al. 1998) and system-
wide irrigation efficiency increases, the estimates show that future food water 
demands can be met from irrigation, blue water, by 270 Gm3 year-1 in 2015 and 
520 and 725 Gm3 year-1 in 2030 and 2050, respectively.  

The remaining crop cultivation increases have to be met by naturally infiltrated 
rainwater and green water, which, by 2015, will amount to 1,155 Gm3 year-1, by 
2030 to 1,800 Gm3 year-1 and by 2050 to 1,470 Gm3 year-1. The analysis by 
Rockström et al. (2007a), founded on earlier research, shows that  from an agro-
hydrological perspective characterizing the semi-arid and dry-sub-humid 
savannah agro-ecosystems dominating developing countries it is possible to 
increase the green water resource by reducing blue water run-off and deep 
percolation losses (see introduction). This means that by 2015 about 360 Gm3 
year-1 can be gained on the current 0.9 billion ha of rain-fed crop lands and only 
795 Gm3 year-1 have to be covered by a horizontal expansion to appropriate 
additional green water for food production.  

With an estimated crop land expansion of 1.2% per year during the period 2002-
2015 and a rate of 0.65% from 2015 to 2050 the overall expansion rate would be 
0.75% in the coming 50 years. This would be of a similar scale as the crop land 
expansion of 0.65% that has taken place in developing countries over the past 50 
years (Bruinsma 2003).  

What Trade-offs against Natural Ecosystems? 
The estimates of water requirements to meet future food production demands are 
based on the assumption that the entire national food consumption will be 
produced within each country, i.e. without imports, and thus present a magnitude 
of the scale of future food for water challenges on a country level. Irrigation and 
rain-fed crop land expansion will, in this scenario, inevitably lead to trade-offs 
against natural ecosystems. Because water is a finite resource and the water cycle 
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is the bloodstream of the biosphere (Falkenmark 2003), competition with the 
water requirements of ecosystems will be unavoidable, both in terrestrial 
ecosystems due to horizontal expansion of crop lands and in aquatic systems due 
to impacts on streamflow from altered vapour flow (360 Gm3 year-1 by 2015 
from the current rain-fed land) and reduced return flows from more efficient 
irrigation (270 Gm3 year-1 used for irrigation by 2015). Future trade-off scenarios 
are conceptually illustrated in Figure 27 that puts present and future water 
requirements for food production (after productivity increases) in relation to an 
indicative analysis of current freshwater use by all other terrestrial and aquatic 
ecosystems for three developing countries. These country examples were chosen 
to illustrate the challenge facing three categories of developing countries: 
countries with significant blue water dependence on irrigation today, e.g. India; 
countries with relatively ample water resources subject to rapid growth in 
demand, e.g. Nigeria; and water-scarce countries with high dependence on green 
water use, e.g. Kenya. It is clear that even if every single drop of blue water 
would be turned into food production, the nations’ entire run-off would not be 
enough to meet the additional water requirements. In such situations expansion 
into other terrestrial ecosystems will be inevitable.  

 

 

Figure 27. Indicative analysis for three developing countries of freshwater use by terrestrial 
and aquatic ecosystems (column Today) as compared with water requirements (after 
considering WP increase) to reach the 2015 MDG target and eradicate hunger by 2030 
and 2050 (Rockström et al. 2007a). 
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It is important to note that the analysis in Figure 27 is only indicative because it 
is based on weak land use data at the national level, with difficulties in 
distinguishing particularly among crop lands, grazing lands and grasslands. The 
figure however shows there is a high risk, as put forward by the Millennium 
Ecosystem Assessment (MEA 2005), where expansion of agricultural land use 
was identified as the major driver behind large losses of ecosystem services from 
natural ecosystems. This raises the need for weighing trade-offs between local 
social and economic development and environmental sustainability. This is an 
important area of future research needs.  

However, it is also important to remember that grazing, even though it is not 
appropriating new land for cultivation, does compete with other species already 
feeding from the vegetation before the domesticated ruminants spread into new 
areas and push them out. 
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Chapter 5 

FUTURE-ORIENTED COGITATIONS 
Hard or Soft Landing?  
One of the major imminent questions is what will happen when water use is 
expected to intensify. Both locally, as in the closed Bhavani basin and globally, 
in many areas, water use is reaching critically high levels and is leading to an 
urgent water-scarce situation. What will the future look like? Is water use facing 
a hard or soft landing? “Will the resource base fail to meet the basic requirements 
causing undue hardship, or can societies adapt to achieving a soft landing” 
(Falkenmark and Molden 2008: 1).  

In this perspective, the water use for agricultural production can be viewed in 
three perspectives: the environmental sustainability of local and global water and 
land use; the aim to produce enough food to meet the needs and demands of a 
growing population becoming more affluent and increasingly urbanized; and to 
maintain employment and opportunities for self-sufficient production for the 
often poor rural population. It is a truly complex task to resolve this problem. 
The basis for long-term success is a sustainable use of land and water resources. 
Environmentally mismanaged irrigation projects often, as shown by e.g. Postel 
(1999), lead to a societal downturn. Both urban populations with increasing 
purchasing power and the poorer rural population thus benefit from 
environmentally sound practices. The local rural people however risk losing their 
entire livelihood basis if there is unsustainable environmental use leading to a 
local natural resource collapse. Such a scenario does not necessarily affect the 
urban population that, so far, can turn to the regional or global market for food.  

The Bhavani basin case study shows how farmers in a closed basin drive an 
unplanned reallocation of water use in the basin. Locally, the question is thus not 
whether the entire basin will collapse and face a hard landing but which parts of 
the basin and which farmers will be the losers or winners as competition 
increases. As discussed in the introduction, water that is perceived as lost for a 
downstream water user has most likely been used by somebody else further 
upstream. The consumptive water use and the food production linked to it are 
only reallocated spatially in the basin. The winners will be able to adapt and use 
available water more efficiently; appropriate additional water; or find other 
livelihood options. In the global or regional perspective, food import from less 
water-scarce areas is one option. This is an example of “virtual water” imports. 
Virtual water can, in this context, be used to “help implementing a softer 
approach of natural resources management, and redirect production to areas 
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where the natural conditions are best to match efficiency as well as 
sustainability” (Renault 2003: 78). 

From a global perspective, the overall question is how, in the end, the natural 
systems can produce enough food to meet the expected demands. To improve 
water resource use it is essential to close the water productivity gap between 
present and potential levels in all developing countries. From both a land and 
water perspective, high yields are desirable as less land is used and evaporation 
relative to transpiration decreases (see introduction). The urban majority will 
have both the economic and political power to demand a food supply without 
environmental friction and at a low cost. The farmers who cannot deliver will 
most likely be driven out of business by more effective farmers. High yields will 
demand high agronomic knowledge to optimize crop output, financial power to 
handle and minimize risks, and strength to act as a player, individually or in 
cooperation, on the local or regional market to regain the values created on the 
field. Is it reasonable to expect agro-illiterate farmers living on half a hectare to 
push up harvest to the same levels as crop yields in the same climatic zone in 
more successful developing countries or in the developed world? Is it perhaps the 
small farmers who will face a hard landing, while the food consumers and the 
environment will land softly? 

With high industrialization and urbanization in the neighbouring Noyyal basin 
the farmers in the Bhavani basin already feel the competition for labour. There 
has been a gradual shift of labour to the urban areas for some years. Good roads, 
many buses and a fixed salary independent of annual and seasonal variable 
agricultural labour demand drive this shift. During the drought years of 2002-
2004 this trend accelerated. Farm labourers without work had to leave their 
homes and find work in the urban areas and did not return. Now farmers think 
labour costs are too high and during focus group discussions they often put 
forward the need for roads along the canals for machinery. In 2005-2006, a 
combine harvester was used for the first time along the Kalingarayan canal. 
Consequently, already there is a structural change taking place in the Bhavani 
basin area. 

The One-Acre Dilemma  
The future of the present small-scale farming system is an area under discussion 
with regard to both livelihood options and water. Many water researchers who 
link water to poverty explain many problems from a water-scarcity perspective. 
Studies of this kind have been carried out in the Bhavani basin area too. Special 
attention has been given to the farmers in the command area under the LBP 
project, as it is well known and quite large. Researchers are lamenting how poor 
rural farmers are suffering because of water scarcity. During a 2 years’ period a 
family of four persons with one acre of land in the LBP command area (without a 
well; Figure 6, Lannerstad and Molden 2009b) will be potentially able to harvest 
one crop of paddy (1,400 kg acre-1), one harvest of groundnut (700 kg acre-1) and 
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one harvest of rain-fed sorghum (400 kg acre-1) (SCR 2002). With a simple 
calculation this means that each month a person per will get 15 kg of rice, 7 kg of 
peanuts and 4 kg of sesame seeds. During food rationing in the 1950s, each 
person received 450 g cereals per day (GoM 1965: 52). With the same allowance 
each person will eat all the rice by her/himself and only the money received for 
sold peanuts and sesame seeds will cover all other expenses for each person, 
including input to agriculture, housing, clothes, etc. Clearly, this must be a sign 
of poverty and the outcome of a too high population directly dependent on 
agriculture. It is however not caused by water scarcity per se. In comparison, 
before the LBP reservoir was built a family with the same piece of land would 
only be able to cultivate and harvest two seasons of rain-fed crops, e.g. sorghum 
(240 kg acre-1 in 1955) (SCR 1958), and would thus have a total food allowance 
of only 5 kg sesame pers-1 month-1. By further considering the 100% population 
increase (Table 5) in the area from 1950 to 2000, the agricultural output now has 
to be shared by two persons.  

The area in and around the LBP command, as described, goes through rapid 
development. A clearly visible sign of this is the many motorbikes, mobile 
telephones, internet cafés and also an increasing number of cars. For how long 
can a person with a monthly allowance of 7 kg of peanuts and 4 kg of sesame 
seeds keep pace with this general societal development? Does the small-scale 
farmer represent a viable future agriculture? Or is it necessary to restructure and 
rationalize the Indian agriculture sector, at least in areas like the Bhavani basin 
region where industry and the service sector are taking over. In the general 
discussion in India, the small-scale farmer still appears to be the preferred model. 
At the same time, as described above, agriculture for others is synonymous with 
the parking place of the poor and many think the only way to get away from 
poverty is to leave agriculture.  

Two examples from the Bhavani basin area give another perspective. Two 
brothers in the Emerald village in the upper part of the Bhavani basin started as 
labourers. In 1980, they managed to buy 4 acres of land and since 1997 they have 
leased another 20 acres. Seasonally, they employ 10-20 persons. Unlike many 
other landowners, the brothers themselves work hard together with the 
employees in the field. In 2005, the brothers completed the construction of a 
modern two-storey house, the biggest and most advanced in the village. A farmer 
on the plains took over the family farm from his father. In opposition to the 
father he switched from conventional crops to coconut trees, and used the canal 
water to recharge open wells for drip irrigation. The farmer successfully exports 
the coconut shells to be used as small containers to sell “eco” ice-cream in 
Europe. Now he has bought more land and even has a coconut plantation under 
lease in Sri Lanka.  

Clearly, these two examples show that it is necessary to stop viewing farmers as 
one homogenous group and instead see that opportunities still exist for 
entrepreneurs. The first example shows that it is possible to be successful by 
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improving the traditional cultivation in the area. The other is a more advanced 
example. A parallel would be the signs of an emerging trend with green house 
flower cultivation in the upper part of the basin for export to Europe or to the 
nearby market in Bangalore.  

Needs, Average Consumption Levels and Losses 
To project the future water demand in agriculture a central question is what level 
of future food demand is reasonable to use in the calculations. In the paper by 
Rockström et al. (2007a), a future average per capita food supply level of 3,000 
kilocalories is used. What does such a value mean and what does it not mean?  

When analysing FAO food statistics the data present the total amount of any 
commodity available as human food during the reference period (see FAOSTAT 
definitions). Food refers to the total food quantity utilized and consumed during 
that period. How much of this quantity actually represents an actual food intake 
and how much is lost at different levels in the food chain are not defined. The 
food is nonetheless consumed and cannot be used for any other purpose. In this 
context, the word “consumption” can be misleading as it has two different 
meanings. On the one hand, the word denotes the amount that is used up, like 
total energy consumption or total food consumption and on the other, the word 
stands for the act of eating or drinking something. To avoid misunderstandings 
this thesis uses the term food supply to denote the amount of food, derived from 
FAO statistics, that has to be produced, is available for food consumption and is 
used up, and food intake to denote the food that is literally consumed. 
Environmental impacts as river and aquifer depletion are consequently caused 
by, and must, for future analysis, be based on the national food supply level that 
corresponds to the actual total consumptive water use.  

When the national food supply is divided over the total population the average 
per capita food supply in kilos or calories is reached. This amount thus represents 
a food quantity used up and includes losses and intakes. The actual individual 
food intake in a population is highly variable as an office woman weighing 
50 kilos has a completely different daily food intake compared to a male 
construction worker of 150 kilos. Values for the actual food intake can however 
not be retrieved from the statistics. Observations of food and drinking patterns on 
an individual level must be based on surveys, and the result varies depending on 
food preferences, social and cultural determinants, age, etc. 

The future level of an average per capita food supply of 3,000 kcal pers-1 day-1 
was chosen by Rockström et al. (2007a) for two reasons. An analysis for a 
number countries showed that the proportion of undernourished is less than 5% 
for most countries with an average food supply of around or above 3,000 kcal 
pers-1 day-1 (SEI 2005, Figure 3-6). The other reason is the projections for 
developing countries of around the same level for 2030, as discussed in the 
introduction and shown in Figure 14. The first reason is thus an assumption that 
food security can be reached at the 3,000 kcal pers-1 day-1 level. The other reason 
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is based on projections with economic development, with increased purchasing 
power and changed consumption patterns, which will lead to higher average 
levels in developing countries compared to today.  

Recent studies (SEAC 2007; Lundqvist et al. 2008) analysing the future food-
water challenge emphasize that changed consumption patterns constitute an 
important complement to improved water productivity to bring down the need to 
appropriate additional water resources. This can be achieved by reducing food 
losses in the food system and by changed eating habits, with a reduction of 
overeating and a predilection for less water-demanding foods. If losses all along 
the food chain, from farm level to the actual intake, and overeating could be 
eliminated future average per capita food consumption could be optimally 
brought down to the average food energy requirement of 2,000-2,200 kcal pers-1 
day-1 (SEAC 2007: 111), the estimated minimum need for a healthy life.   

Theoretically, assuming a possible average food supply level of 2,200 kcal pers-1 
day-1 the gains in the USA and EU 15 could be as large as 1,300-1,600 kcal pers-1 
day-1. Such gains build on a food system without losses, where all present losses 
and overeating, in principle, are avoidable. Projected to China, the average food 
supply could be reduced by 800 kcal pers-1 day-1, from 3,000 kcal pers-1 day-1 
(Figure 7). This calculation also has to include the food supply for 150 million 
undernourished to be increased to the 2,200 kcal pers-1 day-1 level. In the Indian 
context, this means that present levels of about 2,400 kcal pers-1 day-1 should be 
reduced by 200 kcal pers-1 day-1 at the same time as it is desirable to improve the 
diets of more than 200 million undernourished.  

Losses and overeating are of course not avoidable and the above examples show 
that a future food supply level of 2,200 kcal pers-1 day-1 is not a realistic option. 
Perhaps it is reasonable to assume a future level where about half the losses and 
the overeating in the developed countries can be reduced. With a 50% reduction 
in the USA and EU15, the average per capita food supply per day will be slightly 
less than 3,000 kcal (the level used by Rockström et al. 2007a). If the developed 
world can show that a reduction to a maximum level of 3,000 kcal pers-1 day-1 is 
possible to achieve, the same per capita daily food supply level can be assumed 
to be achievable also by developing countries in the future. It is still important to 
remember that avoidable losses also exist in developing countries with low 
average food supply levels, especially post-harvest losses (Lundqvist et al. 2008). 
Efforts to reduce losses and overeating must be immediately started in 
developing countries too. If not, the countries rapidly becoming middle-class 
societies like China, Brazil and Mexico (Figure 7) risk end up with a wasteful 
food system with the same per capita food supply levels, with losses and 
overeating, as in the USA and Europe. 
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Who Will Feed Whom? 
With increased water stress when many countries move into a situation of 
chronic water shortage a future focus without doubt will relate to where the food 
will be cultivated in the future.  

In many water-scarce countries, the national food supply levels are sustained by 
imports, as described above for Egypt. In 1995, Lester Brown at the Worldwatch 
Institute published his book “Who will feed China: Wake-up call for a small 
planet” (Brown 1995). At that time, China’s population was 1,200 million and 
Brown emphasized how water scarcity, loss of crop land to industrialization and 
urbanization and food demands would bring forward a shortage situation where 
China's demand for food would propel world food prices. At the time when the 
world experienced skyrocketing food prices in 2007-2008, the Chinese 
population had reached 1,300 million and has only an expected increase of 
another 100 million until the population stabilizes, or a further expected 7% 
increase. On the other hand, today, India has an economic growth in parity with 
China. India also has a further population expectation of 500 million till 2050 (a 
45% increase) (UN 2008), is starting on an average diet level and composition 
that China had around 1980 (Figure 7) and is facing massive water problems 
(e.g. Briscoe 2005).  

The question of our time is not who will feed China? A more correct question 
instead appears to be who will feed India? These questions put the focus on the 
globalized market where food trade will become more and more important unless 
water-stressed countries like China and India manage to increase agricultural 
production. The comparison also shows that India and China have to be analysed 
separately as future food challenges are of a completely different magnitude. In 
2004, Brown anticipated “a huge umbilical cord” with several grain-loaded ships 
leaving the USA everyday, the main grain exporter, to meet the needs of China 
(Brown 2004). As shown generally in this section and with projected 
consumptive water use demands shown in Figure 27, the challenge to feed India 
is of a mammoth scale. A small-scale perspective to the complexity is the future 
in the Bhavani basin area. With basin closure and falling groundwater levels it 
will be difficult to increase food production enough to meet local demands from 
an increasing population becoming increasingly urbanized and enjoying more 
and more water-intensive diets.    

Perhaps in the future, India will return to a situation similar to that of the 1960s 
when food aid from the USA under the P.L. 480 program played an important 
part in meeting national food demands. The future India will however be a player 
in the global market, and not an aid-receiving nation. This will, as Brown feared, 
drive up food prices and make it difficult for any nation with a weak economy 
depending on food imports, like several countries in sub-Saharan Africa.  
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Climate Change, Natural Variability and Interventions  
The future question on everybody’s lips that also will affect the water situation 
for all agricultural production is the question of climate change.  

The “IPCC Technical Paper VI” on “Climate Change and Water” by the 
Intergovernmental Panel on Climate Change (Bates et al. 2008) focuses on how 
climatic change will affect the availability of freshwater resources and the 
consequences this will have for human societies and ecosystems. The report 
states, e.g. that variability, and the risk for flooding and drought will increase. 
Globally, the negative impacts and benefits will outweigh each other. An 
analysis for India states that net irrigation requirements by 2020 can change by 
-6% to +5%. It is interesting to see how these potential changes relate to human 
water use interventions and natural variability in the Bhavani basin. 

The run-off from the upper part of the Bhavani basin is the measured inflow to 
the LBP reservoir. The average annual inflow during 50 years, 1956-2005, was 
1,800 Mm3. The flow pattern (Figure 24) points to a very high variability with an 
annual peak inflow of 4,600 Mm3, the lowest inflow of 600 Mm3 (13% of the 
peak flow), a top-ten average of 3,100 Mm3 and an inflow of 1,000 Mm3 for the 
bottom 10 years. Construction of the LBP reservoir was completed in 1955. It 
increased the storage capacity in the basin by 900 Mm3 or 50% of the inflow, and 
added a water demand of more than 1,000 Mm3 or 55% of the average inflow, to 
irrigate a command area of 84,000 ha (equivalent to a dramatic land and water 
use change on 35% of the lower part of the basin). In the near future, drinking 
water out of basin transfers from the upper part of the basin will reach beyond 
200 Mm3 year -1, or more than 10 % of the average inflow. In this perspective, 
climatic change impacts of perhaps -6% to +5% must be very difficult to detect 
in the existing natural high water variability and the already present dramatic 
human hydrological interventions.  

Climatic change will affect the large-scale hydrological cycle, and most likely 
also the local water situation in the Bhavani basin. Generally, projections of 
climatic change include increased climatic variability. The water users in the 
Bhavani basin are already used to extreme conditions ranging from a situation 
almost without any water at all to extremely water-rich years. Traditionally, this 
variability has caused devastating famines. With the present irrigation 
infrastructure as the LBP reservoir and groundwater wells, the people have 
successfully adapted to the local climatic preconditions. As shown above, the 
variability is also included in the LBP allocation system rules. Increased rainfall 
might ease the stress in the area and decreased rainfall will increase the water 
shortage for some users. The local climatic change impact is still probably by far 
overshadowed by the direct human water and land use interventions that have 
taken place and will continue to take place. As pointed out by the IPPC, water 
stress on a global level will decrease in some areas due to greater water 
availability following increased precipitation, while the principal cause for 
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increased water stress will be population growth and increasing per capita water 
withdrawals (Bates et al. 2008).  
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Chapter 6 

CONCLUDING REMARKS 
This thesis has shown the water and agricultural production complexity on 
different temporal and spatial scales. It stretches over three phases of agricultural 
development. It displays the water consequences of how water and land have 
changed over four centuries of human development. The main analysis is a 
longitudinal case study, focusing on the development of food water dynamics 
during the past century, the time of both “the great acceleration” for many 
societies and “the green revolution” era of agriculture. It also analyses future 
water demands during the first half of the 21st century, a time when the 
population increase in many developing countries is expected to stabilize or even 
decline and, for the first time, the majority of the population will be middle class 
and live in urban areas. Spatially, the cross-scale analysis extends from the local 
perspective within the Bhavani basin in Tamil Nadu, over the national and 
regional scale, to the global level. 

Consumptive Water Use and Basin Closure 
In the thesis, the consumptive water use component in basin closure and river 
depletion is exemplified in several water balance illustrations. Precipitation is the 
basic water source shared in a basin where all water related activities must be 
considered. Both land use changes and water use changes alter the vapour and 
blue water outflows from a basin, indicating that the focus must be shifted from 
water use to consumptive water use. The earlier “blue water myopia” in water 
resources management and research must be complemented by a broader 
paradigm that includes, and makes it possible to optimize, uses of both green and 
blue water resources. 

The thesis shows how the river closure process in the Bhavani basin is the result 
of many concerted actions on multiple scales across the basin. The basin 
development trajectory exemplifies how water use complexity increases in a 
basin during and after closure. With increased number of water use cycles the 
upstream-downstream interconnectedness multiplies over the basin while 
gradually the consumptive use fraction of each allocation rises. Thus at the basin 
level, the allocation closure from the 1950s in a step-wise process has resulted in 
a hydrological closure. While the competition for water continues within the 
basin and water use moves upstream closer to the source, some downstream 
users risk being deprived of their water as return flows are reduced and 
streamflow decreases. 
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Variability, Change and Complexity 
The Bhavani basin analysis tells us that future basin policies must consider water 
use development on all scales and by all sectors to attain a better understanding 
in order to gain control of water use in a basin. Escalating small-scale water uses 
by agriculture, which are unaccounted for, eventually amount to a level where 
established irrigation allocations are jeopardized. Increased appropriations by the 
urban sector also particularly increase the stress during less-water-rich years.  

Variability of water availability in the Bhavani basin shows that it is not useful to 
talk about average conditions to understand water use. The “average year” is a 
myth and water use analyses that consider aspects as water productivity must be 
based on different conditions of water availability. The case study particularly 
shows that authorities in a monsoonal climatic context must be observant on how 
the natural variability hides the creeping changes. With current developments 
water use and consumptive water use are reallocated in an unplanned way across 
the basin due to hydrological connections. Some farmers lose their water supply 
and earlier investments can be less efficiently utilized or become superfluous.  

The basin study illustrates a highly dynamic interplay between natural resources 
and socio-political systems in the basin during the last century. The development 
is strongly influenced by rapid changes in both nature and society. A basin 
system that can be initially described as famine-driven has later emerged in 
response to changed demands from society and farmers.  

In a high water variability context two important water resources development 
drivers are at work: the rising and changing food and livelihood needs by a 
growing population. The gradual societal development process has been 
repeatedly affected by recurring droughts. The overall response is an intensive 
water resources development to adapt to climatic variability. With increased 
capacity to produce more water-intensive crops, the farmers have been able to 
respond to agriculture-produce market signals that, in turn, have induced further 
water resources development, and so on. Accordingly, agricultural production 
has changed from coarse staple cereals to cultivation of paddy, sugar cane and 
groundnut.  

Adaptive Patterns 
Over the last decades the societal interest for water has turned from irrigation 
infrastructure towards meeting urban and industrial needs. Individual 
entrepreneurial farmers have taken over the initiative in agriculture sector water 
use. They appropriate additional water from aquifers, rivers and canals all across 
the basin. It is however important to remember that less-fortunate farmers who 
lack initiative and necessary resources to adapt are the losers during the basin 
closure process.  

One reason behind this development is the fact that water resources initially 
developed or set aside to be used under water-scarcity conditions have in reality 
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become an everyday use. This is true for both the originally designed LBP 
reservoir carry-over storage and the originally supplemental use of easily 
accessible groundwater. The intended buffers are thus often already used up 
when scarcity periods set off. For farmer families finding it difficult to make 
ends meet, every water scarcity season still poses a trial that has to be gone 
through. To survive on half a hectare becomes more difficult every year and with 
continued basin closure small farmers might face a future as victims of change.  

The detailed study of the LBP command area shows the importance of including 
the water users, here the farmers, in the implementation of new complex projects. 
The LBP authorities failed to do this and the farmers´ actions immediately 
compelled the authorities to change the system. In contradiction to the general 
belief that irrigation projects are inflexible systems, the LBP has proved to be a 
highly dynamic system that, over the years, has had the capacity to adapt to 
nature’s variability, human demands and infrastructural limits.  

Water and Food Challenges 
In this thesis, future consumptive water use to feed growing populations in all 
developing countries is analysed through a back-casting blue and green 
approach. The study shows that, with the present water productivity, the water 
requirement to reach the hunger-alleviation target of the MDG by 2015 would 
mean an increase of consumptive water use by 50%, while fulfilling the goal by 
2050 would mean a doubling of food water requirements. The study sheds light 
on the importance of water productivity increases in the cultivation of both rain-
fed and irrigated crops. Special focus is put on the importance of utilizing 
possibilities in vapour shifts of unproductive evaporation towards a higher ratio 
of transpiration. With such gains, the challenge can be reduced by one seventh by 
2015 and by half by 2050.  

The study analyses possibilities of meeting future water demands through both 
blue and green water sources. Trade-offs have to be made. Additional 
appropriation of blue water will increase not only the prevalent trend of river 
depletion and basin closure but also the already existing pressure on 
environmental flow requirements. After potential blue water sources and 
optimized water use options on current cultivated lands have been exhausted the 
remaining option is to acquire additional green water by horizontal expansion 
into other terrestrial ecosystems. There, natural vegetation will have to be 
replaced with crops at a pace similar to that of past expansion of cultivated lands 
in developing countries. The task will thus be substantial, but possible.  

The study uses a diet approach to determine future per capita average food 
consumption levels. This draws attention to how consumption pattern impacts 
affect the environment. Compared to vegetal foods, consumption of animal foods 
means a multiplied consumptive water use and thus a manifold larger impact on 
the environment. Though this thesis mainly focuses on agricultural production 
the task to meet future food demands must be widened beyond average food 
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consumption levels. To minimize the pressure on nature people have to reduce 
their “water footprint.” This might be achieved by using both awareness or 
policy campaigns that compel consumers to request less water-intensive foods 
and propaganda for food behaviour and food systems that utilize already 
produced food more wisely, with minimized losses along the food chain.   

Final Note  
A great challenge awaits humanity. Agricultural production capacity will be used 
not only to meet food demands by a wealthier and growing population but also to 
respond to demands for non-food produce, like fibres and as replacement of 
fossil inputs to the chemical industry, and demands under the ongoing bio-fuel 
bonanza. Land degradation, land converted to urban areas, and changed 
conditions due to climatic change are examples that will further increase the 
gravity of this challenge.  

As pointed out “there is no such thing as a post-agricultural society” and “to act 
as if there were, is a recipe for societal collapse” (Postel 1999: 12). Whatever 
development trajectories that lay ahead both global and local agricultural 
production dynamics will be in the limelight and the increasing significance of 
water will be a reality in this equation. There will be many sacrifices, and trade-
offs will have to be made, but it must be achievable.  

Even though the world in general in 2009 is facing financial and unemployment 
ordeals at a scale not heard of since the depression of the twenties and thirties of 
the last century it is important not to cave in to despair. To connect to the 
optimism of our time that exists despite hardships, this thesis like it started ends 
with a Latin motto: 

 

Vero Possumus!1    
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NOTES 
Chapter 1 

1. A curiosity in this context is the fact that Egypt is the second highest recipient of 
U.S. aid (mainly military) after Israel. Every year, Egypt receives about US$2 billion 
from Washington (IHT 2008). This amount equals the wheat subsidies by the Egypt 
government for 2008 (Economist 2008b). Egypt was once the food basket for Rome. 
Today, the Nile is almost evaporated and the country is one of the largest food 
importers in the world. A fascinating geopolitical context appears. Today’s “Roman 
Empire” supplies the money whilst being one of the major exporters in the global 
wheat market. 

Chapter 2 
1. The term “Green Revolution” was coined in 1968 by William S. Gaud, 
Administrator of the US Agency for International Development (USAID) (IFPRI 
2002). 

2. The amount of water incorporated and retained in plant tissue is marginal relative 
to the evapotranspiration quantities. With the simple assumption that one kilo of 
plant tissue during growth has an evapotranspiration of 1,000 litres (i.e. kilos) and 
about 50% of the plant weight is incorporated water, the tissue part only equals 
0.05% of the consumptive use. 

3. The total water supply of the system is thus greater than the initial freshwater 
supplied to the system and is called by Keller et al. (1996) “the multiplier effect,” 
inspired by Keynes’ “income multiplier.“ 

4. Called the IWMI-Paradigm (Perry 1999, Rijsberman 2006). 

Chapter 4 
1. Even today the reservoir is of iconic value and by some referred to as the biggest 
in India at the time of building and still to be the biggest in Tamil Nadu. This is a 
surprising conclusion as both the Cauvery basin reservoirs Krishnasagar (1,270 Mm3) 
from 1931 in Karnataka and the Mettur dam (2,700 Mm3) from 1934 in Tamil Nadu 
were built 20 years before the LBP reservoir and have a larger storage capacity 
compared to the LBP reservoir (930 Mm3) (Figure 15). The LBP reservoir thus never 
was the biggest dam in the Cauvery basin or Tamil Nadu, even less so in India. 

2. The division of “rain-fed food/feed” vs. “grazing” in Table 6 differs slightly from 
the numbers given by Rockström et al. (2007a) as the approach in Figure 26 in this 
thesis is applied before irrigation is considered, while it is done after irrigation in the 
Rockström et al. paper. 

Chapter 6 
1. "Truly we're able," or more commonly known as “Yes we can!”   
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APPENDICES 
Appendix 1. Transpiration and Vapour Pressure 
It is vital for a plant to assimilate carbon dioxide from the surrounding 
atmosphere for photosynthesis. However, a plant cannot naturally discriminate 
between the carbon dioxide, (CO2) and water (H2O) molecules. Thus carbon 
dioxide cannot be allowed to freely permeate the leaf cuticle (surface) without, at 
the same time, letting water out and causing water losses with instant risk of 
lethal dehydration. The gas exchange therefore takes place through biologically 
regulated openings, the stomata, on the leaf surface leading to the intercellular 
space in the leaf. The stomata are normally wide open when solar radiance is 
favourable for photosynthesis and the demand for carbon dioxide is large (and 
abundant water is available) and are closed at night preventing unnecessary loss 
of water. 

To compensate for the water losses during assimilation of carbon dioxide, large 
quantities of water must be transferred to the leaves. The bipolar nature of the 
water molecule generates adhesive forces that sustain a water column through the 
xylem cells from the root to the intercellular spaces in the leaves. In these air 
spaces in the leaves the water adheres to the hydrophilic cell walls. The surface 
tension characterizing water leads to a striving for a smooth water film surface, 
and the microscopic cracks and crevices that exist between the cells are filled 
with water and the water surface levelled out. When water evaporates inside the 
intercellular spaces it is lost from the water film and the air-water surface 
becomes curved inwards the cracks and crevices around the cells. The surface 
tension striving to reduce the curvature induces a tension, or negative pressure. 
As more water is evaporated, the radius of the curvature increases and the 
pressure decreases, and becomes more negative. It is this negative pressure 
which is the motive force that drives the water transport from the root to a leaf. 

 The “saturation water vapour concentration” is the maximum potential water 
vapour concentration in air at a certain temperature; as temperature increases the 
air can exponentially hold more water (Figure 28). The “relative humidity” is the 
measured water vapour concentration relative to the potential saturation water 
vapour concentration. The internal surface area inside the intercellular space in a 
leaf may be 7 to 30 times the external leaf area at the same time, as the air space 
is quite small, e.g. 10% in maize leaves. This high ratio of surface area to volume 
leads to a rapid equilibrium of vapour inside the leaf, and the relative humidity is 
normally close to 100%, i.e. close to the maximum water vapour concentration at 
the temperature inside the leaf. When the stomata are open the water vapour 
inside the leaf comes in contact with the water vapour in the air surrounding the 
leaf. According to the ideal gas law, the gas exchange will continue until the 
water vapour concentration is the same. Water vapour will move towards the 
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Figure 28. Saturation vapour pressure, e° (T), shown as a function of temperature (Allen et 
al. 1998). 

more negative pressure of water vapour in the outside air. It is this concentration 
gradient that drives the diffusion loss of water from the leaf. 

Temperature is imperative in deciding transpiration. For example, in the range of 
10 °C and 35 °C a temperature increase of 12 °C about doubles the saturation 
water vapour concentration; at higher temperatures, the increase is steeper 
(Figure 28). Inside the leaf, where the vapour concentration is always close to the 
saturation water vapour concentration, a 12 °C temperature increase thus means a 
doubling of the vapour concentration. Assuming a constant water vapour 
concentration in the free air around the plant, the gradient and thus the pressure 
difference driving the water losses from the plant will be doubled. The 
evaporative demand of the atmosphere in different climatic areas is thus not 
enhanced by dryer air, which is the relative humidity perceived by humans. It is 
instead the increased vapour concentration inside the leaf that increases the 
concentration gradient, or water vapour pressure difference, relative to the air 
surrounding the plant that drives the transpiration losses (Taiz and Zeiger 1991; 
Keller and Seckler 2004).  

Irrigation experts use the term “vapour pressure deficit” (the difference between 
the actual and saturation water vapour concentrations) to describe the evaporative 
power of the atmosphere (Allen et al. 1998; Tanner and Sinclair 1983). 

The “transpiration ratio” defines the number of water molecules transpired for 
every molecule of carbon dioxide assimilated by photosynthesis. The ratio is, for 
many plants, about 500. There are two explanations for this high transpiration 
ratio. First, the concentration gradient driving water vapour diffusion out of the 
leaf is about 50 times greater than the gradient driving the influx of carbon 
dioxide. This is explained by the normally high water vapour concentration in the 
leaf (relative to the concentration in the surrounding air) compared to the low 
concentration of carbon dioxide in the atmosphere, which is only about 0.03%. 
The second factor is the slower diffusion by the carbon dioxide molecule. It is 
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both bigger than the water molecule and thus moves slower through air, and has 
to cross three barriers before assimilation by photosynthesis inside the 
chloroplasts: the plasma membrane (cell wall), the cytoplasm (cell substance), 
and the chloroplast envelope.  

To be able to cope with the high water loss, several carbon dioxide assimilation 
processes have emerged. The C3 plants (first stable molecule during 
photosynthesis has three carbon atoms) use the C3 photosynthetic carbon 
reduction (PCR) cycle and have a transpiration ratio of 500. The C4 plants (first 
stable molecule with four carbon atoms) adapted for hotter climates in addition to 
the PCR-cycle also use the C4 photosynthetic carbon assimilation (PCA) cycle 
with a higher affinity for carbon dioxide. Thus the C4 plants can be more water-
efficient and have a transpiration ratio of 250. The lowest ratio, around 50, is 
found among the desert-adapted plants that use the Crassulacean acid 
metabolism, the CAM-plants. These plants open their stomata during night-time 
when it is cooler and assimilate carbon dioxide as malic acid. During the day, the 
stomata are closed to prevent water loss, the malic acid is de-acidified, and the 
released carbon dioxide fixed by the C3-PCR-cycle for photosynthesis by 
utilizing sunlight.   

Many common crops like wheat, barley, potato, lucerne, soybean and pea are C3 
plants. Examples of C4 plants are maize, sugar cane, sorghum and several other 
grasses. Pineapple and cacti belong to the CAM plants (the above information 
without references is extracted from Taiz and Zeiger 1991). 

The basic relation between carbon dioxide assimilation and transpiration, and the 
relation between temperature, vapour pressure and transpiration all explain why a 
consumptive water use and water losses from plant cultivation in food production 
are unavoidable. 
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Appendix 2. Spreadsheet for Ground Truth Information  
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