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Series Foreword: Comprehensive
Assessment of Water Management
in Agriculture Series

To find solutions to the water problems already facing many developing countries, we need a
better understanding of how we have used water to grow food and to improve rural liveli-
hoods. We need to know which investments in water for rainfed and irrigated agriculture
have reduced poverty and increased food security — and which have not. We need to better
understand not only the benefits of irrigation, but also the costs in terms of environmental
degradation and pollution.

The Comprehensive Assessment of Water Management in Agriculture, an international
research, capacity-building and knowledge-sharing programme, takes stock of the past 50
years of water development for agriculture, the water management challenges that commu-
nities are facing today and solutions that people have developed. The results of this research
will enable farming communities, governments and donors to make better-quality invest-
ment decisions to meet food and environmental security targets in the near future and over
the next 25 years.

The Assessment is done by a coalition of partners which includes 11 Future Harvest agri-
cultural research centres supported by the Consultative Group on International Agricultural
Research, the Food and Agriculture Organization of the United Nations (FAO), and partners
from some 40 research and development institutes globally. Currently, the Governments of
The Netherlands, Switzerland, Australia and Taiwan, and the Rockefeller Foundation have
supported this work.

The primary research findings will be presented in a series of books that will form the
Comprehensive Assessment of Water Management in Agriculture. The books will cover a
range of vital topics in the area of water, agriculture, food security and ecosystems — the
entire spectrum of developing and managing water in agriculture, from fully irrigated to
fully rainfed lands. They are about people and society, why they decide to adopt certain prac-
tices and not others, and, in particular, how water management can help poor people. They
are about ecosystems — how agriculture affects ecosystems, the goods and services ecosys-
tems provide for food security, and how water can be managed to meet both food and envi-
ronmental security objectives. This is the first book in the series.

Effectively managing water to meet food and environmental objectives will require the
concerted action of individuals from across several professions and disciplines — farmers,
water managers, economists, hydrologists, irrigation specialists, agronomists and social

ix



X Series Foreword

scientists. The material presented in this book represents the first effort that brings this

diverse group of people together to present a truly cross disciplinary perspective on water

productivity. The complete set of books should be invaluable for resource managers,

researchers and field implementers. They will provide source material from which policy
statements, practical manuals and educational and training material can be prepared.

David Molden

Series Editor

International Water Management Institute

Sri Lanka



Improving Water Productivity in Agriculture:
Editors’ Overview

Jacob W. Kijne, Randolph Barker and David Molden

International Water Management Institute, Colombo, Sri Lanka

Introduction

One of the critical challenges of the early 21st
century will be the resolution of the water
crisis. This crisis is defined by scarcity of
water, water-driven ecosystem degradation
and malnutrition. In spite of massive water-
development efforts for food security, the
poor are affected the most, because they do
not have the resources to obtain or maintain
access to reliable and safe water. In the quest
for improved access to water and food secu-
rity, tremendous resources have been
invested in developing water for agricultural
uses. Yet we know that, with the growing
demand for water for industry and munici-
palities, combined with environmental prob-
lems, there will be less water for agriculture
in the future.

We hold that the solution to the water
crisis is to be found in how water is devel-
oped and managed. Increasing the produc-
tivity of water means, in its broadest sense,
getting more value or benefit from each drop
of water used for crops, fish, forests and live-
stock while maintaining or improving
ecosystems and the services they provide.
Within agriculture, this means obtaining
more production or value from every drop.
We must increase the productivity of existing
water resources and produce more food with
less water. Increases in water productivity
provide a means both to ease water scarcity

and to leave more water for other human
and ecosystem uses.

This book provides state-of-the-art know-
ledge on how to increase the productivity of
water in agriculture. It provides concepts,
methodologies, constraints and examples
drawn from a wealth of experience from
developing and developed countries. The
book demonstrates that increasing water
productivity will provide a focal point for
practitioners and researchers from a variety
of social science and physical science back-
grounds.

Water-use Efficiency and Water
Productivity

The first task in understanding how to
increase water productivity is to understand
what it means. As presented by Molden,
Murray-Rust, Sakthivadivel and Makin in
Chapter 1, the definition is scale-dependent.
For a farmer, it means getting more crop per
drop of irrigation water. But, for society as a
whole, concerned with a basin or country’s
water resource, this means getting more
value per unit of water resource used.
Increasing water productivity is then the
business of several actors working in har-
mony at plant, field, irrigation-system and
river-basin levels.

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) xi
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Crop water productivity means raising
crop yields per unit of water consumed.
Over the past three decades, this has been
achieved largely through higher crop yields
per hectare. But, with the declining crop-
yield growth, attention has turned to the
potential offered by improved management
of water resources. Although there is consid-
erable scope for increasing water productiv-
ity through this avenue, it is not as large as is
commonly thought. As argued by Seckler,
Molden and Sakthivadivel in Chapter 3, the
amount of reuse (or recycling) of water is
often underestimated. When reuse is taken
into account, the options for further
increases in water productivity are much
smaller than were expected at first.

Seckler et al. side with those who find the
traditional definition of irrigation efficiency
misleading. They distinguish between what
they refer to as the ‘classical’ and the ‘neo-
classical’ concept of irrigation efficiency.
Classical irrigation efficiency is defined as
the crop water requirement (actual evapo-
transpiration minus effective precipitation)
divided by the water withdrawn or diverted
from a specific surface-water or groundwater
source. ‘Losses’ in this approach include
transpiration and evaporation (evapotran-
spiration), but also seepage, percolation and
runoff, processes in which the water is not
consumed. These latter so-called ‘losses” may
be captured or recycled for use elsewhere in
the basin. Thus, classical measures of effi-
ciency tend to underestimate the true effi-
ciency and ignore the important role of
surface irrigation systems in recharging
groundwater and providing downstream
sources of water for agriculture and other
ecosystem services.

Seckler et al. agree with others that the
word ‘efficiency’ has outlived its usefulness
in the field of water-resource policy and man-
agement. Willardson et al. (1994) introduced
the concept of consumed fractions. Others,
e.g. Perry (1996), Burt et al. (1997) and
Molden (1997) have referred to beneficial and
non-beneficial depleted or consumed frac-
tions. These are important distinctions that
need to be kept firmly in mind throughout
these discussions on limits and opportunities
for improvements in crop water use.

Throughout this book the reader should
be aware of the distinction between crop
water productivity and water productivity at
the basin level. Crop water productivity is
defined in either physical or monetary terms
as the ratio of the product (usually measured
in kg) over the amount of water depleted
(usually limited to crop evapotranspiration,
measured in m?). Occasionally — for example,
in the context of supplemental irrigation —
there is a felt need to express the productiv-
ity of the applied irrigation water. In that
case, the denominator refers to irrigation
water only, not to rainfall. Obviously, values
of irrigation-water productivity cannot be
compared with water productivity with
depleted water in the denominator.

Basin water productivity takes into con-
sideration beneficial depletion for multiple
uses of water, including not only crop pro-
duction but also uses by the non-agricultural
sector, including the environment. Here, the
problem lies in allocating the water among
its multiple uses and users. Priority in use
involves the value judgement of either the
allocating agency or society at large and may
be legally determined by water rights.

Productivity

The classical concept of irrigation efficiency as
used by engineers omits economic values. To
determine optimume-level irrigation efficiency,
the economist would want to know the value
of irrigation water and the cost of increased
control or management that would permit a
reduction in diversion. As water becomes
scarce, increasing crop water productivity or
reducing diversions would make sense if the
water ‘saved’ could be put to higher-valued
uses. But higher water productivity does not
necessarily lead to greater economic effi-
ciency. Moreover, water productivity or yield
per unit of water, like yield per unit of land, is
a partial productivity of just one factor,
whereas the most encompassing measure of
productivity used by economists is total factor
productivity. The following definitions may
help in wunderstanding the differences
between various productivity parameters.
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Pure physical productivity is defined as
the quantity of the product divided by the
quantity of the input — for example, yield per
hectare or yield per cubic metre of water
either diverted or depleted. Combined phys-
ical and economic productivity is defined in
terms of either the gross or the net present
value of the crop divided by the amount of
water diverted or depleted.

Economic productivity is the gross or net
present value of the product divided by the
value of the water diverted or depleted,
which can be defined in terms of its opportu-
nity cost in the highest alternative use.

Barker, Dawe and Inocencio address these
issues in Chapter 2. The authors give exam-
ples of basins where unexpected off-site effects
and externalities confound possible changes in
water management intended to reduce water
diversions. They do so by analysing the rela-
tionship between water productivity and eco-
nomic efficiency and by investigating the
possible role of water policies, such as water
pricing, and institutions. Just as increased
water savings do not necessarily result in
increased water productivity, so also increased
water productivity does not necessarily result
in higher net returns at the farm or basin level.
As the examples illustrate, it needs to be deter-
mined whether proposed water-management
practices or technologies designed to increase
water productivity and economic efficiency at
the farm level translate into water-productiv-
ity and economic-efficiency gains at the sys-
tem or basin level. Especially when basins
become closed (basins are closed when all
available water is depleted, ie. rendered
unavailable for further use),! setting the prior-
ity in the allocation of water among compet-
ing uses may reflect either political power at
the basin level or a value judgement on the
part of society. While the farmer may measure
the benefits of increased water productivity in
economic terms, valuing beneficial depletion
in terms of reallocation of limited water sup-
plies among competing uses and users at the
basin level is an important but far more com-
plex undertaking.

Scale Considerations

Water use and management in agriculture
encompass many different scales: plants,
fields, farms, delivery systems, basins,
nations and continents. The focus of atten-
tion shifts according to the scale we are con-
sidering,  from  photosynthesis  and
transpiration, through water distribution
and delivery, to allocation between various
uses and between nations sharing the same
basin.

In the classical irrigation efficiency con-
cept, scale-dependent efficiency is commonly
used: application efficiency (the ratio of the
water delivered to the root zone over the
water delivered to the field); conveyance effi-
ciency (the ratio of the water delivered to the
field over the supply of water delivered into
the canal from the source); and project effi-
ciency (the overall efficiency of the irrigation
system).

The last term usually refers to the ratio of
the total water consumption over the
amount of water diverted to the system,
regardless of how many times the water may
have been reused within the system. It is rec-
ognized that production per unit of water is
an important parameter for irrigation man-
agers, but it is not comparable across scales
or readily comparable across locations.
However, it can be a useful indicator of per-
formance over time. An increase in produc-
tion per unit of water diverted at one scale
does not necessarily lead to an increase in
productivity of water diverted at a larger
scale.

In Chapter 1, Molden, Murray-Rust,
Sakthivadivel and Makin address these scale
issues and discuss water accounting as a
means of generalizing about water use
across scales and of better understanding the
terms in both the numerator and the denom-
inator of the water-productivity ratio. They
illustrate this with several water-accounting
diagrams applicable to different scales and
provide a helpful glossary of terms. Farmer-
based strategies to increase water productiv-
ity at plant, field, farm, system and basin

1 This is also the case when water flows to so-called sinks, i.e. into a sea, saline groundwater or another
location where it is not readily or economically recoverable for reuse.
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level are summarized in a table. Several of
these are discussed in more detail in subse-
quent chapters.

Water Productivity in Rice Cultivation

Cultivation of rice in flooded fields (paddies)
is very water-demanding. Declining water
availability is seen as a threat to the sustain-
ability of irrigated rice-based production sys-
tems. In Chapter 4, Tuong and Bouman
explore ways of producing rice with less
water. Finding such alternatives, they assert,
is essential for food security and sustaining
environmental health in Asia. Irrigation
methods that require less water, such as
saturated-soil culture and alternate wetting
and drying can reduce unproductive out-
flows and raise water productivity at the
field level without a reduction in crop yield
per hectare.

Other approaches that may increase water
productivity include the incorporation of the
C, photosynthetic pathway into rice, the use
of molecular biotechnology to enhance
drought-stress tolerance and the develop-
ment of ‘aerobic rice’, which refers to rice
varieties that yield well under non-flooded
conditions. (The potentials for plant breed-
ing and molecular biology are discussed in
more detail by Bennett in Chapter 7.) The
authors contend that a shift towards aerobic
rice will affect water conservation, soil
organic-matter turnover, nutrient dynamics,
carbon sequestration, weed ecology and
greenhouse-gas emissions. Some of these
changes lead to greater crop water produc-
tivity and are seen as positive; others, such
as the release of nitrous oxide from the soil,
are seen as having a negative impact.

Water Productivity Under Saline and
Alkaline Conditions

The use of saline or alkaline water in crop
production enlarges the available water
resource but at the cost of lower yields and
possible long-term effects on soil structure
and soil productivity. Growing plants in
saline soil or with saline or alkaline irriga-

tion water presents another example of a
trade-off for which the benefits and costs are
likely to vary among locations.

Tyagi, in Chapter 5, discusses field-level
measures that can be combined with the use
of saline/alkaline irrigation water to
enhance its productivity and mitigate its
adverse effects. Such measures include the
choice of the best cropping sequence, con-
junctive use with good-quality canal water,
water-table management, rainwater conser-
vation in precisely levelled basins and
chemical amelioration of alkaline water. The
illustrations are taken mainly from the
rice-wheat cropping system in the mon-
soonal climate with moderate rainfall
(400-600 mm), as occurs in north-west India.
Water transfer, water markets and the dis-
posal of saline water with its basin-level
implications are also discussed. Practical
examples illustrate the importance of pre-
sowing irrigation and the advantage of
growing crops during the winter season
when soil salinity is less and the evaporative
demand is lower than during the pre-mon-
soonal summer season.

Knowledge of the leaching requirement,
i.e. the amount of water that needs to pass
through the root zone to maintain an accept-
able salt level without unnecessary percola-
tion losses, would help to determine whether
increases in crop water productivity are fea-
sible. Kijne, in Chapter 6, describes the diffi-
culties both in determining the leaching
requirement and, once known, in accurately
applying the desired amount of water.
Applying more water than needed causes
the groundwater table to rise, which could
lead to waterlogging. Evapotranspiration
and leaching, which together constitute the
beneficial depletion of the water resource
under saline growing conditions, are linked
through the yield-water—salinity production
function. This relationship between yield
and amount and quality of the applied water
is not well known under field conditions,
where crops are subjected to periodic and
simultaneous water and salt stress and to
non-uniform water application. Moreover,
the feedback mechanism that lowers evapo-
transpiration when plants become more
affected by soil salinity adds a further degree
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of complexity to the relationship between
yield and salinity. Accordingly, knowing
how much water to apply is important in
terms of the sustainability of irrigated agri-
culture on saline soils.

Plant Breeding for Enhanced Water
Productivity

Plant breeding over the last century has indi-
rectly increased the productivity of water (in
combination with other production factors)
because yields have increased with no addi-
tional water consumption. Improved vari-
eties have come from conventional breeding
programmes where selection has been for
yield per unit of land. Most of the increases
have been due to improvements in the har-
vest index (the ratio of marketable product
to total biomass or the so-called grain-to-
straw ratio), which may now be approaching
its theoretical limit in many of our major
crops (Richards et al., 1993). The develop-
ment of an appropriate phenology by genetic
modification, so that the durations of the
vegetative and reproductive periods are
matched as well as possible with the
expected water supply or with the absence of
crop hazards, is usually responsible for the
most significant improvements in yield sta-
bility. Planting, flowering and maturation
dates are important in matching the period
of maximum crop growth with the time
when saturation vapour-pressure deficit is
low, and these characteristics may be geneti-
cally modified. One way of genetically
increasing water productivity is to modify
canopy development in order to reduce
evaporation from the soil surface. Hence,
much work has been done on the selection
for large leaf area during the vegetative
period to increase early vigour.
Biotechnology is considered to have great
potential for the development of drought- or
salt-tolerant crops, but this potential has not
been fully realized yet. In addressing these
topics in Chapter 7, Bennett observes that the
slow progress in breeding for drought toler-
ance is often attributed to the genetic com-
plexity of the trait and its interaction with the
environment. Complementary approaches

taken to address this issue include improving
the environmental simulations used for
germplasm screening and analysis, defining
how the impact of water deficit on growth
and yield components changes during the
growth stages and discovering the regulatory
genes underlying the plant’s responses to
water deficit. One promising approach to dis-
covering the genes responsible for drought
effects on yield components is quantitative
trait loci (QTL) analysis. Such studies tend to
focus on indirect effects, such as the inhibi-
tion of panicle development by hormonal sig-
nals from stressed leaves and roots and the
inhibition of carbon flow from leaves to the
developing grain. For example, it may be
possible to prevent early drought-induced
shedding of leaves by the genetic regulation
of cyclokinin production. However, it could
also be argued that these processes might be
more effectively altered through conventional
breeding. Many promising properties for
coping with drought stress have been intro-
duced for years through conventional plant
breeding. These include changing the length
of the growing season and the timing of sen-
sitive stages; selecting for small leaves and
early stomatal closure to reduce transpira-
tion; selecting for high root activity and deep
rooting systems; and selecting for tolerance
to salinity. In short, traditional breeding
methods and modern methods based on
biotechnology should be seen as complemen-
tary.

Water Productivity in Rain-fed Agriculture

Eighty per cent of the agricultural land
worldwide is rain-fed, with — in developing
countries — generally low yield levels and
large on-farm water losses during occasional
periods of heavy rainfall. This suggests there
are significant opportunities for improve-
ments in crop water productivity.

Serraj and his co-authors of the
International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) describe in
Chapter 8 the complexities of drought man-
agement of rain-fed cereal and legume crops
in the semi-arid tropics. These cereal and
legume crops are characterized by their
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ability to withstand periods of water scarcity
and still produce grain and biomass.
Drought stress is a complex issue because of
the unpredictability of its occurrence and
duration during the growing season, the
high evaporative demand on the crop and
the low fertility of the soil in which these
plants grow. In addition, the effect of
drought stress is often compounded by other
stress factors, such as infection by root and
stalk rot-causing fungi, which can bring
about severe lodging and premature death.
Current insufficient understanding of the
combined effect of all these factors on crop
yield complicates the characterization of the
physiological traits required for increased
water productivity of the crops.

The authors discuss four genetic-
enhancement approaches for the improve-
ment of the adaptation of legume and cereal
crops to drought-prone environments:

® development of short-duration genotypes
that can escape terminal drought;

® conventional breeding of genotypes with
superior yield potential in drought-prone
areas;

® physiological breeding of drought-resis-
tant genotypes;

® identification of QTL (described in the
previous section) for drought tolerance
and their use in marker-assisted breeding.

The focus in Chapter 9, written by
Rockstrom, Barron and Fox, is on rain-fed
agriculture on smallholder farms in sub-
Saharan Africa. The authors present field
evidence suggesting that mitigating the
effects of intraseasonal dry spells is the key
to achieving higher yield levels and higher
crop water productivity. As a result of the
unpredictability of dry spells, farmers tend
to avert risks. For many smallholder farmers
in the semi-arid tropics, it is not worth
investing in external inputs, including, most
importantly, fertilizers, as the risk of total
crop failure remains a reality once every 5
years and the risk of severe yield reduction
occurs once every 2 years. However, the
authors show that, with significant invest-
ments in water harvesting, conservation
tillage and supplemental irrigation during
short dry spells, yields of staple food crops

could be more than doubled in many areas
of sub-Saharan Africa.

Rockstrom et al. suggest that the best
option for increasing crop water productivity
lies in combining such practices with man-
agement strategies that enhance infiltration
of rain, increase the water-holding capacity
of the soils and maximize plant water uptake
through timeliness of farming operations
and soil fertilization. Obviously, upgrading
rain-fed production through supplemental
irrigation would have site-specific implica-
tions for downstream water users. The
authors recognize that the socio-economic
viability of water-harvesting structures for
supplemental irrigation needs to be carefully
considered. Preliminary assessment of man-
ually dug farm ponds and sub-surface tanks
indicates that the benefit—cost ratio depends
on the opportunity cost of labour, which is
often low during the dry season in remote
rural areas.

Future Cereal Production and Water
Productivity

Crop water productivity varies with loca-
tion, depending on such factors as cropping
pattern, climatic conditions, irrigation tech-
nology, field water management and infra-
structure, and on the labour, fertilizer and
machinery inputs. For example, in 1995,
water productivity of rice ranged from 0.15
to 0.60 kg m~2 and that of other cereals from
0.2 to 2.4 kg m~3. Cai and Rosegrant report
in Chapter 10 on an analysis of crop water
productivity at the global and regional levels
through an integrated water- and food-
modelling framework developed at the
International Food Policy Research Institute
(IFPRI). The authors explored the impact of
technology and management improvement
on water productivity. Based on the best
available information and assuming that
water supplies for agriculture will become
more and more restricted, they expect that
from 1995 to 2025 crop water productivity
will increase: the global average water pro-
ductivity of rice from 0.39 to 0.52 kg m~3 and
that of the other cereals from 0.67 to 1.01
kg m~3. This increase is predicted to result
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from increases in crop yield and in water
productivity at the basin level, with the
major contribution coming from yield
increases. One of the conclusions of this
study is that investments in agricultural
infrastructure and agricultural research may
have higher payoffs than investments in new
irrigation systems in order to accelerate this
increase in water productivity and hence
ensure food security in the next 25 years.

Case Studies

Chapters 11-19 contain a number of case
studies that illustrate issues discussed in the
first group of chapters.

The first case study (Chapter 11), pre-
sented by Oweis and Hachum, demonstrates
that sustainable increases in crop water pro-
ductivity can only be achieved through inte-
grated farm-resources management. This
approach combines water conservation, sup-
plemental irrigation, better crop selection,
improved agronomic practices and political
and institutional interventions. The case
study is based on experience with cereal and
legume production in the West Asia and
North Africa (WANA) region, with a specific
example from Syria.

The second case study (Chapter 12)
describes efficient management of rainwater
to achieve higher crop water productivity
and increased groundwater recharge. The
example, written by Wani, Pathak, Sreedevi,
Singh and Singh, is from the semi-arid trop-
ics in northern India. The authors argue in
favour of an integrated watershed manage-
ment approach and identified community
participation, capacity building at local level,
multidisciplinary technical backstopping,
and the use of scientific tools as important
elements in efficient rainwater management.

The third case study (Chapter 13), by Ong
and Swallow, illustrates the importance of
water consumption by trees in irrigated
areas and discusses how water productivity
can be increased in forestry and agroforestry.
The authors describe the differences in rela-
tive importance of the various components
of the water balance of a tree cover and an
agricultural crop. For a tree cover, direct

evaporation from the soil is much less than
for a crop but evaporative loss through
canopy interception is higher. There are also
significant differences between agroforestry
systems and forests, as the former tend to
have a relatively sparse tree density.

In the fourth case study (Chapter 14),
Bowen reviews efforts to increase water pro-
ductivity in potato cultivation. Potato is gen-
erally shallow-rooted and sensitive to even
mild water deficits. Increasing water produc-
tivity in potato was done through a combina-
tion of improved germplasm and agronomic
practices for potato production in warm
tropical environments. The author concluded
from the study that there exists a useful
range of genetic variability that could be
taken advantage of for the development of
more drought-tolerant and water-productive
genotypes for rain-fed and irrigated potato
production.

The fifth case study (Chapter 15) is from
the rice-wheat cropping system in south
Asia, which covers about 13.5 million ha.
Hobbs and Gupta describe how growth in
area and yield per unit land has been respon-
sible for continued growth in production for
over 30 years. Future growth, however, must
come from yield increases and higher crop
water productivity. Improved resource-
conservation technologies, such as zero
tillage (now being widely adopted) and
raised beds, are identified as the key to
increasing water productivity. The authors
also emphasize the importance of partner-
ships and participatory approaches in the
research and adoption of new technologies
by farmers.

In the sixth case study (Chapter 16),
Hussain, Sakthivadivel and Amarasinghe
illustrate the importance of irrigation-water
management on crop water productivity in
northern India and Pakistan, also with a
focus on the wheat-rice production system.
The case study refers to systems where the
irrigation water is a combination of canal
water and pumped groundwater. They
found significant variability throughout the
season, not only in canal water supply and
groundwater use and quality, but also in
non-land factors, such as seed variety, sow-
ing dates and weedicide application. The
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case study indicates that substantial gains in
aggregate yield can be obtained by a more
equitable distribution of the canal water,
which would boost yields in tail reaches
without adversely affecting yields elsewhere.

Most of the major water basins in
Thailand are closing, while an increasing
amount of water is being diverted from agri-
culture. In the seventh case study (Chapter
17), Molle raises the question of whether
water productivity can be increased by eco-
nomic measures, such as water pricing and
market mechanisms for the reallocation of
water to other uses. The case study shows
that, in the Chao Phraya basin in Thailand,
farmers and irrigation administrators have
made substantial adjustments to water
scarcity in the dry season. Thus, the benefits
of such economic measures are much smaller
than expected and the transaction costs and
political risks outweigh the possible gains.

The eighth case study (Chapter 18)
addresses the need for data to monitor the
productivity of land and water resources
over vast areas. Bastiaanssen, Ahmad and
Tahir illustrate how in this study measure-
ments from the National Oceanic and
Atmospheric ~ Administration =~ (NOAA)
weather satellite were combined with ancil-
lary data, such as canal water supplies and
rainfall data, into a geographic information
system (GIS). The satellite data were con-
verted to crop yield, actual evapotranspira-
tion and, indirectly, to net groundwater use.
The analysis of data for the Indus basin is
carried out at various scales. Large variations
exist in crop water productivity, which the
authors ascribe to variations in the relation
between canal water supply and evapotran-
spiration. However, at a spatial scale of 6
million ha and higher, water productivity
becomes constant, because at that scale in the
closing Indus basin, all water supplied is
depleted. The study reinforces the impor-
tance of groundwater recycling in the Indus
basin.

In the ninth case study (Chapter 19),
Zhang argues, on the basis of crop water-
production functions, for the introduction of
deficit irrigation in order to increase on-farm
water productivity in semi-arid countries.
The case study uses data from Syria, the

North China Plain and Oregon, USA. Also in
this case study, crop water productivity
shows significant spatial and temporal varia-
tion. The risk of deficit irrigation, according
to the author, can be minimized through
appropriate irrigation scheduling to avoid
water stress during the most sensitive
growth stages. One of the conditions for suc-
cess is that farmers control the timing and
amount of the irrigation applications.

Conclusions

This book makes clear that increasing crop
water productivity is a challenge at various
levels. The first challenge is to continue to
enhance the marketable yield of crops with-
out increasing transpiration. The second
challenge is at field, farm and system levels
to reduce as much as possible all outflows
that do not contribute to crop production.
These three levels are interlinked and the
available water for crop production must be
used to its greatest advantage within the
basin. This may involve allowing outflow to
occur from some fields, knowing that this
outflow is not lost for plant production but
will be used better at some other location
within the basin. The third challenge is to
increase the economic productivity of all
sources of water, especially rainwater but
also waste-water of various qualities and
saline (ground) water. Meeting the challenge
will require developing methodologies and
tools to be used for the collection and inter-
pretation of relevant data and information.
Scientific disciplines must work together in
the analysis of interactions, synergies and
trade-offs.

There are hopeful signs that these chal-
lenges will be met. At plant level, traits and
genes for drought and salt tolerance have
been identified in a number of crops, and
lessons learned in some crops will be applied
to others, making use of both conventional
and molecular breeding techniques. For
example, progress in respect of increasing
production without a concomitant increase
in evapotranspiration through changes in the
harvest index and stay-green factor is
expected to yield results for some crops
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within 5 years. At field level, further
improvements in crop water productivity are
expected from the introduction of supple-
mental irrigation in rain-fed agriculture and
the expansion of drip, trickle and sprinkler
irrigation. Further progress is also expected
in the adoption and adaptation of water-
productivity-enhancing practices when insti-
tutions and policies are amended to provide
appropriate incentives for farmers. At basin
level the importance of an integrated
approach to land and water management is
recognized, especially in respect of sustain-
able conjunctive management of groundwa-
ter and surface water.

But the task of achieving gains in water
productivity is daunting. Technologies and
management approaches appropriate for
poor rural farmers need development.

Incentives that would facilitate the adoption
of water-productivity-enhancing field prac-
tices are not clearly understood and are lack-
ing. The growing interdependence among
water uses and increasing competition
among users complicates the search for solu-
tions that will improve the productivity of
basin-wide water resources. Institutions and
policies that can deal with these complexities
and with political realities and yet create an
environment for farmer productivity are
needed. There is indeed scope for increased
emphasis on research and application in all
these areas.

We expect that the discussions of the chal-
lenges and the hopeful signs will help in
understanding not only the limits but also
the opportunities for increasing crop water
productivity.
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1 A Water-productivity Framework for
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Abstract

Substantially increasing the productivity of water used in agriculture is essential to meet goals of food
and environmental security. Achieving these increases requires research that spans scales of analysis and
disciplines. In spite of its importance, we do not have a common conceptual framework and language to
facilitate research and communication among stakeholders. The objective of this chapter is to propose a
common conceptual framework for water productivity. In a broad sense, productivity of water is related
to the value or benefit derived from the use of water. Definitions of water productivity differ based on
the background of the researcher or stakeholder. For example, obtaining more kilograms per unit of tran-
spiration is an important means of expressing productivity of water when the interest of analysis is
crops. At the basin scale, obtaining more value from water used from irrigated and rain-fed crops,
forests, fisheries, ecosystems and other uses is of importance. There are several interrelated definitions of
water productivity that are important across scales and domains of analyses. We propose in this chapter
a set of definitions for water productivity and show how these are related across scales.

As the analysis moves from individual plants to fields, farms, irrigation systems and water basins, dif-
ferent processes and means of analysis are important. Understanding how measures of water productiv-
ity scale up and scale down provides the key to how a group of people of diverse disciplines can work
together on this topic. For example, crop scientists and breeders may focus on obtaining more mass per
unit of transpiration, while planners and economists may consider policies to allocate water and land
resources between different uses. To capture the full benefits of improved water productivity at farm
level, it is necessary to integrate these with system- and basin-level changes. We provide a framework to
show the interrelationship of the work of various disciplines.

Introduction food security. The argument for this state-

ment is simple: by growing more food with

Increasing the productivity of water in agri- less water, more water will be available for

culture will play a vital role in easing compe-  other natural and human uses (Molden and
tition for scarce resources, prevention of Rijsberman, 2001; Rijsberman, 2001).

environmental degradation and provision of Increasing productivity of water is partic-

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) 1



2 D. Molden et al.

ularly important where water is a scarce
resource. Physical scarcity, when there is no
additional water in a river basin to develop
for further use, is common in an increasing
number of either dry or intensively devel-
oped basins IWMI, 2000). In these cases, it is
likely that increasingly less water will be
available for agriculture and that, to sustain
production, increases in water productivity
will be necessary.

There are other important situations of
scarcity. Economic scarcity describes a situa-
tion where there is water remaining in
nature to be tapped for productive uses but
there is extreme difficulty in developing the
infrastructure for this water for economic,
political or environmental reasons (IWMI,
2000).

A third common situation occurs when
water and infrastructure are available and
cultivation techniques are known and yet
people do not have ready access to water.
For example, a lack of water is often not the
cause of a head-tail problem. As another
example, poor people are excluded from
infrastructural development and do not
have equal access to the benefits available
from a project. This management-induced
scarcity has a variety of causes, including
poor infrastructural development and main-
tenance but, often, it finds its roots in inap-
propriate or ill-functioning policies and
institutions.

Water productivity is dependent on several
factors, including crop genetic material, water-
management practices, agronomic practices
and the economic and policy incentives to pro-
duce. Corresponding to this, there are many
people working in parallel on means to
increase the productivity of water but the
effort remains disjointed. Part of the reason is
that we do not have a common conceptual
framework for communicating about water
productivity. The purpose of this chapter is to
propose a conceptual framework to enable us
to work and communicate better together.

After agreeing to work under the banner
of “more crop per drop’ or ‘producing more
with less water’ we immediately have to

figure out what this means. These terms
have different meanings for different
people: more kilograms per unit of evapo-
transpiration (ET) for some, more produc-
tion per unit of irrigation water delivered
for others or more welfare per drop of water
consumed in agriculture for others. In this
framework, we accept that these are all
important and relevant meanings, and our
task is to sort out how these concepts relate
to one another.

More Crop per Drop: Which Crop and
Which Drop?

In a broad sense, productivity of water refers
to the benefits derived from a use of water.
The numerator then has a physical or eco-
nomic term expressing the benefit. The
denominator is a water term. The expression
is most often given in terms of mass of pro-
duce, or monetary value, per unit of water.
First, consider the denominator, water.

Scale considerations

Consideration of scales helps to untangle the
‘which crop/which drop” problem. Water use
and management in agriculture cross many
scales: crops, fields, farms, delivery systems,
basins, nations and the globe. Working with
crops, we think of physiological processes:
photosynthesis, nutrient uptake and water
stress. At a field scale, processes of interest
are different: nutrient application, water-
conserving soil-tillage practices, bunding of
rice-fields, etc. When water is distributed in
an irrigation system, important processes
include allocation, distribution,! conflict
resolution and drainage. At the basin scale,
allocation and distribution are again impor-
tant, but to a variety of uses and users of
water. At the national and international
scale, trade, prices and virtual water all have
relevance. Processes between scales are inter-

! Allocation and distribution of irrigation water are primarily for irrigation farmers, but they are also to
meet the demands of other domestic, industrial, livestock and fisheries uses.
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linked. For example, basin-scale allocation
practices can set a constraint on how much
water a farmer receives and the influence on
farm water-management practices.

First, we surmise that issues of scale
heavily influence concepts of water produc-
tivity. Second, we can differentiate scales of
analysis by considering the processes impor-
tant at each scale. We jump across scales
when key processes of consideration change.
Thirdly, actions at one scale often influence
what happens at a different scale. Fourthly,
the definition of water productivity found
useful by people is dependent on the scale of
analysis they are working at.

Accounting for use and productivity of water

Water accounting provides a means to gener-
alize about water use across scales, and to
understand the denominator of the water
productivity better (Molden and
Sakthivadivel, 1999). Water accounting can
be applied at all scales of interest, and
requires the definition of a domain bounded
in three-dimensional space and time. For
example, at the field scale, this could be from
the top of the plant canopy to the bottom of
the root zone, bounded by the edges of the
field, over a growing season. The task in
water accounting is to estimate the flows
across the boundaries of the domain during
the specified time period.

At the field scale, water enters the domain
by rain, by subsurface flows and, when irri-
gation is available, through irrigation sup-
plies. Water is depleted? by the processes of
growing plants: transpiration and evapora-
tion. The remainder flows out of the domain
as surface runoff or subsurface flows or is
retained as soil-moisture storage. In estimat-
ing water productivity, we are interested in
water inflows (rain plus irrigation, or just
rainwater in rain-fed agriculture) and water
depletion (evaporation and transpiration).

The water-accounting procedure classifies
these inflow and outflow components into

various water-accounting categories, as
shown in Box 1.1. The main process of irriga-
tion is the supply of water for crop transpira-
tion to maintain a healthy environment for
growth and production. Depletion by the
intended processes of industrial (cooling,
cleaning), domestic (washing, drinking) and
agricultural uses (transpiration) is referred to
as process depletion. The finger diagram in
Fig. 1.1 shows the flow of water at the field
scale. On the right side, water is depleted by
the processes of transpiration and evapora-
tion. In most cases, at field scale we cannot
say that the outflow is depleted, as it may be
recaptured somewhere downstream or by
pumped groundwater use.

In rain-fed agriculture, the partitioning of
evaporation and transpiration takes on spe-
cial significance. Rockstrom et al. (Chapter 9,
this volume), for example, argue that much
of the evaporation can be transferred into
crop transpiration, thus contributing to
increased crop yield and increased water
productivity.

Within an irrigation system we have the
same inputs as in rain-fed agriculture — rain-
fall and surface and subsurface flows — plus
artificial irrigation supplies. Irrigation infra-
structure is primarily built to provide water
for crop transpiration, but, in many irrigated
areas, infrastructure also provides water for
domestic and industrial uses and for fishing
and livestock. In addition to the intended
depletion by crop transpiration, water is also
depleted by evaporation from weeds, trees,
fallow land and water bodies. Drainage
water is sometimes directed to sinks, such as
oceans, saline water bodies or saline ground-
water. Other outflows can be recaptured for
use. However, disentangling these various
processes demands the clear analytical
framework of water accounting (see example
in Fig. 1.2).

Like many intensively irrigated areas,
most depletion is through crop ET. Other city
and industrial-process depletion exists, but is
small compared with crop ET. Non-crop
vegetation contributes to non-process, but

2 Depletion is when water is rendered unavailable for further use in the present hydrological cycle. This
happens by evaporation, flows to sinks and incorporation into products. Water can also be considered
depleted when it becomes too polluted for further use.
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Box 1.1. Water-accounting definitions.

Gross inflow is the total amount of water flowing into the water-balance domain from precipitation and
from surface and subsurface sources.

Net inflow is the gross inflow plus any changes in storage.

Water depletion is a use or removal of water from a water basin that renders it unavailable for further
use. Water depletion is a key concept for water accounting, as interest is focused mostly on the produc-
tivity and the derived benefits per unit of water depleted. It is extremely important to distinguish water
depletion from water diverted to a service or use, as not all water diverted to a use is depleted. Water is
depleted by four generic processes:

Evaporation: water is vaporized from surfaces or transpired by plants.

Flows to sinks: water flows into a sea, saline groundwater or other location where it is not readily or
economically recovered for reuse.

Pollution: water quality gets degraded to an extent where it is unfit for certain uses.

Incorporation into a product: through an industrial or agricultural process, such as bottling water or
incorporation of water into plant tissues.

Process consumption is that amount of water diverted and depleted to produce an intended product.
Non-process depletion occurs when water is depleted, but not by the process for which it was intended.
Non-process depletion can be either beneficial or non-beneficial.

Committed water is that part of the outflow from the water-balance domain that is committed to meet
other uses, such as downstream environmental requirements or downstream water rights.

Uncommitted outflow is water that is not depleted or committed and is therefore available for a use
within the domain, but flows out of the domain due to lack of storage or sufficient operational measures.
Uncommitted outflow can be classified as utilizable or non-utilizable. Outflow is utilizable if by
improved management of existing facilities it could be used consumptively. Non-utilizable uncommitted
outflow exists when the facilities are not sufficient to capture the otherwise utilizable outflow.

Available water is the net inflow minus both the amount of water set aside for committed uses and the
non-utilizable uncommitted outflow. It represents the amount of water available for use at the basin, ser-
vice or use levels. Available water includes process and non-process depletion plus utilizable outflows.
A closed basin is one where all available water is depleted.

An open basin is one where there is still some uncommitted utilizable outflow.

In a fully committed basin, there are no uncommitted outflows. All inflowing water is committed to vari-
ous uses.

Rain ———

Irrigation ——

Fig. 1.1. Accounting for water use at field scale.
Inflows are from rain and irrigation supplies. Water
is depleted by crop transpiration and soil
evaporation. The remaining liquid water flows out of
the domain.

beneficial, depletion. Irrigation directs flow
to drains, which is not reused downstream
and is therefore considered depleted. Some
of the drainage flow is classified as commit-
ted in order to flush salts.

The benefits derived by depletion from
trees or water bodies or even flows to saline
water bodies can be appreciable. A strict focus
on irrigation often leads us to forget that trees
have aesthetic and economic value, that water
bodies may be important for fisheries or that a
sink may really be a wetland providing
important ecological services. Unfortunately,
some common terminology that we use, such
as evaporation or drainage ‘loss’ or ‘wastage’,
and even ’efficiency’ in the way it is com-
monly defined (see Seckler et al., Chapter 3,



Water-productivity Framework 5

S

A | Cities and industries

Crops

Beneficial

v Trees
Fallow land, waterlogging

Uncommitted outflow

Environmental commitments

A A A
Rain
= Q< 3
e} 2
T s s
il I g 53
< [a)
[}
(7]
o
O]
Surface
v
v
A
Bhakra

Fig. 1.2. Representation of the Bhakra irrigated area (Molden et al., 2001).

this volume), does not help us to decide what
is beneficial and what is not. Figure 1.2 shows
a finger diagram for water accounting at an
irrigation-system scale, which from top to bot-
tom on the right side shows:

® process depletion (by crops, cities, indus-
tries);

® non-process but beneficial depletion, such
as evaporation by trees, wetlands within
the system or fisheries;

® evaporative depletion of low or negative
benefit, such as evaporation from fallow
land or from waterlogged areas (that do
not have important wetland values);

® flows that are directed by irrigation into
sinks, such as seas or inland water bodies
that do not add value, and which could
have been used within the irrigation sys-
tem or elsewhere — this is considered as
water depleted by irrigation;

® uncommitted flows that are utilizable
within the irrigation system or elsewhere;

® committed flows to meet environmental
needs or legal or traditional rights of
downstream users.

The domain of a basin can be defined by
the catchment area of a river system to the
salt—freshwater interface.®> In most cases, the
only inflow is precipitation. A useful concep-
tual advance has been the partitioning of
basin water into blue water, which con-
tributes to river runoff, and green water,
which  evaporates or is transpired
(Falkenmark, 2000). By concentrating only on
blue water, we omit the benefits derived from
the rain and chances of increasing productiv-
ity of overall supplies. We agree with this
point of view and include precipitation in the
water-accounting analysis.’ Land-use changes
are a means of reallocating green water and
altering the blue—green balance. Other con-
cerns in water use and management relate to
blue water. At the basin scale, other process
uses — industrial and domestic, as well as
depletion by ecosystems that provide valu-
able goods and services — are significant.®

We can generalize water accounting to
other agricultural uses of water. If water is
diverted and kept in ponds for fish, the sur-
face evaporation from the pond is accounted
for as water depleted by fisheries. If stream

3 The analysis can be done constructively at sub-basin levels.

4 Interbasin transfers or subsurface flows can, of course, be significant sources of inflow.

5 Most irrigation-efficiency calculations start by subtracting effective rainfall.

¢ In many agricultural areas, the quantities of industrial and domestic depletion may be small, but the

value derived from the use is significant.
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flows are maintained at minimum levels,
restricting other uses, the amount of this
water should also be considered as depleted
by fisheries.” In other cases, where fisheries
arise because of the development of irriga-
tion reservoirs, value is added to the water
without additional depletion.

At the basin scale, outflows require spe-
cial consideration. Some outflow is required
to maintain an environmental balance — to
flush out salts and pollutants, prevent saline-
water intrusion and supply water and nutri-
ents for coastal fisheries and ecosystems.
Floodwater that cannot be captured by exist-
ing facilities is considered non-utilizable. The
remaining water is considered utilizable for
within-basin use.?

As we increase the scale of analysis, we
tend to add more complexity. But, with
increasing competition for water, the types of
broad questions we ask are: How can we free
water from irrigation for other uses? How
can we reduce competition? How can we
reduce environmental degradation? All of
these require understanding of basin-scale
processes.’ The solutions to these problems
most often lie in actions taken at local scales
— irrigated and rain-fed fields or within irri-
gation systems.

Which drop?

So, turning to the fundamental question in
water productivity, which cubic metre do we
refer to in the denominator of the equation?
Of fundamental concern in agriculture is
how much production is derived per unit of
crop transpiration.’ If we could increase the
mass per unit of ET all over a basin, produc-
tion would rise without an increase in water
depleted by agriculture. Water productivity in
terms of kg per unit of ET, then, seems to be
the obvious target that we want to improve.

Water managers, however, tend to be
more concerned with the water input.
Farmers in rain-fed arid areas, for example,
are extremely concerned with capturing and
doing the most with limited rainfall. Where
an additional supply is available as supple-
mental irrigation, maximizing the output
from a small amount of additional irrigation
supply is normally highly productive. For
irrigation farmers and system managers, the
water supply is the bread and butter of the
business. Water supplies, whether rainfall,
supplemental irrigation or full irrigation
supplies, are candidates for the denominator.

Unfortunately, because scale and environ-
mental factors influence the water supply
term, it must be treated with extreme care.
For example, where small amounts of irriga-
tion are required in high-rainfall areas and
the water-productivity formulation attrib-
utes all production to irrigation, productivity
per irrigation supply can give high values
and thus cannot be compared with areas
with low rainfall. Further complicating the
matter is that increases in productivity per
irrigation supply may not ‘scale up’ in an
intuitive manner (see Box 1.2). It is possible
that increasing productivity per unit of sup-
ply at field scales may lead to lowering of
productivity of supply at larger scales. If, for
example, more efficient farm practices are
used to grow more crops with the same sup-
ply for relatively low-valued uses, thereby
reducing supplies to other farmers or uses
(especially if they are higher-valued), the
overall productivity of basin supplies may
be reduced.

In all cases, production per unit of ET
remains constant across scales. Increases in
productivity of water per unit of ET would
lead to increases in productivity of available
water. At the farm level, the productivity of
diverted water doubles from option I to
option II in Box 1.2. Within the system, non-

7 Retaining minimum flows for fisheries or other ecosystem services could also be classified as an

environmental commitment of water.

8 Utilizable and non-utilizable water is dependent on the degree of infrastructural development. We
could define a potentially utilizable flow, which could be depleted within the river basin.

 And are also influenced by larger scales, such as trade and virtual water flows.

10 At scales above farm level, we tend to lump together evaporation and transpiration from agricultural

fields as evapotranspiration (ET).
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Box 1.2. Production per diverted, depleted and available water.

The following schematic diagram represents two options for an irrigation system to deliver water to
farms. In both cases, there are 100 units of production from each farm, 100 units of crop evapotranspira-
tion from each farm and 50 units of rainfall on each farm. At the end of the system shown in the dotted

R=50

ET=100

Committed outflow=50

OPTION |

line, 100 units are committed for downstream environmental and agricultural uses.

e E

: Div=50 P=100 !

| 50 100 5

»| P=100 E ¢ ? :

¥ Div=100 E Div=50 1 :
25 —————»Enb=25 ’ S 5

P, production; R, rain; Div, diverted water; ET, evapotranspiration; Enb, non-beneficial evaporation.
The strategies for delivering water are varied. In the first case, 100 units are delivered, while, in the

R=50 ET=100

~ Committed outflow=50
Uncommitted outflow=50

OPTION Il

second case, only 50 units are delivered to perfectly match crop evapotranspiration requirements. In the
first case, 25 units return to the mainstream, because a waterlogged area has evaporated 25 units, while,
in the second case, this waterlogging has been dried up, leaving more water in the mainstream. The fol-

lowing results are obtained:

Option  Diverted Rain ET Available  Production  P/ET P/Diverted  P/Available
| — farm 100 50 100 100 1.0 1.0

| —system 200 100 200 250 200 1.0 1.0 0.80

Il —farm 50 50 100 100 1.0 2.0

Il — system 100 100 200 250 200 1.0 2.0 0.80

beneficial evaporation is reduced in option
II. But this does not lead to increases in pro-
ductivity of water diverted from the reser-
voir or water available in the sub-basin. In
the second case, the outflow is 100, 50 units
more than the commitment of 50 units. In
order to realize increased productivity of
available supplies, the added 50 units (from
decreased non-beneficial evaporation) would
have to either be added to increased agricul-

ture within the system or be made available
to downstream uses (in which committed
water would increase to 100). If an additional
50 units were consumed in agriculture, the
productivity of available supplies would
have increased to 250/250 = 1.0.

Ideally, we should be able to specify an
amount of water available for depletion
within any domain. An unambiguous water-
management goal would be to increase pro-
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ductivity of available supply. We can define
‘available water” at any scale by subtracting
the committed and non-utilizable outflow
from the net inflow" to the domain. (The
available water is defined in the finger dia-
gram shown in Fig. 1.3). Increasing the pro-
ductivity of available water can be achieved
by obtaining more per unit of ET and con-
verting non-beneficial depletion to beneficial
depletion (water savings) or by reallocating
to higher-valued uses. Basin efficiency can be
defined by the ratio of beneficial depletion to
available water. While available water is an
ideal term for water productivity and basin
efficiency, it depends on a knowledge of
committed flows, which are dependent on
allocation rules, water rights and environ-
mental requirements — whose values are
unknown or absent in too many situations.
We argue strongly for the concept of avail-
able supplies and for the need for better defi-
nition of rights and requirements within the
basin, especially when water is becoming the
scarce resource.

Which crop?

The next problem is the numerator of the
water-productivity equation. Water produc-
tivity can be expressed in physical or eco-
nomic terms as partial factor productivity
(Table 1.1). Physical productivity is defined
as the quantity of the product divided by the
quantity of the input. Physical production is
expressed in terms of mass (kg), or even in
monetary terms ($), to compare different
crops (Molden et al., 1998). Economic pro-
ductivity uses valuation techniques to derive
the value of water, income derived from
water use and benefits derived from water or
increased welfare. The valuation discussion
requires much more emphasis than we can
give here, and we refer readers to Chapter 2
by Barker et al. (this volume).

Let us focus the discussion on scale con-
siderations. At the field and crop scale,
farmers and researchers are typically inter-
ested in the mass of produce. For a farm
enterprise, the interest of the farmer shifts to
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Fig. 1.3. Generalized water-accounting diagram, applicable to basin analysis and analysis at other scales.

1 Net inflow is the water supply plus rain plus changes in storage. Where there is groundwater
depletion, available water should be adjusted to reflect the long-term allowable amount of water that can

be withdrawn from groundwater.
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Table 1.1. Scale considerations and water productivity.

Irrigation
Crop Field Farm system Basin
Processes Water and Tillage, Distribution of  Distribution of  Allocation across
nutrient uptake  fertilizer water to fields, water to farms, uses, regulation
and use, application, maximizing O&M, fees, of pollution
photosynthesis, mulching income drainage
etc.
Scientific Breeders, Soil scientists, Agricultural Irrigation Economists,
interest plant crop scientists  engineers, engineers, hydrologists,
physiologists agricultural social engineers
economists scientists
Production kg kg kg, $ kg, $ $, value
terms
Water terms Transpiration Transpiration, Evapotrans- Irrigation Available water
(cubic metres) evaporation piration, deliveries,
irrigation depletion,
supply available
water

O&M, operation and maintenance.

income derived or the provision of house-
hold food security. In water-scarce situa-
tions, though, farmers employ strategies to
obtain more mass of production per unit of
water supply, such as deficit irrigation
(Perry and Narayanamurthy, 1998), supple-
mental irrigation (Oweis et al., 1999) or
water-conservation practices (Rockstrom et
al., Chapter 9, this volume). Water harvest-
ing or employment of drought-resistant
crops is also an important strategy for main-
taining food security.

Irrigation-system managers may not be
concerned about the production derived
from irrigation-system water use, as their job
tends to be delivery of supplies. However,
policy makers, designers and researchers
may be keenly interested in the economic
output of irrigation systems. It is becoming
increasingly apparent that the value of irri-
gation is not just derived from crops, but
rather through the multiple uses of irrigation
water (Bakker et al., 1999) or the inadvertent
disbenefits produced when irrigation
replaces other valuable goods and services.
In the Hadejia-Jama’are floodplains in
Nigeria, for example, it was found that the
value of water in ecosystem services (fire-

wood, fishing, recession agriculture and pas-
toralism) was found to be much higher than
in irrigation (Barbier and Thompson, 1998, as
quoted in IUCN, 2000).

At a basin scale, we would like to weigh
the benefits of agricultural water uses
against other uses. Production derived from
industrial or agricultural processes tends to
be relatively easier to give a monetary value
to than domestic and environmental uses. In
water-scarce situations, though, we are
forced to consider these trade-offs. Many of
these are difficult to quantify and are based
on preferences of different members of
society. As an example, there is a difficult
trade-off between provision of water to poor
people for household food security and pro-
vision of water for industries. The value of
providing access to water for the poor for
nutrition may be many times greater than
the economic value of the produce, but this
must be weighed against the jobs produced
in an industrial sector. A first step is to work
with stakeholders to highlight which uses
are beneficial. Often, choices made are
purely political, and the best that can be
done is to illustrate and describe the trade-
offs at hand.
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Achieving Sustainable Increases in the
Productivity of Water

In the early stages of river-basin develop-
ment, we focused on developing and con-
suming more of the potentially available
water by constructing more storage, diver-
sion and distribution facilities. This essen-
tially increases the productivity of
potentially available supplies. When we
focus on developed water supplies, there are
two general pathways for increasing the pro-
ductivity of water:

® Deplete more available water supply for
beneficial purposes, by reducing non-
beneficial depletion and converting it to
beneficial depletion.!?

® Produce more output per unit of water
depleted.

There are options to increase the produc-
tivity of water at each scale of interest, as
described below.

Opportunities for increasing water
productivity at farm level

Improvements in crop production can only
be made at farm level. They result from the
deliberate actions of individual farmers
increasing production or the value of output
with the same volume of available water or
maintaining or increasing productivity using
less water.

There are a number of different strategies
by which farmers can improve water-
productivity values, described in detail in Box
1.3. Options include those related to plant
physiology, which focus on making transpira-
tion more efficient or productive, agronomic
practices, which aim at reducing evaporation,
and on-farm agricultural-engineering
approaches, which aim at making water
application more precise and more efficient.

In practice, many of these different strate-
gies are mixed together because they are com-
plementary. Most programmes to encourage
farmers to improve on-farm water manage-
ment involve combinations of plant physiol-

ogy, agronomy and agricultural engineering,
because there is a synergy involved in apply-
ing all three strategies simultaneously.

From the perspective of the Consultative
Group on International Agricultural Research
and its centers, however, it is important to dis-
tinguish carefully between the different strate-
gies, because they require specialist skills that
are significantly different. It also helps us in
trying to distinguish the level at which we are
assessing or measuring water productivity:
even at farm level, we get different values of
water productivity depending on whether we
focus on the plant, the field or the whole farm.
We need to know the potential for each com-
ponent technology rather than the aggregate
benefit from the different technologies when
applied together.

Farmer motivation to increase water
productivity

As discussed elsewhere in this chapter, the
need to pay greater attention to water pro-
ductivity is clearly seen when we look at the
relationships between yield and water inputs
(Fig. 1.4). With normal plant response func-
tions to water, we always use water less pro-
ductively in trying to maximize yields. From
the so-called ‘rational” perspective, if water is
scarcer than land then under-irrigation is a
logical strategy because it maximizes the
scarcer resource.

However, water users are unlikely to use
this set of relationships as a major motiva-
tion to use water more productively. Under-
irrigation is a strategy that can be highly
beneficial if there is the prospect of rainfall
that will result in big yield increases (e.g.
wheat production in Pakistan and north-
west India), but it is also a high-risk strategy
if irrigation supplies fall below expectations.

Improving productivity of water at irrigation-
system and basin scales

While increases in crop production take
place on farms, there are a series of water-

12 In other words, by reducing waste or through real water savings.
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Box 1.3. Irrigation systems and basin-level strategies to increase water productivity.

return per unit of water.

Reducing non-beneficial depletion:

weeds.

face runoff.
flows.
® Reusing return flows.

Reallocating water among uses:

social considerations that must be addressed.

Tapping uncommitted outflows:

on farmers’ fields.

Increasing the productivity per unit of water consumed:

® [mproved water management — to provide better timing of supplies to reduce stress at critical crop-
growth stages, leading to increased yields or, by increasing the reliability of water supply so that farm-
ers invest more in other agricultural inputs, leading to higher output per unit of water.

® [mproving non-water inputs — in association with irrigation strategies that increase the yield per unit
of water consumed; agronomic practices such as land preparation and fertilization can increase the

® [essening of non-beneficial evaporation — by reducing evaporation from fallow land, by decreasing
area of free water surfaces, decreasing non-beneficial or less-beneficial vegetation and controlling

® Reducing water flows to sinks — by interventions that reduce irrecoverable deep percolation and sur-

® Minimizing salinization of return flows — by minimizing flows through saline soils or through saline
groundwater to reduce pollution caused by the movement of salts into recoverable irrigation return

® Shunting polluted water to sinks — to avoid the need to dilute with fresh water, saline or otherwise
polluted water should be shunted directly to sinks.

® Reallocating water from lower-value to higher-value uses — reallocation will generally not result in
any direct water savings, but it can dramatically increase the economic productivity of water. Because
downstream commitments may change, reallocation of water can have serious legal, equity and other

® /mproving management of existing facilities — to obtain more beneficial use from existing water sup-
plies. A number of policy, design, management and institutional interventions may allow for an
expansion of irrigated area, increased cropping intensity or increased yields within the service areas.
Possible interventions are reducing delivery requirements by improved application efficiency, water
pricing and improved allocation and distribution practices.

® Reusing return flows — through gravity and pump diversions to increase irrigated area.

® Adding storage facilities — so that more water is available for release during drier periods. Storage
takes many forms, including reservoir impoundments, groundwater aquifers, small tanks and ponds

related actions at irrigation-system and basin
scales that influence the basin-scale
economic productivity of water. At these
scales a series of diversion, distribution and
reuse approaches are used either to reduce
non-beneficial depletion or to direct water to
higher-valued uses.

Within an irrigation system, strategies to
reliably distribute water can facilitate the
productive use by farmers. These are dis-
cussed in detail in the section below. Other

13 Not available for downstream use.

strategies are aimed at reducing uncommit-
ted outflows!® or at mixing water to control
pollution loads. These are summarized in
Box 1.3.

Basin strategies are typically directed at
allocating water supplies and are aimed at
shifting water from lower- to higher-valued
uses within agriculture and between sectors.
But, in addition, typically larger-scale infra-
structure or groundwater can be used to pro-
mote the reuse of water. For example, the
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Fig. 1.4. Theoretical relationship between yield and water productivity.

water-diversion structures along the Gediz
River (IWMI and GDRS, 2000) or tank cas-
cades (Sakthivadivel et al., 1997) provide a
means of recapturing and redistributing
water. Pollution control or mixing of high-
and low-quality water between sectors has
an impact on water productivity. Strategies
of land use can be used to increase water
productivity.

Linking farm-, irrigation-system- and basin-
based water-management strategies to
enhance water productivity

To illustrate increases in water productivity,
we focus the analysis initially on irrigation
systems. A similar analysis could be done for
water use by fisheries, rain-fed agriculture or
agricultural livestock.

Farm and irrigation-system interactions

There are three possible scenarios that we
need to explore to understand how we can
maximize the productivity of water at sys-
tem level.

FARM-LEVEL WATER AVAILABILITY REMAINS THE SAME
If water availability for an individual farm
remains the same, then there is no need for
any changes at system or subsystem level to
increase overall system-level water produc-
tivity. All gains will come from a set of unco-
ordinated actions from some or all of the
farmers within the system. The probability is
that individual farmers are responding to
external factors that encourage them to
increase productivity or profitability, inde-
pendent of their water supply situation. An
example of this could be a switch from grain
for consumption to production of certified
seeds: water consumption is identical but
profitability is substantially higher.

ADOPTION OF IMPROVED FARM-LEVEL PRACTICES THAT
REDUCE DEMAND FOR WATER Under this sce-
nario there is a reduction in demand for
water because of changed farm-level prac-
tices. Assuming that farmers cannot increase
the area they irrigate, then adoption of new
technologies or crops will reduce their over-
all demand for water. This happened in the
Gediz basin in Turkey, where many farmers
changed from cotton or grain crops to
grapes. Not only are grapes for raisin pro-
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duction more profitable than other crops but
they require less water. To take full advan-
tage of this change in demand, system and
subsystem canal operations had to change if
the saved water was to be used productively
elsewhere.

IMPOSITION OF REDUCED WATER DELIVERIES DUE TO
REDUCED ~ WATER  AVAILABILITY The most
common scenario is where there is less
water available for agriculture at system or
subsystem level. In this case, the pattern of
water deliveries is changed and farmers
must make specific responses at farm level
that will lead to increases in water produc-
tivity.

There are several reasons why an indivi-
dual may try to increase water productivity,
and different choices bring with them com-
pletely different implications for making
water more productive at different scales:

® Reduction in overall water supply.
* Imposed rationing from a higher level
in an irrigation system (equivalent to a
reduced water right).
¢ Declining groundwater table leading to
reduced pumping rates.
® Change in incentives associated with
farm-level water management.
¢ Imposed incentives to use less water
(pricing, withdrawal of subsidies).
¢ Declining groundwater resources,
which increase operational costs.
® Desires to increase farm-level profitability.
* Desire to get a better income from lim-
ited farm size by increasing production
but without changing the basic crop-
ping pattern.
® Decision to switch to higher-value
crops to improve total farm income.

All of these reasons have one thing in
common, which is that there have to be com-
mensurate changes in farm-level manage-
ment of land and water in order to improve
water productivity. If such changes do not
occur, then the likelihood is that individuals
may reduce their cropped area, particularly
if there are reductions in water supply, but
do not significantly change their irrigation
practices. The result will therefore be a
decline in overall production without any

significant change in water productivity. The
yield per depth of water applied will remain
the same on the fields that are irrigated, so
that no water-productivity gains are made.

With the exception of the relatively rare
case where changes at farm level have no
impact on demand for water at farm level,
we can assume that there is a direct interac-
tion between farm-level and system- or
subsystem-level management of water.

The direction of the interaction is an
important one. In coping with responses to
reductions in demand from individual farm-
ers, the requirement at system and subsys-
tem levels is to manage the additional water
so that it can be used productively else-
where. In cases of reduced water supply,
some form of rationing is required that will
force farmers to make changes in their farm-
level water-management practices. Because
these are different management strategies,
they are discussed separately.

System-level responses to changes in farm-
level water demand

One peculiarity of assessing the productivity
of water is that the values are highly depen-
dent on the scale of analysis. A reduction in
demand for water at farm level may result in
a significant improvement in water produc-
tivity when measured at farm level but the
values at subsystem level may remain
unchanged unless there is a specific effort to
utilize the water not used by an individual.

It is because of this peculiarity that, in
most cases, we find that an individual work-
ing in isolation cannot save much water: it
requires the action of others to ensure that
the water not used by the individual is used
for productive purposes.

Let us assume that an individual farmer
refuses the full water entitlement because of
the adoption of improved farm-level water-
management practices. The refused water
will then continue to flow down the canal
past the farm gate. If there is no management
response, then the refused water may flow to
a sink with little or no benefit gained. To
ensure that the refused water is used produc-
tively requires a clear set of management
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actions that ensure it is diverted to a produc-
tive use elsewhere.

This management action has to be by
water users at subsystem level or by staff
responsible for system-level operation. In
either case, it requires direct communication
between managers and water users to con-
tinually reassess demand refusal because the
refusal is not the same as a permanent reduc-
tion in a water right.

This requires that the entire management
system becomes demand-responsive and, if
the demand response is flexible rather than
permanently fixed, then it becomes a com-
plex and extremely difficult task that is likely
to stretch the management capacity of most
irrigation systems. Most surface irrigation
systems are not particularly demand-respon-
sive. They may be able to make changes in
long-term allocations through effective sea-
sonal planning, but many find it difficult to
be responsive to short-term and ephemeral
changes in demand because these require
flexible distribution rules.

In those cases where the demand is per-
manently reduced, it becomes easier to make
appropriate changes in system- and subsys-
tem-level rules and water allocations,
because, once the change is made at the allo-
cation level, the ensuing water distribution
becomes a fixed process.

The situation is made even more complex
where groundwater is a substantial source of
water. Farmers may use less water by reduc-
ing their pumping but it is not always clear
whether this results in water saving. That
depends on how the aquifer is managed
(either formally or informally) by water-user
groups or through some form of imposed
regulation.

Individual farmers have little incentive to
voluntarily refuse water on a permanent
basis unless there is some clear tangible
benefit. Benefits could be reduced fee pay-
ments for water or water services, or deriv-
ing a benefit from reducing the adverse
effects of getting too much water, such as
waterlogging.

We can therefore conclude that, if water-
productivity increases at farm level result in
individual demand refusals, it will be diffi-
cult to capture the unused water in a system-

atic manner. As a result, we shall not see
many system-level changes in water produc-
tivity, even though there may be apparent
savings at the field and farm levels.

Farm-level responses to changes in system-
level water supplies

The much more common scenario is that sys-
tem-level water availability for irrigated
agriculture will decline. This has two distinct
differences from the previous discussion of
demand-refusal conditions.

First, members of the staff responsible for
system-level management have to make
reductions in water deliveries. They have
several different options open to them,
detailed in Box 1.4 and shown graphically in
Fig. 1.5. These options are to reduce the irri-
gated area, reduce discharge per unit area,
impose rotational irrigation or shorten the
total length of an irrigation season. These
options can be combined to result in a series
of different scenarios, each of which will have
a distinct pattern of water delivery quite dif-
ferent from that which existed before the sup-
ply-based reductions were made.

From the perspective of the aim of
increasing water productivity at farm level,
the option of merely reducing the area irri-
gated but maintaining the same level of
water supply per unit area is unlikely to
result in improved water productivity.
Individual water users have no external
pressure to become more water-productive
because there is no change in the relative bal-
ance of land and water resources for those
farmers who get water.

All other scenarios provide water users
with less water, and then they have to make
the choice as to whether to adopt the type of
measures discussed earlier that can result in
improved water productivity at farm level or
not. Because their water is now relatively
scarcer than land, they can choose to become
more water-productive if they so wish.

If water users get less water, then they
have a direct incentive to be more water-
productive (per unit of irrigation supply)
because the benefits are quickly tangible:
they can maintain the same cropping inten-
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Box 1.4. Management responses to declining water availability at irrigation-system and subsystem levels.

® Reducing area to be irrigated but maintaining the same target discharges and length of irrigation sea-
son: this strategy maintains per-hectare water allocation for fewer farmers and is therefore unlikely to
encourage adoption of measures to enhance water productivity.

® Reducing per-hectare water supply by reducing target discharges with continuous flow and main-
taining total number of days of irrigation supply.

® Reducing per-hectare water supply by reducing target discharges with continuous flow and also
reducing total number of days of irrigation supply.

® Reducing water allocation by reducing number of days of irrigation (rotation), maintaining target dis-
charges and maintaining total number of days of irrigation supply.

® Reducing water allocation by reducing number of days of irrigation (rotation), maintaining target dis-
charges and reducing total number of days of irrigation supply.

® Reducing water allocation by reducing number of days of irrigation (rotation), reducing target dis-
charges and maintaining total number of days of irrigation supply.

® Reducing water allocation by reducing number of days of irrigation (rotation), reducing target dis-

charges and reducing total number of days of irrigation supply.

sity as before by using less water per unit
area. Whether this involves plant physiology,
agronomy or agricultural engineering does
not matter: all will mean that production is
maintained even though water supplies are
less.

Strengthening farm-level and system-level
linkages

For water-productivity gains to be substan-
tial and permanent, there must be effective
linkages between what happens at farm level
and what happens at system level. The
choice of a particular technology or
approach to farm-level water productivity
can be made without regard to system-level
management. Similarly, system-level man-
agement changes that may try to enhance
water productivity can be made without
knowledge of what is going on at farm level.
However, both of these strategies will be
suboptimal.

Let us take a simple example. The single
most important innovation to improve the
productivity of water has probably been the
development and widespread adoption of
short-season, high-yielding rice varieties. By
reducing the length of life of the plants from,
say, 5 to 3.5 months means that the number
of days of irrigation drops from about 130 to
85 days without a substantial reduction of

yield, if any. Yet the potential saving of some
35% of the total water requirement at field
level can only be realized if system-level
water issues are reduced by a similar
amount.

The same argument applies for all of the
technologies: if reduced demand is not
matched by reduced supplies, no overall
gains will be made at system level. Similarly,
if imposed water reductions at system level
merely result in fewer farmers getting water
at the same level as before, then again there
is no overall benefit.

The higher the level of analysis, the
greater the importance of recognizing that
water-productivity increases require actions
not just by an individual water user but by
those responsible for water management at
system and basin levels.

Linking water-management needs at basin
level

In the previous sections, we discussed inter-
actions between water users and service
providers. These two-way interactions are
relatively easy to identify and describe. In
contrast, linkages at basin level are much
more difficult to identify and describe, for
several reasons.

First, water demands for different sectors
are not always quantified with the same pre-
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cision. Diversion requirements of urban and
industrial sectors are typically better defined
than agricultural needs. Return flows are
typically not well known and yet represent
an important source of water for many peo-
ple. Other sectors, in particular environmen-
tal needs, are less clearly defined. This makes
the overall allocation process quite difficult,
particularly when water rights do not
change in response to changing demands
and priorities.

The second complicating factor is that
water allocations by sector have to account
for multiple uses of the same quantum of
water. For example, a single drop of water
may serve hydropower, urban, fisheries and
then agricultural needs before it is ultimately
depleted. Water-management approaches
may or may not take advantage of these pos-
sible synergies.

Institutional competition adds a third
type of complexity. In many countries, some
agencies or organizations are reluctant to col-
laborate with others. Organizations origi-
nally charged with large infrastructural

Water that can be saved
by using it elsewhere

Operational strategies at system or subsystem level that can be used to help save water.

construction seem particularly slow to
respond to such concerns as environmental
protection, water quality and recreation.
While the establishment of basin-level man-
agement organizations can greatly assist in
the process of water allocation between sec-
tors, the actual management of water often
rests with individual agencies that still act in
a unilateral manner.

Fourthly, land-use decisions or water uses
that do not constitute direct stream-flow
diversions can have important water-use ram-
ifications. More or less rain-fed agriculture
influences movement of both water and salts.
For example, in Western Australia, replace-
ment of native forest cover with rain-fed crops
resulted in additional recharge and a mobiliza-
tion of salts (Turral, 1998). The National Land
and Water Audit (2000) estimates that total
dryland salinity in 2025 will affect 17.5 million
ha, dwarfing the impacts of irrigation-induced
salinity. Replacing grass with forests or forests
with crops influences stream-flow hydrology.
Groundwater use or rainwater harvesting
may tap into ‘blue water” that would other-
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wise flow into rivers and be available for
downstream uses. It is not so obvious that
these changes in use may affect other users
and the overall productivity of basin water
resources.

Clearly, at the basin scale, we are con-
fronted with trade-offs. In closed and closing
basins, actions taken on land and water in
one part of the basin affect land and water
use somewhere else, and in difficult-to-pre-
dict ways. These trade-offs are difficult to
recognize, much less to quantify. Thus, valu-
ing the productivity of water in its various
uses and examining trade-offs require a
basin perspective, especially in situations of
intensive use, competition and scarcity.

Conclusions and Recommendations

The analysis of water productivity requires a
clear understanding of the scale of analysis
and the interaction between scales. We have
developed expressions of water productivity
pertinent to various scales of analysis and
have shown the interrelation between scales,
means of improving the productivity of
water and various actors and disciplines
involved in water productivity at various
scales.

The productivity of water expressed as
mass per unit of water transpired (or ET) is a
basic measure of water productivity, valid at
any scale. Production per unit of water
diverted is an important measure for man-
agement, but is not comparable across scales
or readily comparable across locations and
does not necessarily lead to improvements in
the productivity of water diverted at larger
scales. Neither measure — productivity per
unit of ET or water diverted — provides
adequate information about the desires of
society to grow more food with less water, to
transfer water out of other uses or to use
more environmentally sound practices. For
this, basin measures related to the amount of
water available for agriculture are required.

We have shown that improving the pro-
ductivity of water in agriculture requires the
integrated efforts of many players. For

researchers, this does not fall in the domain
of one group of specialists but rather
requires the efforts of breeders, natural-
resource-management specialists, physical
scientists, sociologists and more. In practice,
it depends on using the synergistic efforts of
farmers and water-resource managers at dif-
ferent scales.

While preparing this chapter, three types
of issues emerged.

1. We have to be very careful in identifying
the scale at which we measure water produc-
tivity. The issue of the scale of analysis is
fundamental to the improvement of water
productivity. As we move from one scale to
another, the potential utility of a cubic metre
of water changes. Measuring productivity at
plant level is relatively simple: the cubic
metre refers to the volume of water tran-
spired. But at the basin scale a cubic metre
may have many potential uses, each of
which values the same water quite differ-
ently. Research is required to determine what
water productivity really means at different
scales within the same basin.

2. There is a need to better understand inter-
actions between scales. Interventions made
on a local farm or irrigation scale do not nec-
essarily lead to direct increases in productiv-
ity at larger scales, nor do they necessarily
free water for higher-value uses, such as
cities and, increasingly, the environment.
Much more effort is required to understand
what impact interventions at one scale have
on different scales.

3. We need to examine more closely the trade-
offs between different uses of water. One con-
sequence of basin-level analysis of water,
particularly in water-scarce basins, is the
recognition that each use of water in the basin
has impacts on other uses and users. Within
agriculture, these trade-offs will involve analy-
sis of water use by fisheries, forests, livestock
and field crops. Analysing each water use
independently often leads to false conclusions
because of these interactions.

Improving water productivity in agricul-
ture will contribute in a major way to the
many water problems with which we are

14 In contrast, converting green-water evaporation to transpiration may not affect other uses of water.



18 D. Molden et al.

confronted. At present, our combined knowl-  yet done is to combine our knowledge to the
edge is probably sufficient to solve most maximum effect to address these problems.
water-resource problems. What we have not
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Abstract

Water is an extremely complex resource. It is both a public and a private good; it has multiple uses; the
hydrology requires that we examine potential productivity gains at both the farm and the basin levels;
both quantity and quality are important; institutions and policies are typically flawed. For a given situa-
tion, economists often disagree on how to value water and on the best strategy for increasing water pro-
ductivity. This fact notwithstanding, growing scarcity increases the need, if not the demand, for sound
economic analyses.

The purpose of this chapter is to lay down some of the concepts and complexities in economic analyses
related to increasing water productivity, to provide some examples and to see what this implies regard-
ing the potential for increasing water productivity. We hope that this will help set the stage for produc-
tive discussions and the identification of research needs.

The chapter is divided into three main sections. The first section discusses the relationship between
efficiency, productivity and sustainability, and emphasizes the confusion in definitions. The second sec-
tion provides examples at plant, farm, system and basin levels, relating water productivity to both eco-
nomic efficiency and sustainability. Closely related to this, in the third section we discuss the potentials
for increases in water productivity and economic efficiency through incentives created by policy and
institutional reforms.

Failure to include the potential for recycling or reuse of water diverted for irrigation in the measure-
ment of irrigation efficiency has led to the widely accepted view that public irrigation systems are poorly
managed and that there is considerable scope for increasing water productivity. Water savings do not
necessarily lead to higher water productivity and, similarly, higher water productivity does not lead to
greater economic efficiency.

A distinction can be made between those measures that increase water productivity by increasing crop
yield for a given evapotranspiration (ET) or diversion as opposed to reducing the water-diversion
requirements. Measures to increase crop yield for a given ET translate into water-productivity gains at
the system and basin levels. However, the management of water to reduce water-diversion requirements
is riddled with off-site effects and externalities. Thus, whether water-management practices or technolo-
gies designed to increase water productivity and economic efficiency at the farm level translate into
water-productivity and economic-efficiency gains at the system or basin level needs to be determined.
The basin is a hydrological unit as opposed to an administrative unit. It is only at this level that we can
capture and include in our analysis the off-site effects (or, in economic jargon, internalize the externali-
ties).

The growing scarcity and rising value of water in a basin induce farmers to seek ways to increase
water productivity and economic efficiency. Recycling or reuse of water is prominent among the prac-
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tices adopted to increase water productivity, and greater attention needs to be focused on managing sur-
face water and groundwater for conjunctive use. We need a better understanding of biophysical and
socio-economic changes in basins over time and improved measures of basin-level efficiencies before we
can determine in a given situation the potential for increasing water productivity through policy and
institutional reforms.

Finally, as basins become closed, overexploitation of groundwater resources is accompanied by a seri-
ous decline in water quality and other problems of environmental degradation. Decisions on basin-level
allocations among sectors cannot be based strictly on economic efficiency but they must involve value
judgements as to how best to benefit society as a whole. This will include setting priorities in the man-
agement of water resources to meet objectives such as ensuring sustainability, meeting food-security

needs and providing the poorer segments of society with access to water.

Introduction

Water is an extremely complex resource. It is
both a public and a private good; it has mul-
tiple uses; the hydrology and externalities
require that we examine potential productiv-
ity gains at the farm, system and basin lev-
els; both quantity and quality are important
in measuring availability and scarcity; and
the institutions and policies that govern the
use of water are typically flawed.

Given these complexities, it is small won-
der that there is little agreement among sci-
entists, practitioners and policy makers as to
the most appropriate course of action to be
taken to improve the management of water
resources for the benefit of society. This fact
notwithstanding, the growing scarcity of
water increases the need and demand for
sound economic analyses.

The purpose of this chapter is to lay down
some of the concepts and complexities in
economic analyses related to increasing
water productivity, to provide some exam-
ples and to see what this implies regarding
the potential for increasing water productiv-
ity. We hope that this will help set the stage
for productive discussions and the identifica-
tion of research needs.

This chapter is divided into three main
sections. The first section discusses the rela-
tionship between efficiency, productivity and
sustainability, emphasizing the confusion in
definitions and distinguishing between engi-
neering, biological and economic concepts.
The second section provides examples — at
the plant, farm, system and basin levels —
relating water productivity (WP) to

economic efficiency (EE) and to sustainability.
Closely related to this, in the third section we
discuss the potentials for increases in WP and
EE through policy and institutional reforms.

Definitions and Concepts of Efficiency,
Productivity and Sustainability

In this section we begin with a discussion of
definitions of water-use efficiency (WUE),
irrigation-efficiency (IE) and WP. We then
define EE and relate EE to IE and WP. We
conclude with a brief discussion of WP, EE
and sustainability.

Water use and irrigation efficiency

In general terms, we define IE as the ratio of
water consumed to water supplied. WP is
the ratio of crop output to water either
diverted or consumed, the ratio being
expressed in either physical or monetary
terms or some combination of the two. There
are four areas of confusion related to the con-
cept of efficiency.

First, WUE as used in the literature,
including the economics literature (e.g.
Dinar, 1993) and plant-science literature (e.g.
Richards et al., 1993), most commonly refers
to what we have defined above as WP: that
is to say, it is defined as the ratio of crop out-
put to water input. We believe that in these
instances WP is the more appropriate term.

Secondly, the conventional wisdom that
irrigation systems in the developing world
typically operate at a low level of efficiency
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(30-40%) is based on what Seckler et al.
(Chapter 3, this volume) refer to as classical
irrigation efficiency (IEc) or the water con-
sumed divided by the water supplied. IEc is
defined in terms of differences between the
point of water diversion and the ultimate
destination of the water in the root zone of
the plant.

IEc = (crop ET — effective rainfall)/(vol. of
water delivered — change in root-zone water
storage)

IEc at the project level is typically subdivided
between conveyance efficiency (water distrib-
ution in the main and secondary canals) and
field-application efficiency (water distribu-
tion to the fields being irrigated). The water
diverted but not used for evapotranspiration
(ET) includes seepage and percolation,
spillover and land preparation, all of which
are treated as losses. Classical efficiency
decreases as one moves from the field
towards the reservoir and conveyance losses
are combined with field losses. A high level
of IEc may not reflect good management but
simply water scarcity. Some scholars prefer to
use the term relative water supply (RWS), the
inverse of IEc, to avoid the connotation asso-
ciated with the word ‘efficiency’.

Much of the so-called ‘losses” in IEc (seep-
age, percolation and spillovers) can be cap-
tured and recycled (for example, by use of
tube wells) for use elsewhere in the system.
Conversely, many of the so-called ‘water sav-
ings’ practices, such as those that reduce seep-
age and percolation (e.g. lining canals), are
not saving water at all but simply redistribut-
ing the water — robbing Peter to pay Paul. The
only real losses to the hydrological system are
from bare soil and water evaporation (much
of which can occur during land preparation)
or from flows to the sea or to sinks.

The concepts of neoclassical irrigation
efficiency (IEn) or effective irrigation effi-
ciency (Keller and Keller, 1995, 1996; Seckler
et al., Chapter 3, this volume) take into
account return flows:

IEn = (crop ET — effective rainfall)/(vol. of
waters delivered — change in root-zone water
storage — vol. of water returned or recycled)

Taking into account return flows results in a

higher estimate of IE, which leads to the con-
clusion that the scope for improving IE is
much less than is normally assumed.

Thirdly, we must distinguish between IE
and WP at the farm and basin level. To under-
stand this distinction, we need to turn to
water-accounting procedures and include
non-agricultural water uses (Molden and
Sakthivadivel, 1999). This represents another
significant step away from the concept of IEc.
The operational terms used here (and there are
many more) are beneficial depletion and non-
beneficial depletion. At the basin level, a
potentially wide range of factors can deplete
water. Beneficial depletion would include con-
sumption (ET) by the crop being irrigated as
well as, for example, beneficial consumption
by trees. Non-beneficial depletion includes
evaporation and flows to sinks such as the sea.
A higher level of efficiency can be achieved by
lowering non-beneficial depletion.

Finally, a high efficiency, defined here as a
large percentage of beneficial depletion, does
not imply a high level of productivity or of
economic return. The same degree of benefi-
cial utilization may have substantially differ-
ent values for the productivity of the water
(Seckler et al., Chapter 3, this volume). For
example, the same amount of water depleted
in the irrigation of cereal crops may have a
much higher value in vegetables and fruits
or in non-agricultural uses. Furthermore, as
water flows through the basin, economists
would want to know the benefits and costs
associated with various alternatives for
reducing diversions and for recycling water.

Economic efficiency and irrigation efficiency

Economic efficiency (EE) takes into account
values of output, opportunity costs of inputs
and externalities and is achieved when scarce
resources are allocated and used such that the
net value or net returns (returns minus costs)
are maximized. Unlike IE, which is a ratio by
definition, EE is a criterion that describes the
conditions that must be satisfied to guarantee
that resources are being used to generate the
largest possible net benefit (Wichelns, 1999).
EE is often consistent with IE. For exam-
ple, as water becomes scarce and the value of
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water is high in semi-arid regions, a high IE
(although not necessarily the result of
improved irrigation management) is consis-
tent with EE. Alternatively, when off-farm
impacts can be ignored and water is abun-
dant with low opportunity cost, EE can be
achieved even at low IE.

EE in a production setting involves tech-
nical and allocative components. A producer
is technically efficient when producing the
maximum amount of output with a given set
of inputs. The producer is allocatively effi-
cient if he/she produces at the point dictated
by the prices of outputs and inputs that will
maximize returns. A producer is said to be
economically efficient if he/she is both tech-
nically and allocatively efficient.

Of concern to many economists is the fact
that the farm-level price or charge for irriga-
tion water and power for pumping water do
not typically reflect the true value of water
and would appear to encourage waste.
However, farmers and irrigation-system
managers will make adjustments in response
to water scarcity without price incentives.
Furthermore, at the basin level, while analy-
ses based on economic optimization may be
useful to policy makers, allocations must
take into account the fact that water is a pub-
lic as well as a private good. Allocations
among competing uses involve value judge-
ments as to how to achieve the highest bene-
fit for society as a whole.

Productivity and partial water productivity

The term water productivity (WP) is also
defined and used in a variety of ways. There
is no single definition that suits all situations.
As mentioned previously, in general terms,
productivity is a ratio referring to the unit of
output(s) per unit of input(s).

The most encompassing measure of pro-
ductivity used by economists is total factor
productivity (TFP), which is defined as the
value of all output divided by the value of
all inputs. But the concept of partial factor
productivity (PFP) is more widely used by
economists and non-economists alike. Partial
productivity is relatively easy to measure
and is commonly used to measure the return

to scarce or limited resources, such as land or
labour. For example, in the early stages of
economic development, agricultural labour
is often in surplus and land is the scarce
resource. (There are notable exceptions,
including many parts of Africa.) Where land
is the limiting resource, the greatest eco-
nomic benefits are achieved by increasing
output per unit of land. Therefore, emphasis
is placed on technologies that increase yield
per hectare (e.g. high-yielding varieties and
fertilizer). The change in PFP measured in
yield per hectare is a useful indicator of the
economic performance of the agricultural
sector.

But, as an economy develops, the labour
force in agriculture declines and more and
more labour is pulled to the non-farm sector.
When agricultural labour is in short supply
the emphasis shifts to labour-saving tech-
nologies (e.g. tractors and mechanical thresh-
ers). PFP measured in output per worker is
now a better indicator of the economic per-
formance of the agricultural sector.

Until recently, water was not considered a
scarce resource. Now, with mounting water
shortages and water-quality concerns, there
is growing interest in measures to increase
WP, which is a specific example in the gen-
eral class of PFPs. WP is most commonly
measured as crop output per cubic metre of
water.

Partial water productivity can be expressed
in physical or economic terms as follows
(Seckler et al., Chapter 3, this volume):

1. Pure physical productivity is defined as
the quantity of the product divided by the
quantity of the input. Examples include crop
yield per hectare or per cubic metre of water
either diverted or consumed by the plant.
For example, the International Water
Management Institute IWMI) sees as one of
its primary objectives ‘increasing the crop
per drop’.

2. Productivity, combining both physical and
economic properties, can be defined in terms
of either the gross or the net present value of
the product divided by the amount of the
water diverted or consumed by the plant.

3. Economic productivity is the gross or net
present value of the product divided by the
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value of the water either diverted or con-
sumed by the plant, which can be defined in
terms of the value or opportunity cost in the
highest alternative use.

Economic measures of WP (2 and 3
above) are difficult to estimate. While the net
value is more satisfactory than the gross
value of the product, the valuation of inputs
must be treated in a uniform manner across
sites. This can be difficult for land, labour
and water (which are also usually the most
important inputs). Valuing water is at best a
difficult and unsatisfactory process, consid-
ering that the marginal value of water varies
throughout the season, between seasons, by
location, by type of use and by source of
water.

There is also the matter of scale or the area
over which productivity is measured. Do
measures to increase WP at the farm level
translate into increases in WP at the system or
basin level? Water-accounting procedures that
take into account externalities resulting from
a farm-level change in water-management
practices can be used to measure WP at the
system or basin level. Through this process
we can determine whether an intervention
leads to real water savings (taking into
account all return flows, as in IEn). However,
at this level, beneficial depletion includes ben-
efits from water use other than for the crop
being irrigated, such as water for the environ-
ment and other non-agricultural needs.

A distinction can be made between those
measures that increase WP by increasing
crop yield for a given ET or diversion and
those that reduce the water-diversion
requirements. In the former case, savings at
the plant and field level are realized at the
system and basin level. In the latter case,
whether increased WP at plant and field
level translates into increased productivity at
system and basin level needs to be deter-
mined. For example, although the water
saved in one farming area may be reallo-
cated to higher-value, non-agricultural uses,
a reduction in seepage and percolation losses
from this area may be at the expense of farm-
ers elsewhere in the system.

However, as the term ‘partial’ in PFP
implies, it tells only part of the story. In gen-

eral, functions relating output to input (e.g.
water, fertilizer) are nearly always concave
because the use of higher levels of input is
eventually subject to diminishing returns.
Under these circumstances, a high WP (or a
high IE) in a system or basin may simply
reflect a shortage of water rather than good
management or EE. In fact, when such a
function is purely concave, PFP is maxi-
mized by using as little of the input as possi-
ble, even when it results in large declines in
output (because, as input use declines
towards zero, productivity increases towards
infinity). Thus, the appropriate goal should
be to optimize WP, not maximize it.

Despite the above arguments, many peo-
ple view higher WP (or higher fertilizer pro-
ductivity or higher yields) as an inherently
good idea. But it is easy to see why measures
that show an increase in PFP of water or any
other input may provide a misleading result
from the perspective of the farmer, as well as
from that of the economy as a whole. A tech-
nology or management practice that
increases water productivity may require the
use of more labour and other inputs. For
example, a reduction in water application in
rice could increase the amount of weeding
required. Also, a shift to drip irrigation saves
water but also requires capital investment,
which might not be cost-effective. Unfor-
tunately, the concept of PFP gives very few
guidelines regarding optimization. In fact,
without considering the economic and social
values of all inputs and outputs, it will be
difficult to make progress on this issue. Thus,
we now turn to a discussion of the concept
of net returns.

Net returns and water productivity

In this section we build on the concept of EE,
distinguishing between net private returns
and net social returns and relating net
returns to WP. Net private returns are
defined as the market value of all outputs
minus the cost of all inputs, taking into
account the opportunity cost of family
labour, land and any other inputs that are
not purchased on the market. If the net
returns to a practice are positive, then it will
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be beneficial for farmers to adopt the prac-
tice. If net returns are negative, it will be dis-
advantageous for the farmer to adopt the
practice and, no matter how large the
increase in WP due to the practice, it is
unlikely that the farmer will adopt it.

Alternatives for improving net private
returns can be categorized as follows
(Wallace and Batchelor, 1997):

* agronomic improvements (for example,
improved crop husbandry, cropping
strategies and crop varieties);

e technical improvements (for example,
improved and lower-cost technologies for
extracting groundwater);

* managerial improvements (for example,
improvements in farm-level resource
management or system operation and
maintenance (O&M);

e institutional improvements (for example,
introduction of water pricing and
improvement in water rights).

The first two categories relate to innovations
or new technologies that lower costs or
increase output per unit of water. The third
category, improved management, refers to an
increase in technical efficiency or increased
output per unit of input with existing levels
of technology. The fourth category relates
principally to allocative efficiencies encour-
aged by the creation of market incentives.

Economic theory shows that if a new prac-
tice does not have any effects on third parties
off the farm (known as technological exter-
nalities in the jargon of economics), then the
adoption of this practice is advantageous for
society as a whole, not just for the farmer.
Unfortunately, water management is riddled
with externalities, so this theory provides lit-
tle guidance as to whether or not it is advan-
tageous for society to encourage the adoption
of a specific new water-management technol-
ogy based only on the magnitude of net
returns to farmers.

In order to assess whether or not a new
technology available to farmers is beneficial
to society, one needs to calculate net social
returns instead of net private returns. The
two concepts are identical, except that net
social returns value all inputs and outputs at
social prices, not market prices. Social prices

are identical to market prices when well-
functioning markets exist. When well-func-
tioning markets do not exist, as is almost
always the case with water, then one must
attach a social value to water, which is
defined as the value of the water in the best
alternative use (at the margin).

While this opportunity cost is relatively
easy to define, it is much harder to measure.
For example, one could assign to water a
societal value equal to its current value in
industrial use. However, if one hypotheti-
cally begins to shift water from agriculture to
industry, the marginal value of additional
water in industry will eventually decline.
Thus, in contemplating large transfers of
water out of agriculture (as opposed to
small, marginal transfers), it is not valid to
assume that the per-unit value of the water
transferred is equal to the current per-unit
value of water in industrial uses.

Furthermore, the concept of net social
returns is silent on issues of equity, and most
people would agree that equity is important
in making decisions on the desirability of
implementing policies or technologies that
affect WP.

Although it is difficult to measure the net
social returns due to the implementation of a
policy or technology, it is useful to keep this
concept firmly in mind when making judge-
ments about practices that improve WP. At a
minimum, this concept reminds us of our
ignorance and what specific missing informa-
tion is desirable for an assessment of new
technologies, institutions or policies. Although
we shall use the term WP in subsequent dis-
cussions, it is always important to bear in
mind how much it will cost to increase WP
and that not all increases in WP are desirable.

Water productivity, environmental
degradation and sustainability

Irrigated agriculture not only competes for
water but often contributes to the major
degradation of water resources. Consider, for
example, those regions of rapidly falling
water tables due to groundwater mining or
alternatively regions of rising water tables
leading to waterlogging and salinity. In the
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latter case, the social cost may be in the form
of environmental degradation or, if correc-
tive measures are taken, the cost to some seg-
ments of society may be for appropriate
disposal of drainage water. The net social
benefit is the difference between returns to
the farmer and the cost to society associated
with drainage-water pollution (Dinar, 1993).

Ultimately, we must address the issue of
sustainability. Unfortunately, there are many
definitions of sustainability and sustainable
development, ranging from the very broad
to the very narrow, which create a potential
for misunderstanding (Dixon and Fallon,
1989). We define sustainability as the ability
to continue extracting net positive social
returns from a resource for an indefinite
period of time. Notice that it is not inconsis-
tent with some degree of environmental
degradation, i.e. it is not always true for all
ecosystems that the optimal rate of degrada-
tion is zero, just as it is not always true that
the optimal rate of oil extraction from a par-
ticular deposit is zero.

One viewpoint in the sustainability
debate holds that high-industrial-input agri-
cultural systems are inherently unsustain-
able (Lynam and Herdt, 1999). Proponents of
this view have shifted the debate away from
production and income distribution to envi-
ronmental degradation and input use. The
focus on ecosystems by environmentalists
and on watersheds by hydrologists has car-
ried the debate substantially above the com-
modity-based farm and farming-systems
level to land, water and other highly valued
natural and environmental resources.

Lynam and Herdt (1999) argue that:

sustainability of common resource systems
necessarily incorporates value judgements on
multiple criteria over how the community
wishes to utilize resources; moreover sustain-
ability of the system will depend more on
social institutions controlling access and use
than on production technologies.

Relating Water Productivity and
Economic Efficiency: Some Examples

Molden et al. (2001, Appendix A) provide a
comprehensive list of alternatives for

increasing WP and Molden et al. (Chapter 1,
this volume) illustrate how various alterna-
tives can be applied at the crop, farm, system
and basin levels. At each of the first three
levels, we provide an example illustrating
the relationship between WP and EE. At the
basin level, we emphasize the relationship
between WP and sustainability.

Plant level: increasing water productivity
through varietal improvement

The concept of WP used by plant physiolo-
gists, molecular biologists and plant breeders
refers to the crop output (either grain or bio-
mass) per unit of transpiration by the plant.
(This is typically referred to as WUE.) There
has been steady improvement in grain yield
per hectare through plant breeding in rain-
fed and, most particularly, in irrigated areas.
The development of short-season varieties,
reducing the growing time from 5 months to
3.5 to 4, has also been a major source of
water savings (more crop per drop per day).
The development of water-storage facilities
and expansion of the irrigated area in the dry
season have allowed these savings to be
translated into increases in WP. Thus, there is
no question that, over the past three decades,
varietal improvement through plant breed-
ing (aided by investments in irrigation and
advances in fertilizer technology) has been
the major source of increase in WP (Richards
et al., 1993).

However, the increase in grain productiv-
ity is in some ways deceptive (Richards ef al.,
1993). In almost all crops, the greater grain
yield is not due to an increase in biomass but
almost entirely to an improved ratio of grain
to biomass (harvest index). As the potential
ceiling value for the harvest index is rapidly
approaching in many crops, the only way to
maintain increases in yield will be to increase
biomass (Richards et al., 1993). There appears
to be considerable potential for increasing
biomass by selecting cultivars for increased
WP, defined in this case as the rate at which
water lost in transpiration results in the pho-
tosynthetic assimilation of carbon in the
plant. In many Middle Eastern countries, a
very high level of WP has already been
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achieved. There is thus great hope that
research in plant breeding and molecular
biology will increase WP in other parts of the
world. In other areas, gains in productivity
may be achieved through varieties tolerant
to saline soil and water conditions.

One of the important features of varietal
improvement is that it is relatively less site-
specific in terms of potential benefits than
most management interventions. Much of the
research is funded by international and
national agencies. Numerous studies have
emphasized the high returns to investment in
varietal-improvement research in the past
(Evenson et al.,, 1991; Alston et al., 1995) —
although in many instances the Dbenefits
ascribed to research may include contribu-
tions from irrigation and advances in fertilizer
technology. In setting research priorities, a
key issue is the size of the geographical area
as well as the size of the population upon
which the varietal improvement is likely to
have an impact. This will determine the bene-
fits of the research relative to its costs. As
water scarcity becomes more acute, the poten-
tial benefits of this research will increase.

Farm level — adoption of yield-increasing and
water-saving technologies: the case of SRI

In promoting the adoption of new technolo-
gies, researchers and extension agents often
focus on the higher yield potential, ignoring
the opportunity cost of family labour and the
increased management requirements. This
point is illustrated in a draft report on a
study of the adoption of the System of Rice
Intensification (SRI) in Madagascar (Moser
and Barrett, 2003). The paragraphs below are
based on this report.

SRI was developed in the early 1990s in
Madagascar as a seemingly ideal low-
external-input sustainable agriculture (LEISA)
technology. The method requires almost no
external cash inputs, such as chemical fertiliz-
ers, pesticides and seeds. The SRI method
involves seeding on dry beds, transplanting
younger than 20-day-old seedlings with one
seedling per hill, spacing of at least 20 cm
X 20 cm, frequent weedings and controlling
of the water level to allow aeration of roots

during the growth period of the plant.
However, the technology requires approxi-
mately 50% more labour. Using this method,
farmers have repeatedly obtained yields two
to three times higher than the 2-3 t ha™!
obtained using traditional practices. Owing
not only to higher yields but also to the water-
saving irrigation practices, the gains in water
productivity at the field level could be very
high, although water accounting would be
required to determine the basin-level impacts
of farm-level water savings.

The study undertaken by Moser and
Barrett (2003) surveyed 317 households in
five villages. Approximately one-third of the
farmers adopted SRI but most practised it on
only a portion of their land. The adopters
tended to have higher education, belong to
farmer associations and have higher wealth
and income. In contrast, the non-adopters
were unskilled agricultural labourers, who,
lacking the financial resources to carry them
through the ‘hungry season’, depended on
the agricultural wages they received daily.
Thus, they cannot afford to spend the extra
time required for adopting SRI on their own
farms because they are busy working on
other people’s farms. More importantly,
many of those who adopted SRI have since
abandoned the technology, often after trying
SRI for only one season (Table 2.1).
Apparently, the significantly higher yields
were not enough to offset the substantially
higher labour costs and management
requirements.

System level: benefit—cost analysis

We have observed that water savings per se
may or may not lead to increases in WP.
Likewise, an increase in WP may or may not
result in higher economic or social benefits.
Following the general concepts in our dis-
cussion of net returns at the system level,
economists assess the merits of an invest-
ment by measuring the benefits and costs
(B:C) ratio or the internal rate of return (IRR).
These are measures of the performance of
investments or the productivity of capital.
These two terms are defined mathematically
as follows:
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Table 2.1. SRI adoption and non-adoption patterns in Madagascar, 1993—-1999 (from Moser and Barrett,

2003).
Ambatovaky lambara  Torotosy Anjazafotsy Manandona Average?
Households trying 48 16 28 21 25
the method,
1993-1999 (%)
Households using 26 7 13 17 15
the method in
1999 (%)
Adopters who 46 53 100 49 19 40

disadopted (%)

a Average is weighted to account for different numbers of households at each site.

B:C ratio:

t=1 (1 +i)t B

For the B:C ratio, a social discount interest
rate is chosen, typically 10%. If the B:C ratio
exceeds 1, then the project has a positive
social benefit. If the IRR is greater than the
social discount rate (often assumed to be
about 10%), then the project has a positive
social benefit. While an assessment of envi-
ronmental costs is now frequently included
in the analyses, as with farm-level analyses,
this is largely a commodity-oriented
approach. Benefits of a given project are typi-
cally measured in terms of higher yield and
net returns to the farmer for irrigating a spe-
cific set of crops.

One of the most well-studied irrigation
projects in Sri Lanka is the Gal Oya Water
Management Project (Uphoff, 1992; Murray-
Rust et al., 1999). A deteriorated irrigation
system, the Gal Oya Left Bank Irrigation
System, was rehabilitated in the period
1982-1985, using a combination of physical
and institutional interventions.

A time-series, impact-assessment model
was used to describe the trends and impacts

in the system as a whole, as well as in differ-
ent parts of the system (Amarasinghe ef al.,
1998; Murray-Rust et al.,, 1999). The data
from 1974 to 1992 covered the period both
before and after the rehabilitation.
Significant gains have been made in WP for
the system as a whole. The tail-end farmers,
even though they were less intensively orga-
nized, showed the best overall performance
in terms of water use, crop production and
WP.

Did benefits exceed costs? The project
completion report conducted in 1985 esti-
mated an IRR of between 15 and 30%
(Project Completion Report, 1985). A subse-
quent study by Aluwihare and Kikuchi
(1991) reported an IRR of 26%. While invest-
ment in the construction of new systems in
Sri Lanka is no longer profitable, among the
major rehabilitation projects conducted in
recent years, Gal Oya has had the highest
IRR (Table 2.2).

But there are two caveats. First, some of
the gains made were at the expense of other
water users (D.H. Murray-Rust, personal
communication). Prior to rehabilitation, water
in the drains was being used by farmers out-
side of the Left Bank Irrigation System. With
this water no longer available, many farmers
simply went out of business. We do not know
to what degree these ‘hidden’ costs would
lower the IRR. However, this example of off-
site effects or externalities emphasizes the
need to adopt a basin perspective.

Secondly, although the area irrigated by
groundwater is still small, the recent IRR
estimates for largely private agro-well and
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Table 2.2. Rates of return on irrigation investments in Sri Lanka in recent decades: new irrigation
construction and rehabilitation based on 1995 constant prices (Kikuchi et al., 2002).

International rate of

C:B ratio return (%)
New construction projects?
1980 0.8 12
1985 1.1 9
1990 1.5 7
1995 2.0 5
Major rehabilitation projects®
TIMP 1984 1.04 10
Gal Oya 1987 0.37 26
VIRP 1990 1.09 9
ISMP 1992 0.60 17
MIRP 1994 1.02 10
NIRP 1999 0.88 11

TIMP, Tank Irrigation Modernization Project; VIRP, Village Rehabilitation Project; ISMP, Irrigation System
Management Project; MIRP, Major Irrigation Rehabilitation Project; NIRP, National Irrigation

Rehabilitation Project.

@ For the technology level ‘New improved varieties, N = 140 kg'.
b Years after the names of projects stand for the years when the projects were completed.

pump investments in Sri Lanka are much
higher than for public investments in reha-
bilitation (Kikuchi et al., 2002). But changes
in the management of surface water can
have a major impact on the groundwater
aquifer and overexploitation of groundwater
can have negative consequences for both the
supply and quality of groundwater. This
raises the issue of how best to coordinate the
development and management of surface
water and groundwater.

Basin level: response to water scarcity and
sustainability

As the competition for water increases and
river basins become closed for all or part of
the year, WP and EE are typically increased
by shifting to higher-valued crops, where fea-
sible, and by reallocation of water to industry
and domestic uses. Also, water scarcity and
the rising value of water can bring forth a
response in terms of the development and
adoption of new technologies and institu-
tions that can raise water productivity. In eco-
nomics, these latter changes are explained by
the theory of induced innovation (Hayami
and Ruttan, 1985). For example, with refer-

ence to the Green Revolution, the theory
implies that the development of high-yield-
ing, fertilizer-responsive cereal-grain vari-
eties was a response to both rising food-grain
and falling fertilizer prices, which made this
technology highly profitable. Applying this
theory, we see that situations of water short-
age and the rising value of water are induc-
ing new techniques, improved management
practices and institutional reforms that will
raise the productivity of water. The profitabil-
ity, the feasibility and hence the order of
these changes will vary from site to site,
depending on local circumstances.

Recent studies of the Gediz basin in
Turkey (IWMI and General Directorate of
Rural Services, Turkey, 2000), the Chao
Phraya basin in Thailand (Molle, Chapter 17,
this volume) and the Rio Lerma basin in
Mexico (Scott et al., 2001) illustrate the
endogenous adjustments that have occurred
at both the farm and system levels in
response to water shortages.

In the case of the Gediz basin, the adjust-
ments were in response to a prolonged
drought from 1989 to 1994. A change was
made in the way water was allocated, shift-
ing from a demand- or crop-based system to
a supply-based system, with water rationed
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from the reservoir downward. The result
was a significant increase in basin-level irri-
gation efficiency. To adapt to the dramati-
cally reduced length of the irrigation season,
farmers, with the assistance of the govern-
ment, developed groundwater resources.
The shift in cropping pattern over the past
decade away from cotton to grapes and
orchards is partially explained by the
drought, but the entry into the European
Customs Union was the overriding factor.

In the Chao Phraya basin, irrigation effi-
ciency has been gradually raised by the use
of grating drains, conjunctive use of ground-
water, pumped water from ponds and low-
lying areas and improved management of
dams. Farmers have responded to water
shortage and unreliable deliveries in the dry
season by sinking tube wells and diversifying
crop production and through a spectacular
development of inland shrimp farming. This
has occurred despite the fact that there are
considerable technical constraints and risks
in diversification. The centralized water-
allocation system has handled the issue of
allocation of water to non-agricultural uses
relatively well. Basin-level efficiency is high
and there appears to be relatively little scope
for achieving further productivity gains.

In the Rio Lerma—Chapala basin, water-
shortage problems gained prominence with
precipitous declines in Lake Chapala (the
main source of water for Guadalajara) in the
1980s. IWMI studies have shown the distrib-
ution and extent of aquifer depletion (2 m
year 1) and growth in agricultural water
demand. The Lerma-Chapala Consejo de
Cuenca, established in 1993, is the oldest
river-basin council in Mexico. It has respon-
sibility for water allocation among users,
improving water quality and WUE and con-
serving the basin ecosystem. However, agri-
cultural, industrial and domestic demand
has been rising rapidly, and there is simply
not enough water to meet all demand with-
out further overdraft of the aquifer. Water for
Lake Chapala and Guadalahara has priority
and 240 million m3 of water formerly used
for irrigated agriculture have been reallo-
cated to Lake Chapala. Farmers are begin-
ning to demand that Guadalahara pay for
the 240 million m®.

In summary, in all three basins there has
been a response by farmers and irrigation
organizations to water shortage that has
raised WP and basin-level efficiency and
there appears to be relatively little scope for
further gains. The non-agricultural demand
for water will continue to rise and declining
water quality already presents a serious
problem. But each of the three basins is at a
different stage with respect to basin closure
and chronic water shortage. The situation in
Mexico is clearly unsustainable. The reduc-
tion in irrigated area and, where possible,
the shift to high-valued crops on the remain-
ing land can help alleviate the problem.

Allan (1998) has coined the term ‘trade in
virtual water’ to show how international
trade can help alleviate water scarcity and
increase WP. Mexico provides an interesting
example of trade in virtual water (Barker et
al., 2000). Over the past 30 years, both fruit
and vegetable exports and cereal-grain
imports have been increasing rapidly. Figure
2.1 shows that, over the 5 years from 1991 to
1996, the value of fruit and vegetable exports
exceeded the value of grain imports by
US$1.0-1.5 billion. At the same time, the
water saved by the import of cereal grains
was about six times the water used for fruit
and vegetable production.

Policies and Institutions

There are those who argue that water in
large, publicly managed, irrigation systems is
being poorly managed and that policy and
institutional reforms are needed to create the
environment and incentives for saving water
and increasing WP. Charges for water or for
power for lifting water (if they exist at all) are
rarely adequate to cover O&M expenses. As a
result, irrigation infrastructure is deteriorat-
ing at a rapid rate and overexploitation of
groundwater resources is leading to a decline
in the water table and in the quality of water.
Others argue that there is much less scope
for increasing WP than is commonly
believed. Traditional measures of irrigation
efficiency are incorrect. Water scarcity, partic-
ularly the closing of a basin, creates its own
incentive for reforms, leading to changes in
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Fig. 2.1. Cereal imports and fruit and vegetable exports in Mexico ((a) US dollars and (b) virtual water,

assuming water productivity of 1.2 kg m~3 crop evapot
vegetables). Source: Barker et al., 2000.

water-management practices at the farm, sys-
tem and basin level designed to sustain pro-
duction. One such example is the spread of
pumps and tube wells, largely through pri-
vate investment, for exploiting groundwater
and recycling water from drainage ditches.
There is a strong element of truth on both
sides of the argument. As suggested in the
previous section, we need much more accu-

ranspiration for cereals and 4 kg m~3 for fruit and

rate information on the dynamics of change
in water basins over time, noting in particu-
lar the changes that occur as water scarcity
increases and a basin becomes closed for all
or a portion of the year. As competition for
water increases, decisions on basin-level allo-
cations among sectors must involve value
judgements as to how best to benefit society
as a whole. This will include setting priori-
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ties in the management of water resources to
meet objectives such as ensuring sustainabil-
ity, meeting food-security needs and provid-
ing the poorer segments of society with
access to water. These objectives can be
incorporated as assumptions or constraints
in economic-cum-hydrological optimization
models (McKinney et al., 1999).

Faced with growing water shortages,
many national policy makers, backed by
international experts, have called for
improved management of canal irrigation
systems. The steps required include: (i)
reforms in pricing and charging users for
water or water services; (ii) greater participa-
tion in the O&M of systems by local user
groups; and (iii) the establishment of water
rights. In this section, we discuss the first of
the two most widely promoted reforms,
water-pricing policy and irrigation-manage-
ment transfer (IMT), and one less publicized
area, management for conjunctive use, which
appears to offer potential for gains in eco-
nomic efficiency, equity and WP. We should
emphasize that the appropriate policy and
institutional reforms will vary depending on
the biophysical and socio-economic environ-
ment at a given site.

Water-pricing policy

In developed as well as developing coun-
tries, there is disagreement regarding the
appropriate means by which to price water
and the appropriate level of water charges.
The pricing of water may involve different
objectives, such as cost recovery (who has
benefited from the investment in irrigation
and who should pay), financing the irriga-
tion agency or reducing wastage of water.
Politics also enters heavily into water-pricing
decisions. Moreover, many countries lack the
tradition, experience and appropriate institu-
tions for pricing irrigation water.

The World Bank has recently undertaken
a comprehensive study, ‘Guidelines for
Pricing Irrigation Water Based on Efficiency,
Implementation, and Equity Concerns.” As a
part of that study, Johansson (2000) has con-
ducted an exhaustive literature survey on
pricing irrigation water. More concise treat-

ment of the issues can be found in Tsur and
Dinar (1997) and in Perry (2001). The authors
emphasize the fact that water (particularly
water used in irrigation) is a complicated
natural resource, a complicated economic
resource and a complicated political
resource. Moreover, while water supplied is
a proper measure of service in domestic and
industrial uses, water consumed is the
appropriate measure in irrigation, and this is
particularly difficult to measure.

Tsur and Dinar (1997) discuss several dif-
ferent pricing methods for irrigation water
and their implementation costs. These
include pricing based on area irrigated, volu-
metric pricing according to the water used or
consumed, output or input pricing, fixed-
and variable-rate pricing and water markets.
The necessary and sufficient conditions for
markets to operate, especially defined and
enforceable water rights, are, in most cases,
not yet in place. Variable-rate pricing is often
suggested in charging for electricity for
pumps.

Bos and Wolters (1990) investigated irri-
gation agencies representing 12.2 million ha
of irrigated farms worldwide. They found
that water authorities charged on a per-unit
area basis in more than 60% of the cases, on a
volumetric basis in about 25% of the cases
and a combination of area and volumetric
methods in 15% of the cases.

Water-pricing methods are most pro-
nounced through their effect on cropping
pattern — more so than their effect on water
demand for a given crop (Tsur and Dinar,
1997). The various methods differ in terms of
amount and type of information and the
administrative costs needed in their imple-
mentation. The most economically efficient
method will depend on physical conditions,
such as conveyance structures, water facili-
ties and institutions. If the objective is alloca-
tion and not cost recovery, rationing (i.e.
assigning water to specific uses) represents
an alternative mechanism for coping with
water shortages where demand exceeds sup-
ply (Perry, 2001).

An example of volumetric-cum-area pric-
ing is found in the Zhanghe irrigation system
(ZIS) in Hubei, China (Dong et al., 2001). The
province determines the price for water for
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different uses and water is rationed among
sectors when supplies are short. The water-
user groups or villages pay the water fee to
ZIS on a volumetric basis. The fee for the total
volume paid by the group is then divided by
the area, and individual farmers are charged
according to their irrigated area. Even though
farmers pay an area fee, they are well aware
that, if they use less water as a group, their
fees will be reduced. The savings in water use
at the farm level through improved water-
management practices, as well as through
higher crop yields, have led to an increase
over time in the productivity of water for irri-
gation (Hong et al., 2001). There is also an
incentive to save water at the system level.
Over the past three decades, water has been
diverted to higher-valued, non-agricultural
uses, greatly increasing the productivity of
ZIS water resources. However, the decrease in
water seepage and runoff resulting from
water-saving practices (including the lining of
canals) may have reduced the water available
in downstream tanks within the Zhanghe
Irrigation District but outside ZIS, and the
negative impact of this is not known.

Participatory irrigation management and
irrigation management transfer

In the area of institutional reform, the devo-
lution of management and financial respon-
sibility from irrigation-system managers to
local user groups has gained prominence.
The popular terms for this are participatory
irrigation management (PIM) and IMT.
These terms are defined as follows
(Groenfeldt and Svendsen, 2000):

¢ PIM usually refers to the level, mode and
intensity of user-group participation that
would increase farmer responsibility in
the management process.

e IMT is a more specialized term that refers
to the process of shifting basic irrigation-
management functions from a public
agency or state government to a local or
private-sector entity.

The interest in transfer of responsibility to
user groups rests, in large part, on the desire
of many governments to reduce expendi-

tures on irrigation. Among proponents, it is
also argued that handing responsibility to
local user groups will result in better O&M
and increased productivity. PIM/IMT has
become one of the cornerstones of the World
Bank water-management policy (Groenfeldt
and Svendsen, 2000). Recent experience in
PIM and IMT seems to suggest that there has
been considerably more success in transfer-
ring management responsibilities in more
advanced countries, such as Turkey and
Mexico, than in the developing countries of
Asia (Samad, 2001). Where implementation
has been successful, government expendi-
tures and the number of agency staff have
declined and maintenance has, in some
cases, improved, but there is little evidence
yet that PIM/IMT has led to an increase in
the productivity of irrigation water.

While, under IMT, government responsi-
bility for water management in the lowest
level of the irrigation system is being
reduced, at the same time water scarcity
requires increased government involvement
at the highest level of management (Perry,
1999). For example, China has recently cen-
tralized control over water diversions from
the Yellow River because upstream users
were taking so much water that the river
often ran dry before reaching the sea. This
centralization seems to have increased
stream flows in the river. Important areas of
centralized management at the basin and
sector levels include water allocation among
sectors, flood control, drought planning,
water-quality regulation and enforcement
and groundwater depletion.

Conjunctive use of surface water and
groundwater

Historically, the development of the technol-
ogy of surface-water irrigation preceded that
of tube wells, based on compact diesel and
electrical power. In fact, the introduction of
tube wells in the Indus basin and perhaps in
the North China Plain was motivated by
concern over the waterlogging and saliniza-
tion that occurred when canal irrigation
caused the water table to rise (O’Mara, 1988).
Public drainage wells were installed to lower
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water tables and reduce waterlogging. A
boom followed in tube-well investments for
irrigation by individual farmers in south
Asia and by communes (and, more recently,
by private farms) in north China. Because of
the greater convenience and reliability of
groundwater, many farmers within surface-
irrigation command areas have dug wells or
tube wells.

The rate of increase in new areas irrigated
by surface water has levelled off. But the irri-
gated area served by the ever-cheaper tube-
well technology has continued to expand to
the point where, in India, over half of the
area irrigated is from groundwater. The mas-
sive investment in tube wells has completely
transformed the use of water resources in
these regions and has raised problems of
resource management that are beyond the
grasp of existing irrigation bureaucracies.
The overexploitation of groundwater, partic-
ularly in the semi-arid areas, is leading to
declines in both quantity and quality of
water, affecting not only agriculture but also
domestic supplies and human health. Often,
in many large-scale irrigation systems, tail-
end farmers have to supplement surface-
water supplies with lower-quality drain
water or shallow groundwater (Murray-Rust
and Vander Velde, 1994).

One of the greatest potentials for increas-
ing WP lies in the management of surface-
water and groundwater resources for
conjunctive use, provided this leads to better
distribution of water. For example, loss of
yield due to salinity could be greatly
reduced with improved conjunctive manage-
ment of surface-water and groundwater
resources, especially by better distribution of
canal water to maintain optimum levels of
water table and salt balances, even in the tail
reaches of canal commands (Hussain et al.,
Chapter 16, this volume). This requires close
monitoring of any adverse effects on soil and
water quality, as has occurred in irrigation
management in the People’s Victory
Irrigation Canal in the Yellow River basin of
China. It has been suggested (M. Wopereis,
personal communication, 1998) that farmers
in the Senegal River valley, an area with
severe soil salinization (e.g. Raes et al., 1996),
be equipped to monitor salinity levels them-

selves. Cheap field conductivity meters can
be used for this purpose and such equipment
should be within the financial reach of
farmers’ cooperatives.

Summary and Conclusions

Initially, we addressed the confusion in the
definitions of IE, WUE and WP. IE is mea-
sured by the ratio of water consumed to
water supplied, whereas WP is a ratio of
crop output to water either diverted or con-
sumed, measured in either physical or eco-
nomic terms or some combination of the
two. Then we discussed the relationship
between WP and EE. Just as water saving
does not necessarily result in higher WP, so
also higher WP does not necessarily result in
higher EE (e.g. the case of SRI).

Measures to increase crop yield for a
given ET translate into WP gains at system
and basin levels (e.g. through varietal
improvements). However, the management
of water to reduce water-diversion require-
ments is riddled with off-site effects or exter-
nalities (e.g. the case of Gal Oya). Thus,
whether water-management practices or
technologies designed to increase WP and
EE at farm level result in higher WP and EE
at system or basin level needs to be deter-
mined. The basin is a hydrological, as
opposed to an administrative, unit. It is only
at this level that we can capture and include
in our analysis the off-site effects (or, in eco-
nomic jargon, internalize the externalities).

The growing scarcity and rising value of
water in a basin induces both farmers and
irrigation organizations to seek various ways
to increase WP, EE and net returns (e.g. the
basin cases in Turkey, Thailand and Mexico).
Recycling or reuse of water, particularly
through the exploitation of groundwater, is
prominent among the practices adopted to
increase WP. Greater attention needs to be
focused on managing water for conjunctive
use.

We need a better understanding of bio-
physical and socio-economic changes in
basins over time and improved measures of
basin-level efficiencies before we can deter-
mine, in a given situation, the potential for
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increasing WP through policy and institu-
tional reforms and which reforms are most
suitable. Finally, as basins become closed,
measures to increase water productivity and
exploit groundwater resources are leading to
a serious decline in water quality and other
problems of environmental degradation.
Decisions on basin-level allocations among

sectors must involve value judgements as to
how best to benefit society as a whole. This
will include setting priorities in the manage-
ment of water resources to meet objectives
such as ensuring sustainability, meeting
food-security needs and providing the
poorer segments of society with access to
water.
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3 The Concept of Efficiency in Water-
resources Management and Policy

David Seckler, David Molden and R. Sakthivadivel

International Water Management Institute, Colombo, Sri Lanka

All science depends on its concepts. These are the ideas which receive names. They determine the
questions one asks, and the answers one gets. They are more fundamental than the theories which are

stated in terms of them.

(Sir G. Thompson)

Let not even a small quantity of water that comes from the rain go to the sea without being made use-

ful to man.

Introduction

Many areas of the world are experiencing
increasingly severe water scarcity. Recent
studies by the International Water
Management Institute (IWMI) indicate that
one-third of the population of developing
countries lives in regions that have absolute
water scarcity, in the sense that they do not
have sufficient water resources to meet their
agricultural, domestic, industrial and envi-
ronmental needs in the year 2025 (Seckler et
al., 1998a,b). An additional 500 million people
live in regions of severe economic scarcity;
they have a sufficient amount of potential
water resources to meet their 2025 needs, but
will have to more than double the present
utilization of these resources, through large,
expensive and possibly environmentally
destructive development projects to achieve
reasonable amounts of water consumption.

(King Parakramabahu of Sri Lanka (aD 1153-1186))

One of the ways of alleviating water
scarcity is by increasing the efficiency of
water use. Many different ways of increasing
water-use efficiency are proposed, ranging
from water-saver flushing toilets and low-
flow drip-irrigation systems to pricing water
to encourage demand reduction and adapta-
tion of water-saving technologies. Indeed, it
is sometimes contended that the current effi-
ciency of water use is so low, especially in
irrigation, that most, if not all, of future
water needs could be met by increased effi-
ciency alone, without development of addi-
tional water supplies.

While the potential for saving water
through increased efficiency is substantial, it
is not as large as might be thought. The rea-
son is that the most commonly used concepts
of water-use efficiency systematically under-
estimate the true efficiency of existing systems
by a very large amount. One of the cardinal

1 The authors are grateful to Vernon W. Ruttan for first suggesting this review.

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) 37



38 D. Seckler et al.

features of water use is that, when water is
used, not all of it is ‘used up’. Most of the
water remains in the hydrological system,
where it is available for reuse or recycling. As
water is recycled through the hydrological
system, the efficiency of use increases. Thus,
while every part of the system may be at low
levels of water-use efficiency, the system as a
whole can be at high levels of efficiency.

This ‘water-efficiency paradox’, as it may
be called, constitutes the core of this discus-
sion. It is shown how the older, ‘classical’
concept of efficiency ignored recycling and
thus underestimated efficiency. The newer
‘neoclassical’ concepts represent attempts to
integrate water recycling into the concept of
water-use  efficiency. These conceptual
changes have important implications for
water-resources management and policy.
The classical concept of efficiency often leads
to erroneous policies and management sys-
tems; the neoclassical concepts point in more
effective directions for increasing water-use
efficiency. As Willardson et al. (1994) rightly
observe in the field of irrigation:

Unless the ideas now associated with irrigation
efficiency terms are modified, it will be
extremely difficult to properly manage the
shrinking supply of freshwater due to the
misconceptions and misunderstandings of
irrigation efficiency by the engineering, political,
and news communities. Yet, much current
irrigation literature contains many
recommendations to increase irrigation
efficiencies in order to create more available
water. The economic damage and waste of
limited resource management funds caused by
such articles and misconceptions are very large.

Indeed, as explained below, these authors
and others recommend purging the ‘E” word
from the literature on irrigation altogether!
While we have a good deal of sympathy
with this recommendation, we show that the
same concept as ‘efficiency’ is absolutely nec-
essary and, to paraphrase, a rose by any
other name remains a rose all the same.

In this chapter, we trace the evolution of
the concept of efficiency mainly in the field
of irrigation. Irrigation is chosen as the focus
because: (i) over 70% of the world’s devel-
oped water supplies are diverted for irriga-
tion and, therefore, it is especially important

to get these concepts right in this field; and
(ii) so far as we know, these concepts have
been studied more intensely in the field of
irrigation than in other areas of water
resources. There is a vast and complex litera-
ture on the subject of irrigation efficiency. In
our opinion, the best comprehensive account
of this subject is that of Jensen (1980). In this
chapter, we ignore most of the complications
and refinement of the subject in order to
focus on what we consider to be the central
issues pertaining to water-resources policy
and management.

The Classical Concept of Irrigation
Efficiency

Before the concept of irrigation efficiency was
invented, engineers used the irrigation duty
to design irrigation systems. The duty is the
amount of water that needs to be diverted
from a source and applied to the root zone of
crops ‘to bring the crop to maturity’.
(Willardson et al., 1994). The duty is expressed
as, say, 0.5 m of depth of water applied per
hectare per crop season, or so much per 10-
day interval, etc. The irrigation duty is essen-
tial for designing the physical structure of
water storage and conveyance systems. But
there are two problems with irrigation duty.
First, it is a rule of thumb, without a clear
rationale. Secondly, because of this, it does not
indicate whether one is irrigating more or less
well. These problems gave rise to the concept
of irrigation efficiency.

A major breakthrough was to refine the
objective of irrigation in terms of meeting the
actual evapotranspiration requirements of
crops, or Eta. Once Eta was defined after
generations of research, the door opened to
the concept of efficiency. Israelsen (1932) is
generally credited with rationalizing the
duty of irrigation (Willardson et al., 1994) by
developing what Keller and Keller (1995)
aptly call the ‘classical’ concept of irrigation
efficiency. Israelsen’s definition is a direct
application of the basic concept of engineer-
ing efficiency to the field of irrigation: ‘an
output divided by an input, both of the same
character’ (Willardson et al., 1994). Stated
simply in contemporary terms, the primary
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output of irrigation is the amount of water
needed to satisfy the crop water require-
ments (although there are many other uses
of irrigation water (noted below)). The crop
water requirements are defined here as the
Eta requirements of the crop, minus effective
precipitation (Pe), (the amount of water that
enters the root zone of the crop). This is
called net evapotranspiration (NET) (Keller
et al., 1996):

NET = Eta - Pe 3.1)

The input is defined as the amount of
water withdrawn or diverted (DIV) from a
specific surface-water or groundwater source
to achieve NET. Thus classical irrigation effi-
ciency (CE) can be defined as:

CE = NET/DIV (3.1a)

For example, at the field level, in terms of
metres of depth per unit of area:

Eta=1.0

Pe=0.2

NET =0.8

DIV =2.0

CE =0.8/2.0=40%

Thus, while the duty may be 2.0 m of water,
this implies only 40% irrigation efficiency:
60% of the water diverted is not necessary to
meet the crop requirement. Put another way,
the degree of inefficiency of irrigation in this
case is the complement of CE: (1 —CE=1 —
0.4 =) 60%.

It is commonly said that the water that is
not used to satisfy NET is ‘wasted’ or ‘lost’.
While this is true from the point of view of
meeting the direct objective of satisfying
NET, these phrases are a source of endless
confusion in the field of water resources. As
explained in detail below, only some of this
water is truly lost from the hydrological sys-
tem. Most of it is captured and recycled
somewhere else in the system.

In irrigation, there are essentially three
sources of classical inefficiency, or putative
water ‘losses’:

® Evaporation from the surfaces of land,
water and plants that do not contribute to
crop Eta. This includes ‘mon-beneficial
evapotranspiration” by weeds, phreato-

phytes and other non-beneficial grasses,
trees and bushes. However, these uses of
water may be of great value in terms of
objectives other than irrigation.

® Drainage losses are surface and subsur-
face losses in the process of delivering the
water from the point of diversion to the
root zone of crops: leakage from the con-
veyance system, deep percolation below
the root zone of crops and surface
drainage from the fields.

® Spillage losses due to mismatches
between water supply and demand.
When there is more water supplied than
demand - for example, irrigation water
flowing in canals during heavy rain — the
surplus water is spilled into drains.

As discussed further below, the only real
water losses to the hydrological system,
however, are those from evaporation and
flows to ‘sinks’, such as saline seas.
Drainage, spillage and other water flows are
losses only in so far as they flow to sinks.

Three important points should be made
about the classical concept of irrigation effi-
ciency before proceeding:

1. CE is defined at different scales, in terms
of differences between the point of water
diversion and the ultimate destination of the
water in the root zone of crops (or Eta) (Bos
and Nugteren, 1974; Jensen, 1980).

® Application efficiency (Ae) is the ratio of
water delivered to the root zone to water
delivered to the field.

® Conveyance efficiency (Ec) is the ratio of
water delivered to the field to water
delivered into the canal from the source.

® Project efficiency (PE) is the overall effi-
ciency of the system, which is also equal
to classical efficiency (application effi-
ciency X conveyance efficiency)

For example:

Ae=0.5
Ec=0.8
PE =Ae xEc=0.40

Thus, CE decreases as the scale of the system
increases.

2. As intimated in the discussion of ‘non-
beneficial evapotranspiration’, the output is
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not as easy to define as may first appear.
Even in the apparently simple case of satis-
fying Eta, the question of the amount of Eta
to be satisfied arises. In cases of water short-
age, for example, it may be optimal to prac-
tise deficit irrigation, providing less than
full Eta to a particular crop area and suffer-
ing reduced yields, so that water can be
supplied to a greater area (Perry and
Narayanamurthy, 1998). Also, irrigation
water has multiple uses; in addition to Eta,
it is used for moistening land for cultivation
and for weed control in paddy irrigation.
Because of these optimization and multiple-
use complications, some proponents of the
concept of CE recommend calling it irriga-
tion ‘sagacity’ instead (Burt et al., 1997).

3. As noted before, CE ignores the possibil-
ity of recycling water ‘losses’ within the
hydrological system. This is the subject of
the second part of this discussion.

The concept of CE is used in two impor-
tant ways. First, it is used as a tool in the
design of irrigation and other water-delivery
systems. In this example, NET divided by
CE (0.8/0.4) is equal to the amount of water
(2.0 m) that has to be diverted from the
source to satisfy the objective at the destina-
tion. Thus, in designing water-delivery sys-
tems, engineers explicitly assume a value for
CE to size the conveyance system. Secondly,
CE is used as a criterion of engineering effi-
ciency. It is generally assumed that the
higher the CE the better.

The same concept of engineering effi-
ciency is used in other water sectors. For
example, if the objective is to deliver 1 m3
of water day ! to a household, but 20% of
the water is lost in transit because of leak-
ages in the delivery system, the efficiency is
80%. Or, inside the household, if the tap is
left on while brushing one’s teeth, the (tap
to tooth) efficiency may only be 10%
because only 10% of the water is benefi-
cially used to meet the objective in this
application. The overall efficiency of the
domestic water system in this case is only
(0.8 x 0.1 =) 8.0%. However, as in irrigation,
most of the 92% of the water that repre-
sents the inefficiency of household use is
not lost to the system as a whole but is cap-
tured and recycled.

Influence of classical efficiency

Notwithstanding the problems of the con-
cept of CE it has had enormous influence
both within the irrigation profession and in
the wider fields of irrigation and water-
resources policy and management.

Generations of irrigation engineers have
devoted their lives to improving the effi-
ciency of irrigation. Below are some charac-
teristic CEs of various irrigation systems at
the farm level (Merriam, 1980; Wolters and
Bos, 1990).

1. Conventional gravity = 30-50% (the lower
range is mainly in paddy irrigation, to
flooded fields).

2. Level basin = 40-70% (the high value is
achieved with laser-beam levelling).

3. Sprinkler = 60-75%.

4. Drip = 80-90%.

Since conventional-gravity systems prob-
ably comprise 80% or more of the total irri-
gation systems in the world, shifting from
gravity to more efficient forms of irrigation
could, theoretically, nearly double the aver-
age CE.

This line of thought leads to important
effects of Israelsen’s (1932) concept outside
the irrigation profession. As the concept of
irrigation efficiency spread into the realm of
water-resources planning, management and
policy analysis, it became a commonly
accepted fact that irrigation is so inefficient
that enormous amounts of water being ‘lost’
in irrigation could be ‘saved’ through
improved technology and management, and
these savings could be used to meet most of
the future demands for water by all of the sec-
tors. However, there is a fundamental error in
this interpretation of CE, which has led to
major mistakes in thinking about irrigation
policy and management. Various attempts to
solve this error led to the neoclassical revolu-
tion in the concept of irrigation efficiency.

The Neoclassical Concept of Irrigation
Efficiency

The neoclassical concept of irrigation effi-
ciency developed as a consequence of the
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evolution of interest in irrigation from the
point of view of water-delivery systems to
the broader perspective of irrigation man-
agement and policy within the context of
water resources as a whole, in the entire
river basin. It soon became clear that from
this perspective the concept of CE was erro-
neous and misleading. The reason is that the
water ‘losses’ of CE are not necessarily ‘real’
water losses to the system as a whole — many
of these losses are only paper losses —
because they are captured and recycled else-
where in the system. While this problem has
probably been in the back of people’s heads
for a long time (as shown below, it is inti-
mately related to King Parakramabahu’s
declaration used as an epigraph for this
chapter), Wright (1964), Bagley (1965) and
Jensen (1967) are the first published refer-
ences we know that discuss this problem
clearly and explicitly. The fact of water recy-
cling set up a ‘problem situation’, as the
philosopher Karl R. Popper (1962) describes
it, which evolved through a process of artic-
ulation and refinement (or, in Popper’s clas-
sic phrase, ‘conjectures and refutations’) to
what we call the neoclassical concept of irri-
gation efficiency.

Net efficiency

This problem was first formally addressed
(so far as we know) by Jensen (1977), who
proposed revising CE to ‘net efficiency’ (NE):

NE=CE + Er 1 — CE) 3.2)
where:

CE = classical efficiency (Equation 3.1);

1 — CE = classical inefficiency, i.e. the per-
centage of the diverted water that is not
used to meet the Eta requirements of
crops;

Er = the percentage of 1 — CE that is
potentially available for recovery, reuse or
recycling somewhere in the hydrological
system.

Thus, as in the discussion of CE, if 40% of the
diversion leaves the system in the form of
evapotranspiration and 70% of the remain-
der is potentially available for reuse, then:

NE =0.40 + 0.7(0.6) = 0.40 + 0.42

=0.82 (3.2a)

Thus, with the same basic parameters, NE is
more than twice as high as CE!

Jensen’s NE clearly shows the trade-off
possibilities between CE in the first term of
the equation, and what may be called the
‘recycling efficiency’ in the second term. For
example, assume that it is decided to shift
from a surface-irrigation system with a CE of
40% to a sprinkler-irrigation system with a
CE of 70% then, following Equation 3.2a, the
NE of the sprinkler system is:

NE =0.70 + 0.70(0.30) = 91% (3.2b)

In the shift to sprinkler irrigation, CE
increases by (0.70/0.40) — 1 = 75%, but NE
increases by only (0.91/0.82) — 1 = 11%.
While it might pay to invest in sprinkler irri-
gation to save water in the first case, it
might not pay in the second case — even
though the basic water situation is the same
in the two cases.

By 1980, with the publication of the state-
of-the-art work, Design and Operation of Farm
Irrigation Systems (Jensen, 1980), NE (or
‘effective irrigation efficiency’, as it was also
called) was the recommended practice. In
this volume, Burman et al. (1980, p. 220) note
that: ‘Effective irrigation efficiency ... of a
farm, project, or river basin is necessary to
estimate or evaluate the net depletion of water
within a river basin or groundwater system’
(writers’ italics).

As this discussion proceeds, it will
become clear how prescient the statement in
italics turned out to be. We shall continue
calling Jensen’s formulation NE reserving
effective efficiency for a later formulation of
efficiency within the neoclassical framework
discussed in the next section.

A particularly interesting consequence of
these neoclassical concepts may be men-
tioned. It was noted before that CE decreases
as the scale or boundary conditions of the
system increase, because of increasing water
losses. But, in NE or other neoclassical for-
mulations, the opposite is the case: as the
scale increases the efficiency generally
increases, because of increased water recy-
cling. For example, as discussed further
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below, studies of the Nile irrigation system
in Egypt show that the average CE of irriga-
tion is about 50% but a series of estimations
of the neoclassical efficiency of irrigation in
the system as a whole has resulted in the lat-
est estimate of 87% (Abu-Zeid and Seckler,
1992; Keller, 1992; Molden et al., 1998).

Effective efficiency

Keller and Keller (1995) developed the con-
cept of effective efficiency (EE), as they called
it (see also Keller et al., 1996):2

EE =NET/ I - O(R) 3.3)

where, with the same illustrative quantities
as in Equation 3.2:

I = inflows of water from the point of
diversion = DIV (= 2.0 m)

NET =0.8 m

Enb = non-beneficial evaporation = 0.1 m
O = outflows of water from the applica-
tion=1— (NET+Enb) =2.0 -09=11m
R = the percentage of reusable outflow =
70%

EE =0.8/{2.0 — 1.1(0.7)} = 0.8/(2.0 — 0.77)
=0.8/1.23 =65%

The Kellers also incorporate a highly
ingenious means of employing pollution
(mainly salinity) effects in EE. In brief, they
subtract from the outflow the amount of
water it would require to dilute to an accept-
able level any pollution picked up in the use
of the water. This concept pushes the con-
cept of purely physical water efficiency
about as far as it is possible to go. Clearly
the (negative) value of pollution in the out-
flow depends on where and how it is reused
— for example, rice is more tolerant of salin-
ity than most other crops. But this is a
generic problem in the concept of physical
efficiency, as noted below, and, within the
confines of this concept, it is a major contri-
bution to the theory.

While the NE and EE formulations natu-
rally yield somewhat different values, their
substance is clearly the same.

Fractions

A third development in the concept of effi-
ciency is the introduction of ‘fractions’ to
replace concepts of efficiency. As noted
before, Willardson et al. (1994) extended
their critique of the misapplications of (clas-
sical) efficiency, quoted above, to the point
where they advocated eliminating the word
and the concept of efficiency altogether.
Instead, they proposed using various frac-
tions in water-resources analysis — especially
the consumed fraction (CF) — the ratio of
evaporation to the diversion in any given
process, such as irrigation.

Since the fractions approach is not, by
definition, an efficiency concept, only a few
observations will be made about it here. The
CF is meant to be used in the context of the
water balance of the hydrological system, as
discussed in the section on ‘Basin Efficiency:
the Rate of Beneficial Utilization of Water
Resources,” and does not imply a judgement
as to whether the water is beneficially con-
sumed or not. For example, in irrigation, the
water consumed by both evapotranspiration
and Enb is included in CF. Thus, a large CF
is no better or worse than a small CE. For
this reason, the CF must be considered along
with the value of the components of CF, to
determine a desirable course of action. This
problem is addressed by the use of the term
process fraction — i.e. the fraction used by
humans for municipal, industrial and agri-
cultural purposes. While the process fraction
separates the intended uses from the CF, it
does not account for other beneficial uses,
such as use by trees, forests and wetlands.
CF includes process fraction, non-process
fraction and non-beneficial fraction. The
excellent discussion of specific water prob-
lems in the text of Willardson et al. (1994)

2 This is the same as the Er term used in net efficiency. While the R term was not explicitly used by Keller
and Keller (1995) in the original equation for EE, it is clearly implied in the text.
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necessarily relies on an implicit evaluation
of the CF. The fractions approach has been
used in Perry (1996) and Molden (1997) in
the context of water productivity, as dis-
cussed in the section on ‘Basin Efficiency:
the Rate of Beneficial Utilization of Water
Resources.”

Concluding Observations on the
Classical and Neoclassical Concepts of
Efficiency

Four important observations should be made
before closing the discussion of classical and
neoclassical efficiency up to this point.

First, the neoclassical formulations of effi-
ciency are clearly superior in that they
include CE only as special cases, where in
NE or EE, respectively, Er or R is equal to
zero (or is negative). Some of the most
important examples of these special cases are
as follows:

® Where irrigation is in saline areas and the
outflows are too saline to be recycled.

® Where irrigation, or other uses of water,
occur next to saline seas, where excess
outflows are discharged directly into the
sea.

® Where severe mismatches between water
supply and demand occur in terms of
specific times and places. While the out-
flows are still in the system, they may be
at the wrong place at the wrong time.

® Where, especially in desert areas, outflows
go to shallow lakes, where the water is
evaporated with little, if any, benefit.

In all of these cases, high CE is called for; but
the neoclassical formulations cover these
cases as well as all the other cases where the
outflows are beneficially recycled.

Secondly, the equation used for CE has an
important role to play in the design and
management of water-delivery systems,
while the neoclassical equations are irrele-
vant for this purpose. It is best not to use the
word ‘efficiency’ to describe the classical
equation, but rather to use another term,
such as the ‘delivery ratio’, as Bos (1997)
recommends.

Thirdly, in all the definitions of efficiency
up to this point, precipitation only enters the
analysis as effective precipitation (Pe). The
difference between total precipitation (P) and
Pe (P — Pe) — the amount of ‘ineffective pre-
cipitation’, as it were — is lost; it simply van-
ishes from the system, much like the water
‘losses” in CE. This is unacceptable in terms
of the water balance of the hydrological sys-
tem as a whole. Also, as Falkenmark et al.
(1989) observe, it is important not to neglect
‘green water’ in concentrating on ‘blue
water” (diversions). While irrigationists do
consider green water, in the form of Pe, in
the formulation of NET, it is true that P — Pe
is ignored. But irrigationists could reply
that hydrologists (excepting Falkenmark et
al., 1989) are even worse, because to them
‘effective precipitation’ is only runoff, and
the green water — which does not enter river
drainages, but does support most plant life
— is treated as a loss! This problem is
addressed in the next section.

Fourthly, both the classical and neoclassi-
cal formulations of efficiency attempt to stay
within the domain of purely physical flows
of water, avoiding assignments of values to
the flows and quantities of water. But this is
an ultimately futile and misleading attempt.
Whenever words like efficiency are used,
value judgements are necessarily part of the
underlying concept and it is best to use them
explicitly. At the very least, a distinction
must be made between the beneficial and
non-beneficial (zero or negatively valued)
aspects of water flows. In classical efficiency,
this is not a major problem because it is clear
that NET is beneficial evaporation. But it
becomes a serious problem in the neoclassi-
cal formulations, where the outflows can
have zero or negative effects — for example,
in terms of waterlogging and salinity. Thus it
is not just a matter of distinguishing between
the amounts of depletion and non-depletion
of water in the neoclassical formulations, but
a matter of the values of the depletions. For
this reason, it would be better to define the
Er and O(R) terms of NE and EE as Eb and
Ob, where ‘b’ indicates the amount of benefi-
cial use. This subject leads directly to the
concept of the beneficial utilization of water
resources discussed in the next section.
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Basin Efficiency: the Rate of Beneficial
Utilization of Water Resources

The discussion in this part of the chapter
remains solidly in the neoclassical tradition.
Both the classical and neoclassical concepts of
efficiency followed a ‘bottom-up’ approach,
as it were, from the perspective, first, of the
individual farmer, through the project level,
to intimations of the basin level of analysis.
Here, we make the concept of basin efficiency
clear and explicit within the overall concept
of the beneficial utilization of water resources
within river basins. Thus this discussion
rather abruptly switches perspective by fol-
lowing a ‘top-down’ approach. It begins at
the level of the river basin as a whole and
then, once that is established, extends the
analysis down through sub-basin levels to
the water sectors, projects and users. In other
words, this discussion proceeds from the
macro- through the meso- to the micro-level
of analysis, rather than in the opposite direc-
tion. This change in perspective is important
because the whole can be different from the
sum of its parts, due to scale and composition
effects, and it is important to conduct the
analysis of the part within the context of the
whole (Keller et al., 1996).

River basins and beneficial depletion?

In this discussion, river basins are defined as
including the offshore, coastal zone of brack-
ish water formed by the mixture of water
from the land and the saline water of exter-
nal or internal seas and saline aquifers. Also,
some basins are interconnected, either by
natural or human-made flows, and inter-
basin transfers between basins must be
included in the analysis.

The first and single most important thing
to understand about river basins is that,
with the exception of usually small and tem-
porary increases of water storage within a
river basin, all of the water that annually
enters the basin through precipitation,

including snow melt or interbasin transfers
into the basin, is eventually depleted from
the basin. It is depleted either by evapora-
tion, including evapotranspiration, or by
discharges to sinks, mainly to inland or
external seas and to saline aquifers. Thus, at
the river-basin level:

P+T—-CS=E+S (3.4)

where:

P = total precipitation

T = interbasin transfers (into the basin is
positive)

CS = changes in storage in the basin
(increase in storage is positive)

E = total evaporation

S = flows to sinks

Since, with the exception of increased CS,
all of the water in the basin is depleted, the
ultimate question in addressing the utiliza-
tion of water is not whether the water is
depleted or not, but whether it is beneficially
depleted or not. The total beneficial deple-
tion (Db) of water in a river basin is:

Db =Eb + Sb (3.4a)

where Sb = beneficial flows to sinks.

Eb occurs in such areas as evapotranspira-
tion of valued plants and the perspiration
and respiration of animals and in cooling
facilities. Some discharges to sinks are also
beneficial — for example, in maintaining
coastal zones, river flows for navigation, fish-
ing and, in the case of saline aquifers, pre-
venting seawater intrusion. The important
aspect of sinks is that, while the water may
serve a valuable function in the sink, it is not
available for other uses outside the sink.

Non-beneficial depletion through evapo-
ration or discharges to sinks may have either
a zero or a negative value. Discharges to seas
may have a zero value in water-surplus peri-
ods, for example; while discharges to saline
aquifers may cause water tables to rise,
reducing crop productivity through water-
logging and salinity and polluting domestic
water supplies.

3 For a technical discussion of the material in this section in the context of water accounting, see Molden

and Sakthivadivel (1999).
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Clearly, it is impossible to ‘add up’ the
sum of the beneficial and non-beneficial uses
of water without knowing their exact, posi-
tive and negative, values. This fact makes
the concept of beneficial utilization an
intrinsically qualitative, rather than a quan-
titative, concept. But it is interesting and
important to know, for example, what pro-
portion of the water is being beneficially uti-
lized, even if one does not know the
absolute value of beneficial utilization or its
net beneficial utilization. For example, if
around 87% of the water resources of Egypt
are being beneficially utilized, one knows
immediately that it will be difficult to
increase beneficial use in one area without
decreasing it in other areas somewhere else
in the system. On the other hand, if only
50% of the water is being beneficially uti-
lized, as is commonly thought of Egypt,
then there is large scope for increased bene-
ficial utilization.

Available water supply

Not all of the annual precipitation that enters
a basin is available for beneficial use within
the basin. The available water supply (AWS)
at the basin level is defined as:

AWS=P+T-CS-N 3.5

where, with P, T and CS as defined in
Equation 3.4:

N = non-utilizable water supply, as in dis-
charges of floodwater to sinks.

This term can be defined either as actual N,
with existing storage and conveyance facili-
ties, or potential N, with all technically and
economically possible water-development
facilities.

At the sub-basin level (sb), the AWS term
needs to be adjusted by: (i) replacing T by
diversions (DIV) from other areas within the
basin to the particular area under considera-
tion; and (ii) including committed outflows
(C) to other areas from the area under con-
sideration, such as legally or conventionally
committed outflows from upper to lower
riparian states, or between other subunits
within a basin (Molden, 1997):

AWS (sb) = [(P + DIV) — CS] —

N+QO) (3.5a)

It could be objected that it is wrong to use
total precipitation, including ineffective pre-
cipitation (P — Pe), in the definition of irri-
gation efficiency at the sub-basin level — that
this is a ‘free’ good and that what we want
to optimize is diversions, not AWS. But we
believe that this traditional approach is mis-
taken. First, in irrigation, ineffective precipi-
tation can be a partial substitute for
diversions by investing in better land- and
water-management techniques, such as
bunding, field levelling and the like. In
other areas, rainwater-collecting devices can
serve domestic needs. Secondly, under con-
ditions of water scarcity, there is no free
good; water used in one place has an oppor-
tunity cost in terms of the value of its use in
another place within the system. The con-
cepts of efficiency and productivity need to
reflect the values of all the uses and alterna-
tive uses within the system.

There is also an important distinction
between the amount of AWS that is actually
available at a given point in time, with exist-
ing water-storage and control facilities, and
the amount of AWS that is potentially avail-
able in the future with additional facilities.
As noted before, this distinction is reflected
in the term for non-utilizable supply (N),
which is a variable depending on the storage
and control facilities up to the ultimate
potential AWS at each level.

The basin efficiency (BE) of water
resources can now be defined in terms of the
ratio of the beneficial utilization of water to
AWS at either the basin level or the sub-
basin level:

BE = (Eb + Sb)/ AWS 3.6)

BE can be considered in terms of actual
AWS, or potential AWS, resulting in either
BE (a) or BE (p). At the sub-basin level, the
AWS term is replaced by AWS (sb) and the
resulting equation is called sub-basin effi-
ciency, BE (sb). Also, if one wished to avoid
the nomenclature of efficiency, this equation
could be described as the rate of beneficial
utilization of water resources (RBU) at the
basin and sub-basin levels of analysis.
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Types of river basins

River basins can be classified according to
the amount of uncommitted discharges to
sinks of potentially utilizable water in the
dry, low-flow season. For short, we shall call
this the discharges of usable water in the dry
season.

® An open basin has outflows of usable
water in the dry season. In open basins,
more water storage could be developed in
the dry season and beneficially depleted
upstream without diminishing existing
uses; in other words, the opportunity cost
of additional dry-season depletion is zero.

® A closing basin has no discharges of
usable water in the dry season. Therefore,
any additional depletion in this season
results in a decrease in existing uses.
However, closing systems do have dis-
charges of usable water in the wet season.
Thus there is at least the possibility that
the basin can be reopened through the
development of upstream surface and
subsurface water storage of wet-season
flows for use in the dry season.

® A completely closed basin has no dis-
charges of usable water even in the wet
season. In this case, there is no scope for
obtaining additional water supplies.
Additional water needs can be met only
through gains in water productivity — for
example, by reducing non-beneficial
evaporation or by reallocating water from
lower-valued to higher-valued uses.

It is surprising how many closing or
closed river basins there are, once one begins
looking for them. For example, it is said that
such large and important basins as the
Indus, the Ganges and the Yellow River
basins are closing by this definition, and that
the Colorado and the Cauvery River basins
are completely closed. Unfortunately, there
are few reliable data on discharges of water
to sinks for many of the large river basins of
the world, much less on the quality of the
water. The fact that most water-management
agencies do not bother to collect data on
what is surely the single most important fac-
tor in water management is evidence of the
newness of the river-basin perspective,

notwithstanding hundreds of years of intu-
itive understanding of its importance by
people like King Parakramabahu.

The productivity of water use

It is important to distinguish between the
rate of beneficial utilization, or BE, and the
productivity of water use. While the two are
related, they are not the same thing. The
same degree of beneficial utilization may
have substantially different values in terms
of the productivity of water. For example,
the same amount of water depleted in the
irrigation of cereal crops may have a much
higher value in vegetable or fruit crops; and
it will probably have a higher value in the
domestic sectors than in the irrigation sector.

Also, water serves both as an input to the
production of a final good, such as irrigation
in crop production or wildlife habitats, and as
a final good in itself, such as drinking water or
the aesthetic value of a beautiful lake. In these
and other cases, the value of water is attached
to the amount of water diverted to the particu-
lar use — for example, the value of so much
drinking water supplied to a household — irre-
spective of the amount of depletion. But it
should also be recognized that, if only a small
amount of the diversion is depleted, the
potential for the outflow being beneficially
recycled into other diversions is increased.
Repeated reuse of water creates the water
multiplier effect, where the sum of the diver-
sions in a river basin can be several times
larger than the inflow of water into the basin
(Seckler, 1992; Keller et al., 1996). Because of
the multiplier effect, the productivity of the
water inflow into the basin is often enhanced.

The productivity of water in a given use
is defined in terms of the quantity and qual-
ity of water diverted or depleted in that use.
Given this, there are several different ways
of expressing productivity:

® DPure physical productivity is defined as
the quantity of the product divided by the
quantity of AWS, diverted water or
depleted water, expressed as kg m~3. For
example, a slogan at IWMI, ‘increasing
crop per drop’, expresses physical pro-
ductivity.
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® Combined physical and economic pro-
ductivity is defined in terms of the net
present value (NPV) of the product
divided by the amount of water diverted
or depleted. Thus, the quantity of the
product is productivity times the amount
of AWS or water depleted.

® Economic productivity is the NPV of the
product divided by the NPV of the
amount of AWS or water diverted or
depleted, defined in terms of its value,
or opportunity cost, in the highest alter-
native use.

In estimating the economic value of
water, it is more important to understand
both the extent and the limitations of what
can be rationally accomplished. When water
is an input to a final good that has a real
market value or shadow price, the marginal
value of water, like that of any other input,
can be estimated as a derived demand for
the input. Obviously, values can also be
assigned when water is itself a marketed
product, whether a final product, such as
drinking water, or an input, such as irriga-
tion water. But, when water or its products
are not marketed or when they have non-
market values, as in the case of basic needs
or ecological imperatives, then it is an abuse
of economics to assign real or shadow prices
to it as an indicator of its value. All one can
rationally do in these cases is to commit
agreed-upon quantities of water to these
purposes. One can then evaluate the oppor-
tunity costs of these commitments in terms
of shadow prices in an optimization model.
But these shadow prices are costs, not values
or benefits. Truly, as Oscar Wilde might have
said, ‘economists know the cost of every-
thing but the value of nothing’ .4

The Persistence of Classical Efficiency

It is a remarkable fact that, from the time of
their development in 1932 to the present, the
neoclassical concepts — whether of NE, BE or
EE - have not been widely accepted in the

general community of irrigation and water-
resource practitioners (see, for example,
Clyma and Shafique, 2001). CE prevalils,
notwithstanding the fact that NE is clearly
and demonstrably a more valid concept,
developed and recommended by many of
the outstanding authorities in the field. For
example, in the volume, Design and Operation
of Farm Irrigation Systems, edited by Jensen
(1980) and published by The American
Society of Agricultural Engineers, the neo-
classical view could not be more clearly
articulated (especially in the chapter by
Burman et al. (1980)). But most professionals
remain wedded to the classical view — one, in
fact, accused Keller and Keller (1995) of
advocating ‘sloppy irrigation’!

Indeed, in Jensen (1980, pp. 17-20), refer-
ence is made to a debate in 1976 in the USA,
where the General Accounting Office pub-
lished a report on the massive savings of
water that could be achieved by increasing
CE! The experts in the field used Jensen’s NE
and water-balance analysis to correct that
error. But it is remarkable that now, over 20
years later, the same confusion not only
endures but actually predominates in the
field of irrigation and water-resources policy
and management in the USA and throughout
the world.

Because of its importance and interest as
an example of the evolution of scientific
ideas, we may pause briefly to speculate on
the reasons for the persistence of CE. First,
there is the matter of training. Most irriga-
tion practitioners were trained before the
neoclassical concepts appeared in the later
1970s and went directly into practice — quite
properly applying CE to the design of irriga-
tion systems. This imprinted CE in their
minds, as it were. Secondly, quite naturally,
their professional interests and positions
were oriented around CE. Thirdly, a large
industry of consulting and construction
firms, consultants and donors has been cre-
ated around the task of rehabilitating and
‘modernizing’ irrigation systems to increase
their CE. Fourthly, CE serves the interest of
other professions and groups as well

4 For a discussion of these issues in the context of poverty, see Seckler (1966) and, for a brilliant general

treatment of the subject, Little (1950).
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Economists can use low CE as justification
for pricing water and water markets; and
environmentalists can use it in their battles
against large dams, transbasin diversions
and other water-development projects. For
all of these reasons, the very idea that old
‘sloppy’ irrigation systems may already be
performing at high degrees of efficiency
because they are recycling is hard to accept.

On the other hand, the neoclassical
approach has been fully understood and
applied by farmers and other practitioners in
water law and management in the western
states of the USA — and perhaps on a more
intuitive basis elsewhere. Western water law
explicitly recognizes that one farmer’s
drainage can be another farmer’s irrigation
supply, and return flows are zealously pro-
tected. In Wyoming, water allotments and
charges are made on the basis of the ‘con-
sumptive use’ of the water (NET), not on the
amount of water diverted or applied. Thus it
is illegal to increase irrigated land and NET
through more (classically) efficient technolo-
gies, even if the amount of water diverted is
the same.

Indeed, Californians commonly distin-
guish between ‘real’ and ‘paper’ water sav-
ings, or what they amusingly refer to as ‘wet’
vs. ‘dry’ water savings — depending on
whether or not gains in classical efficiency
for one user are offset by reduced recycling
supplies to another user. An elaborate legal
and regulatory framework has been created
around water use to apply and enforce these
neoclassical concepts (see the interesting case
of Colorado in Vissia (1997)). As Burman et
al. (1980) rightly say, ‘The reuse of return
flow is one of the main foundations of
Western water right management, and its
importance is impossible to overestimate.’

Externalities, Regulations and Water
Pricing

In terms of economic theory, regulations are
a rational response to the problem of exter-
nalities — or, as they are also known, aptly for
discussion of water, ‘spillover effects’. As
explained in any standard textbook on eco-
nomics, externalities occur when the welfare

of second parties is affected by the behaviour
of first parties without compensation. In the
case of external benefits, second parties
should compensate first parties for the bene-
fits they receive; in the case of external costs,
second parties should be compensated by
first parties for the harm they suffer.
Compensation is not only a matter of equity;
it leads to greater efficiency by ‘internalizing
the externality’. If the first party has to pay
for an external cost, he or she will try to pro-
duce less of it and, if paid for an external
benefit, will produce more of it. Direct pri-
vate compensation arrangements between
first and second parties are usually impossi-
ble in practice. Governments have to inter-
vene to ‘internalize the externalities’,
through taxes, subsidies or regulations.
Without government interventions, the mar-
ket fails to achieve an efficient, much less an
equitable, allocation of resources.

Of all the goods and services in the world,
water is probably the most externality-rid-
den. The outflow arising from efficiency
Equations 3.1 and 3.1a is an external effect.
Typically, it is of the order of 50% in irriga-
tion, and it can be as high as 90% or more in
the case of the domestic and industrial sec-
tors. This constitutes a colossal potential
source of market failure in water resources.

Given this fact, it is rather amazing to find
many economists advocating free-market
allocations and pricing of water in the name
of efficiency. With externalities, free markets
lead to inefficient allocations of resources, as
shown in any standard economics text. And,
at a practical level, if the developed countries
have found it necessary to create elaborate
regulatory structures to prevent market fail-
ure in water resources, how do advocates of
water markets and water pricing imagine
that developing countries — with much fewer
resources, many more low-volume and poor
water users and weak institutional structures
— will be able to do this? (See the discussion
in Perry et al., 1997.)

Having said this, it should be noted that
charging service fees to cover at least the
operation and maintenance cost of water-
delivery services and even perhaps part of
the capital costs is a valid practice that
should be implemented everywhere. Also,
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there are many cases where the outflows cre-
ate external costs, such as in outflows of
water polluted by salinity or other harmful
wastes into the water supply. These external
costs should be internalized to the polluter
either by marginal cost prices or by regula-
tions. And, where the outflows have zero or
negative benefits, water prices can and
should be used to attain higher efficiencies of
water use in the classical sense. In sum, the
question of water markets and pricing is not
one of either-or but rather of why, where,
when and how.

Conclusion

The ultimate goal of water-resources policy
and management is to increase the beneficial
utilization of water. In the final analysis,
there are six basic ways of achieving this
goal (Seckler, 1996).

1. Where the AWS at the basin level is
underutilized, as in the case of open or clos-
ing basins, develop the remaining AWS
through additional and improved technical
and institutional means.

2. Reduce non-beneficial evaporation and
non-beneficial discharges to sinks.

3. Increase the amount of benefits per unit of
beneficial evaporation® and beneficial dis-
charges to sinks.

4. Reduce water pollution.®

5. Reduce waterlogging and flood damage.
6. Reallocate water from lower- to higher-
valued uses.

There is a large array of technologies,
policies and managerial systems that can be
employed for achieving these objectives
under specific conditions of time and place.
But these systems are a subject beyond the
scope of this chapter. We strongly believe
that before you act you must think, that
sound theory is a necessary (but not suffi-
cient) condition to effective action and that,
per contra, poor theory can lead to ineffec-
tive and even counterproductive actions.
Many of the problems of water-resources
management today are due to the imple-
mentation of false, erroneous or misapplied
concepts of efficiency in water-resources
policy and management. We hope that the
discussion in this chapter will help to
resolve that problem.
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Abstract

Rice production in Asia needs to increase to feed a growing population. Though a complete assessment
of the level of water scarcity in Asian rice production is still lacking, there are signs that declining quality
of water and declining availability of water resources are threatening the sustainability of the irrigated
rice-based production system. Drought is one of the main constraints for high yield in rain-fed rice.
Exploring ways to produce more rice with less water is essential for food security and sustaining envi-
ronmental health in Asia. This chapter reviews the International Rice Research Institute (IRRI)’s inte-
grated approach, using genetics, breeding and integrated resource management to increase rice yield and
to reduce water demand for rice production. Water-saving irrigation, such as saturated-soil culture and
alternate wetting and drying, can drastically cut down the unproductive water outflows and increase
water productivity. However, these technologies mostly lead to some yield decline in the current lowland
rice varieties. Other new approaches are being researched to increase water productivity without sacri-
fice in yield. These include the incorporation of the C, photosynthetic pathway into rice to increase rice
yield per unit water transpired, the use of molecular biotechnology to enhance drought-stress tolerance
and the development of ‘aerobic rice’, to achieve high and sustainable yields in non-flooded soil.
Through the adoption of water-saving irrigation technologies, rice land will shift away from being con-
tinuously anaerobic to being partly or even completely aerobic. These shifts will have profound changes
in water conservation, soil organic-matter turnover, nutrient dynamics, carbon sequestration, soil pro-
ductivity, weed ecology and greenhouse-gas emissions. Whereas some of these changes can be perceived
as positive, e.g. water conservation and decreased methane emission, some are perceived as negative,
e.g. release of nitrous oxide from the soil and decline in soil organic matter. The challenge will be to
develop effective integrated natural-resource-management interventions, which allow profitable rice cul-
tivation with increased soil aeration, while maintaining the productivity, environmental services and sus-
tainability of rice-based ecosystems.

Introduction 90% of total diverted fresh water. Rice is an

obvious target for water conservation: it is

The past years have seen a growing scarcity ~grown on more than 30% of irrigated land
of water worldwide. The pressure to reduce and accounts for 50% of irrigation water
water use in irrigated agriculture is mount-  (Barker et al., 1999). Reducing water input in
ing, especially in Asia, where it accounts for rice production can have a high societal and
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environmental impact if the water saved can
be diverted to areas where competition is
high. A reduction of 10% in water used in
irrigated rice would free 150,000 million m3,
corresponding to about 25% of the total fresh
water used globally for non-agricultural pur-
poses (Klemm, 1999). However, rice is very
sensitive to water stress. Attempts to reduce
water in rice production may result in yield
reduction and may threaten food security in
Asia. Reducing water input for rice will
change the soil from submergence to greater
aeration. These shifts may have profound —
and largely unknown - effects on the sus-
tainability of the lowland rice ecosystem.
Our challenge is to develop socially accept-
able, economically viable and environmen-
tally sustainable novel rice-based systems
that allow rice production to be maintained
or increased in the face of declining water
availability. This chapter reviews the status
of water resources in rice-growing areas and
the opportunities and challenges of growing
more rice with less water.

Water Resources in Rice-growing Areas

Rice can be grown under irrigated (lowland)
or rain-fed (upland or lowland) conditions.
Rain-fed rice occupies about 45% of the
global rice area and accounts for about 25%
of the rice production. Drought has been
identified as one of the main constraints for
improving yield, which currently averages
2.3 t ha™l. According to Garrity et al. (1986),
50% of rain-fed lowland and all rain-fed
uplands are drought-prone. Severe and mild
droughts often occur in predominantly rain-
fed rice areas, such as north-east Thailand,
Laos, central Myanmar and east and north-
east India (Plate 1).

More than 75% of the rice supply comes
from 79 million ha of irrigated lowlands.
Rice production in the subtropical regions of
north and central China, Pakistan and north-
west India mostly depends on wet-season
(summer) rainfall, with supplementary irri-
gation (Plate 2a). Dry-season irrigated rice is
concentrated in south China, south and east
India and the whole of South-East Asia (Plate
2b). In-depth assessment of the availability

of irrigation water in the irrigated rice area is
lacking. By overlaying the International
Water Management Institute IWMI)’s water-
scarcity atlas (IWMI, 2000) with the
International Rice Research Institute (IRRI)’s
rice-area maps, it is expected that wet-season
irrigated rice areas in north China (2.5 mil-
lion ha), Pakistan (2.1 million ha) and north
and central India (8.4 million ha) will experi-
ence ‘physical water scarcity’ by 2025 (Plate
2a). In addition, about 2 million ha of the
dry-season irrigated rice in central India
(Plate 2b) will suffer physical scarcity. Most
of the approximately 22 million ha dry-
season irrigated rice areas in south and
South-East Asia fall in the ‘economic water
scarcity’ zone. However, there may be an
overestimation of the water availability in the
dry season because IWMI's water-scarcity
calculations are based on the annual water
balance. In principle, water is always scarce
in the dry season, when the lack of rainfall
makes cropping impossible without irriga-
tion. Thus, there may be rice areas in the ‘eco-
nomic water scarcity’ zone affected by
‘physical water scarcity” in the dry season.
There is evidence that water scarcity
already prevails in rice-growing areas (Plate
3). Consequent overexploitation of ground-
water in the last decades has caused serious
problems in China and south Asia (Postel,
1997; Sha et al., 2000; Shu Geng et al., 2001).
Groundwater tables have dropped, on aver-
age, by 1-3 m year ! in the North China
Plain, by 0.5-0.7m year™! in the Indian
states of Punjab, Haryana, Rajasthan,
Maharashtra, Karnataka and northern
Gujarat and by about 1 m year~! in Tamil
Nadu and hard-rock southern India. This
has led to increased costs of pumping, salin-
ity intrusion, fluoride contamination, land
subsidence and the formation of cracks and
sink holes (North China Plain). These major
groundwater-depletion areas affect rice pro-
duction in the rice-wheat-growing areas in
northern India, Pakistan and China and in
the rice-growing areas in Tamil Nadu. In the
Ganges delta of Bangladesh, overdrawing
of groundwater in the dry season leads to
wells falling dry in rice-producing areas,
but water levels are restored during the wet
season. A specific problem attributed to
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falling groundwater tables here (and in
parts of eastern India) is the appearance of
poisonous arsenic.

Heavy upstream water use along some
major rivers in Asia is causing severe water
shortages downstream. China’s Yellow River,
which flows for 4600 km through some of
Asia’s richest farmland, has run dry nearly
every year since 1972 (Postel, 1997; Shu Geng
et al., 2001). Such is the demand on its water
that, in 1997, its final 600 km were dry for
more than 4 months. The government of
China has prohibited flooded rice cultivation
around Beijing (Wang Huagqi et al., 2003). In
south Asia, the Ganges and Indus Rivers
have little to no outflow to the sea in the dry
season. Less dramatic, but more important
for rice-growing areas, is the fact that heavy
competition for river water between states
and different sectors (city, industry) is caus-
ing water scarcity for agriculture in southern
India’s Cauvary delta and in Thailand’s
Chao Phraya delta (Postel, 1997).

Irrigated rice production is also increas-
ingly facing competition from other sectors.
The irrigated rice area in China was
reduced by 4 million ha between the 1970s
and the 1990s (Barker et al., 1999). Though it
is not possible to claim that this reduction
in irrigated rice area is entirely due to water
scarcity, there is evidence that the reduced
area is related to the reduction in the

amount of water that is diverted to irrigate
rice land. For example, in the 160,000 ha
Zhanghe irrigation system (Hubei Province,
China), the share of water allocated for irri-
gation was dominant (about 80%) until the
1980s. Afterwards, Zhanghe reservoir water
was increasingly used to meet the growing
demand for water by cities and industry
and for hydropower generation, and the
amount of water allocated for irrigation
declined to about 20% in the late 1990s. The
irrigated rice area in the 1990s was reduced
by about 20% from the level in the 1980s
(Fig. 4.1). As a consequence, rice production
was also reduced (Dong Bin ef al., 2001).
Similar examples of increased competition
exist elsewhere in Asia. Water from the
Angat reservoir in Bulacan Province, the
Philippines, is increasingly diverted
towards Manila at the expense of down-
stream water availability for agriculture
(Bhuiyan and Tabbal, as cited in Pingali et
al., 1997, pp. 196-197). In other areas, water
availability is threatened by degrading
water quality caused by industrial pollu-
tion. Water in the Agno River in the
Pangasinan Province is polluted with sedi-
ments and chemicals from mining activities
upstream (Castafieda and Bhuiyan, 1993).
Postel (1997) listed examples of competition
between industrial and agricultural uses of
water in India.
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Fig. 4.1. Irrigated rice area (10° ha), rice production (108 kg) and irrigation water (108 m?) from reservoir
(1966-1998), Zhanghe irrigation system, Hubei province, China (from Dong Bin et al., 2001).
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Water Productivity in Rice
Rice and water input

Lowland rice in Asia is mostly transplanted
or direct (wet)-seeded into puddled, lowland
paddy-fields. Land preparation of a paddy
consists of soaking, ploughing and puddling.
Puddling is mainly done for weed control but
it also increases water retention, reduces soil
permeability and eases field levelling and
transplanting (De Datta, 1981). Soaking is a
one-time operation and requires water to
bring the topsoil to saturation and to create a
ponded water layer. There are often ‘idle
periods’ in between tillage operations and
transplanting, prolonging the land prepara-
tion period up to 1-2 months in large-scale
irrigation systems (Tuong, 1999). The crop
growth period runs from transplanting to
harvest. During this period, fields are flooded
with typically 5-10 cm of water until the final
drainage some 10 days before the harvest.
Under flooded conditions, water is
required to match outflows (seepage (S) and
percolation (P)) to the surroundings and
depletions to the atmosphere (evaporation (E)
and transpiration (T)). The flow rates of S and
P are governed by the water-head (depth of
ponded water) on the field and the resistance

to water movement in the soil. Because they
are difficult to separate in the field, S and P
are often taken together as one term, i.e. SP.
SP can be as high as 25 mm day ! during land
preparation, because soil cracks do not close
completely during land soaking (Tuong et al.,
1996). Typical SP rates for paddy-fields dur-
ing the crop growth period vary from 1-5 mm
day~! in heavy clay soils to 25-30 mm day ™!
in sandy and sandy loam soils (Wickham and
Singh, 1978; Jha et al.,, 1981). Only E (from
ponded water or moist soil) takes place dur-
ing land preparation, whereas both E (from
soil and water surface between crops) and T
occur during the crop growth period. Since it
is difficult to separate E and T during crop
growth, they are often expressed in one term,
evapotranspiration (ET). Typical ET rates of
rice in Asia range from 4 to 7 mm day~! (De
Datta, 1981; Tuong, 1999).

The water input in paddy-fields depends
on the rates of the outflow processes and on
the duration of land preparation and crop
growth. For a typical 100-day season of mod-
ern high-yielding rice, the total water input
varies from 700 to 5300 mm, depending on
climate, soil characteristics and hydrological
conditions (Table 4.1), with 1000—2000 mm as
a typical value for many lowland areas. Of
all outflows of water from a paddy-field,

Table 4.1. Typical daily rates of water outflows and seasonal water input in lowland rice

production in the tropics.

Daily (mm day~")

Duration (days) Season (mm)

Land preparation
Land soaking

Evaporation 4-6
Seepage and percolation 5-30
Total land preparation
Crop growth period
Evapotranspiration
Wet season 4-5
Dry season 6-7
Seepage and percolation
Heavy clays 1-5
Loamy/sandy soils 15-30

Total crop growth

Total seasonal water input

Typical range of values for total seasonal water input

100-500
7-30 28-180
7-30 35-900
160-1580
100 400-500
100 600-700
100 100-500
100 1500-3000
5003700
6605280
1000-2000
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only T is “productive’ water use, since it
leads directly to crop growth and yield for-
mation. Most of the water input to a rice-
field, however, is to compensate for E during
land preparation and SP during land prepa-
ration and the crop growth period. These
flows are unproductive as they do not con-
tribute to crop growth and yield formation.

Water productivity

Water productivity is the amount of grain
yield obtained per unit water. Depending on
the type of water flows considered, water
productivity can be defined as grain yield
per unit water evapotranspired (WPg;) or
grain yield per unit total water input (irriga-
tion plus rainfall) (WP;). At the field level,
WP, values under typical lowland condi-
tions range from 0.4 to 1.6 g kg™! and WP,
values from 0.20 to 1.1 g kg ! (Tuong, 1999;
Bouman and Tuong, 2001). The wide range
of WPy, reflects the large variation in rice
yield as well as in ET caused by differences
in environmental conditions under which
rice is grown. Compared with other C,-type
food crops, such as wheat, rice has only

slightly lower WP, values (Table 4.2).
However, the WP, of rice is somewhat less
than half that of wheat. The relatively low
WP, of rice is largely due to the high unpro-
ductive outflows discussed above (SP and E).

Besides the yield and the size of field-
level water outflows, the scale and the
boundary of the area over which water pro-
ductivity is calculated greatly affect its value.
This is because the outflow ‘losses’ by S, P
and runoff at a specific location (or field) can
be reused at another location within the area
under consideration. Data on water produc-
tivity across scales are useful parameters to
assess whether water outflows upstream are
effectively reused downstream. So far, we
have found only a few reliable data on the
water productivity at different scale levels
within irrigation systems (Table 4.3). These
limited data suggest that water productivi-
ties at scale levels larger than the field level
vary widely and are within the variation of
water productivities at the field level. The
paucity of data on water productivity at
scale levels higher than the field level reflects
the lack of: (i) data on water flows or yield or
both at such scales; and (ii) cooperation
between those who work in agriculture (who

Table 4.2. Water productivity of rice, wheat and maize in terms of grain yield (g) per kg of water
evapotranspired (WP;) and per kg of total water (rainfall plus irrigation) input (WP ) (adapted from

Tuong, 1999).

WP, WP, Source of data used in calculating water productivity Location
Rice
0.05-0.25 Bhatti and Kijne (1992), rainwater not included Pakistan
1.39-1.61 0.29-0.39 Bhuiyan et al. (1995), wet-seeded rice Philippines
1.1 Sandhu et al. (1980) India
0.88-0.95 0.33-0.58 Kitamura (1990), dry season Malaysia
0.89 Mishra et al. (1990) India
0.4-0.5 Khepar et al. (1997) India
0.2-0.4 Bouman and Tuong (2001); 24 data sets India
0.3-1.1 Bouman and Tuong (2001); 16 data sets Philippines
Wheat
1.0-2.0 Turner (1997) Australia
1.0-1.5 1.0-1.6 Deju and Lu Jingwen (1993), winter wheat China
0.65 0.8 Sharma et al. (1990) India
0.87 0.79 Pinter et al. (1990)
Maize
2.8 2.2-3.9 Stegman (1982) USA
1.9-2.8 1.9-2.5 Moridis and Alagcan (1992) Philippines
1.7-21 1.6-1.7 Stockle et al. (1990) USA
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Table 4.3. Water productivity (g rice kg~' water) in respect of evapotranspiration (WP;), irrigation (WP))

and total water input (WP,;) at different scales.

Area (ha) WP, WP, WP, Location Source
30-50 0.5-0.6 1-1.5 0.25-0.27 Muda irrigation system, Cabangon et al. (2002)
Kendal, Malaysia
287-606 1-1.7  0.4-1 - Zhanghe irrigation system, Dong Bin et al. (2001)
Hunan, China
Over 10° - 125 05-1.3

may have production data) and those who
work in the water-management sector (who
may have water-flow data).

Strategies for Increasing Water
Productivity at the Field Level

Increasing water productivity at the field
level can be accomplished by: (i) increasing
the yield per unit cumulative ET; (ii) reduc-
ing the unproductive water outflows and
depletions (SP, E); or (iii) making more effec-
tive use of rainfall. The last strategy is
important from the economic and environ-
mental points of view, where the water that
needs to be provided through irrigation can
be offset by that supplied or replaced
entirely by rainfall.

Increasing yield per unit ET: germplasm
development and agronomic practices

Germplasm development has played an
important role in increasing water produc-
tivity in rice production. By increasing yield
and simultaneously reducing crop duration
(and therefore the outflows of ET, S and P),
the modern ‘IRRI varieties’ have about a
threefold increase in water productivity com-
pared with the traditional varieties. Most of
the increase in WP, however, occurred in
cultivars released before 1980 (Tuong, 1999).
This is because the increase in yield from
1966 to the early 1980s is coupled with a
decrease in growth duration, whereas culti-
vars released after the mid-1980s have a
longer duration than those released before
1980 (Peng et al., 1998). Advancement in the
development of tropical japonicas (also

called the mew plant type’ (IRRI, 1998)) and
hybrid rice will enhance water productivity.
Peng et al. (1998) reported that the ratio of
photosynthesis to T was 25-30% higher for
the tropical japonica than for the indica type.

In the low-fertility, drought-prone rain-
fed environments, breeders have been most
successful in manipulating drought escape.
Exposure to drought is minimized by reduc-
ing crop duration or by minimizing the risk
of coincidence of sensitive crop stages with
water-deficit periods. The progress in breed-
ing for drought tolerance is less spectacular,
and the difficulties encountered are often
blamed on the genetic complexity of the trait
and its interaction with the environment.
Nevertheless, drought-resistant varieties are
being bred and released in upland and
drought-prone rain-fed lowland areas.
Salinity-tolerant varieties, such as Ir51500-
AC11-1, allow us to grow rice in areas where
salinity problems exclude the cultivation of
conventional lowland varieties.

Improved agronomic practices, such as
site-specific nutrient management, good
weed management and proper land levelling,
can increase rice yield significantly without
affecting ET and, therefore, may result in
increased water productivity (Moody, 1993;
Tuong et al., 2000; Hill et al., 2001).

Reducing unproductive water outflows

Large reductions in water input can be
potentially realized by reducing the unpro-
ductive E and SP flows during land prepara-
tion and during the crop growth period
(Tuong, 1999; Bouman and Tuong, 2001).
There are basically three ways to do so: (i)
minimizing the idle periods during land



Rice Production in Water-scarce Environments 59

preparation; (ii) increasing the resistance to
water flow in the soil; and (iii) decreasing the
hydrostatic water pressure.

Minimizing idle periods during land
preparation

In transplanted rice, seedlings are usually
nurtured in a seedbed for about 2-4 weeks. In
irrigation systems that lack tertiary and field
channels and with field-to-field irrigation, all
the fields surrounding the seedbeds are being
tilled (land preparation) and flooded during
this period. This land-preparation period can
be shortened by the provision of tertiary
infrastructure to: (i) supply irrigation water
directly to the nurseries without having to
submerge the main fields; and (ii) allow
farmers to carry out their farming activities
independently of the surrounding fields
(Tuong, 1999). In the Muda irrigation
scheme, Malaysia, increasing the canal and
drainage intensity from 10 to 30 m ha™! has
enabled farmers to shorten their land prepa-
ration by 25 days, resulting in annual water
savings of 375 mm in two rice cropping sea-
sons (Abdullah, 1998). In some countries,
such as Vietnam and China, specific land
areas are set aside for community seedbeds,
which can be irrigated independently.
Another way to reduce the idle period
during land preparation in irrigation systems
without tertiary canals is the use of direct
seeding (Bhuiyan et al., 1995). However, the
crop growth period in the main field of trans-
planted rice is shorter than that of direct-
seeded rice. Thus, the amount of water saved
by direct seeding depends on the balance
between the reduction in water use caused by
shortened land preparation and the increase
in water use caused by prolonged crop
growth duration in the main field (after crop
establishment (Cabangon et al., 2002)).

Soil management to increase resistance to
water flow

The resistance to water flow can be increased
by changing the soil physical properties.
Cabangon and Tuong (2000) showed the
beneficial effects of an additional shallow
soil tillage before land preparation to close

cracks that cause rapid bypass flow at land
soaking. Thorough puddling results in a
good compacted plough soil that impedes
vertical water flow (De Datta, 1981). Soil
compaction using heavy machinery has been
shown to decrease soil permeability in north-
east Thailand in sandy and loamy soils with
at least 5% clay (Sharma et al, 1995).
Researchers have even experimented with
introducing physical barriers underneath
paddy soils, such as bitumen layers and
plastic sheets (Garrity et al., 1992). However
effective, though, soil compaction and physi-
cal barriers are expensive and beyond the
financial scope of most farmers.

Water management to reduce hydrostatic
pressure

Reducing S and P flows through reduced
hydrostatic pressure can be achieved by
changed water management (Bouman et al.,
1994). Instead of keeping the rice-field contin-
uously flooded with 5-10 cm of water, the
floodwater depth can be decreased, the soil
can be kept around saturation (saturated soil
culture (SSC)) or alternate wetting and drying
(AWD) regimes can be imposed. Soil satura-
tion is mostly achieved by irrigating to about
1 cm water depth a day or so after disappear-
ance of standing water. In AWD, irrigation
water is applied to obtain 2-5 cm floodwater
depth after a larger number of days (ranging
from 2 to 7) have passed since the disappear-
ance of ponded water. Wei Zhang and Si-tu
Song (1989) reported yield increase under
AWD. Our recent work indicates, however,
that these are the exception rather than the
rule (Bouman and Tuong, 2001; Tabbal et al.,
2002b). In most cases, SSC and AWD decrease
yield. The level of yield decrease depends
largely on the ground water-table depth, the
evaporative demand and the drying period in
between irrigation events (in the case of
AWD). Mostly, however, relative reductions
in water input are larger than relative losses
in yield, and therefore water productivities in
respect of total water input increase (Fig. 4.2).
In some cases, AWD even doubled the water
productivity compared with conventional
flooded irrigation, but with yield reductions
up to 30% (e.g. Tabbal et al., 1992).
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Fig. 4.2. Relative yield versus relative water input. The 4 markers are data from SSC treatments or having
only 1 day no standing water between irrigation turns (N = 31); the & markers are from AWD treatments (N
= 149). Relative yield is calculated as yield in the water-saving treatment over yield of control treatment
with ponded water. Relative water input is calculated as the total water input (irrigation plus rainfall) in the
water-saving treatment over that in the control treatment. (From Bouman and Tuong, 2001.)

Using Rainfall More Effectively

Dry-seeded rice technology offers a signifi-
cant opportunity for conserving irrigation
water by using rainfall more effectively. In
transplanted and wet-seeded rice systems,
farmers normally wait for delivery of canal
water before they start land soaking. In dry-
seeded rice, land preparation is done with
dry or moist soil conditions and is started
using early monsoonal rainfall. Crop emer-
gence and early growth also occur in the
early part of the monsoon, and only later,
when canal water is available, is the crop
irrigated as needed. Tabbal et al. (2002a)
demonstrated the feasibility of dry-seeded
rice in wet-season irrigated areas in the
Philippines. Cabangon ef al. (2002) reported
that dry-seeded rice significantly increased
water productivity in respect of irrigation
water over wet-seeded and transplanted rice
in the Muda irrigation scheme, Malaysia
(Table 4.4). However, it was also observed

that all three crop-establishment practices
had similar total water input and water pro-
ductivity in respect of total water input. An
additional advantage of dry seeding is the
early establishment of the crop, which may
allow farmers to grow an extra crop after
harvest on residual soil moisture (My et al.,
1995; Saleh and Bhuiyan, 1995) or using
saved irrigation water. In purely rain-fed
systems, early establishment and harvest of
dry-seeded rice allows the rice plants to
escape any late-season drought and hence
improve the yield and its reliability.

Emerging Approaches
Raised beds for saturated soil culture
Implementing SSC requires good water con-
trol at the field level, and frequent turns of

shallow irrigation, which are labour-intensive.
Borell et al. (1997) experimented with raised
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Table 4.4. Mean = st of grain yield (t ha~') and water productivity (g rice kg™'
water) in respect of irrigation (WP,), to total water input (WP, 5), to evapotranspira-
tion from rice area + evaporation from non-rice area (WP, ) and to evapotran-
spiration from rice area (WP;), in dry-seeded (DS), wet-seeded (WS) and

transplanted (TP) irrigation service units (ISU) (from Cabangon et al., 2002).

Parameter DS ISU WS ISU TP ISU

Yield 4.14 017 4.50 +0.23%° 4.79 +0.232
WP, 1.48 +0.262 0.62 + 0.30° 1.00 £ 0.30°
WP, 0.27 +0.022 0.26 + 0.022 0.25 + 0.022
WP, e 0.38 +0.022 0.42 +0.022 0.39 +0.022
WP, 0.48 +0.03° 0.53 + 0.04° 0.61 £ 0.042

*In a row, mean =+ SE followed by the same letter are not significantly different at

the 5% level by least significant difference.

SE, standard error.

beds in Australia to facilitate SSC practices.
Water in the furrows (30 cm width and 15 cm
depth) kept the beds (120 cm wide) at satura-
tion. Compared with flooded rice, water sav-
ings were 34% and yield losses 16-34%.
Thompson (1999) found that SSC in southern
New South Wales, Australia, reduced both
irrigation-water input and yield by a bit
more than 10%, thus maintaining the
irrigation-water productivity. Yield decline
due to cold damage is likely for current vari-
eties grown using SSC in that environment.
Borell et al. (1997) pointed out the need for
further research to determine which compo-
nents of the water balance were responsible
for the differences in total water use.

The benefits of growing rice on raised
beds with SSC may be extended to a post-rice
crop, such as wheat in the rice-wheat system.
The productivity of crops sown after rice is
often low due to poor soil physical structure
and waterlogging from winter rainfall and
spring irrigation. A bed system may improve
drainage conditions for a post-rice crop.

Aerobic rice

A fundamental approach to reducing water
inputs in rice is to grow the crop like an irri-
gated upland crop, such as wheat or maize.
Instead of trying to reduce water input in
lowland paddy-fields, the concept of having
the field flooded or saturated is abandoned
altogether. Upland crops are grown in non-

puddled, aerobic soil without standing
water. Irrigation is applied to bring the soil
water content in the root zone up to field
capacity after it has reached a certain lower
threshold. The amount of irrigation water
should match E from the soil and T by the
crop (plus any application inefficiency
losses). The potential water savings when
rice can be grown as an upland crop are
large, especially on soils with high SP rates
(Bouman, 2001). Besides cutting down on SP
losses, E is also reduced, since there is no
standing-water layer.

De Datta et al. (1973) experimented with
the cultivation of a high-yielding lowland rice
variety (IR20) like an upland crop under fur-
row irrigation. Total water savings were 56%
and irrigation water savings 78% compared
with growing the crop under flooded condi-
tions. However, the yield was reduced from
7.9 tha ! to 3.4 tha™!. Studies on non-flooded
irrigated rice using sprinkler irrigation were
conducted in Louisiana and Texas, USA
(Westcott and Vines, 1986; McCauley, 1990).
The experiments used commercial lowland
rice cultivars. Irrigation water requirements
were 20-50% less than in flooded conditions,
depending on soil type, rainfall and water
management. The highest-yielding cultivars
(producing 7-8 t ha™! under flooded condi-
tions), however, had yield reductions of
20-30% compared with flooded conditions.
The most drought-resistant cultivars pro-
duced the same under both conditions, but
yield levels were much lower (5-6 t ha™?).
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New varieties must be developed if the
concept of growing rice like an irrigated
upland crop is to be successful. Upland rice
varieties exist, but have been developed to
give stable though low yields in adverse
environments where rainfall is low, irriga-
tion is absent, soils are poor or toxic, weed
pressure is high and farmers are too poor to
supply high inputs. IRRI recently coined the
term ‘aerobic rice’ to refer to high-yielding
rice grown in non-puddled, aerobic soil
(Bouman, 2001). Aerobic rice has to combine
characteristics of both the upland and the
high-yielding lowland varieties. Evidence for
its feasibility comes from Brazil and northern
China. In Brazil, aerobic rice cultivars have
come out of a 20-year breeding programme
to improve upland rice with yields of 5-7 t
ha~! under sprinkler irrigation in farmers’
fields (Silveira Pinheiro and Maia de Castro,
Los Barfios, Philippines, September 2000, per-
sonal communication). These varieties are
grown commercially on 250,000 ha in the
state of Mato Grosso. In north China, aerobic
rice cultivars called Han Dao have been
developed that yield up to 6-7.5 t ha™!
under flash irrigation in bunded fields
(Wang Huagqi et al., 2003). In a recent study of
farmers testing aerobic rice in north China, it
was found that yields of 4.6-6.6 t ha~! were
obtained with as little as 476—612 mm of total
water input on loamy soils (Bouman et al.,
2002). It is estimated that Han Dao varieties
are now being pioneered on some 120,000 ha
in the North China Plains.

Biotechnology

The recent advances in genomics, the devel-
opment of advanced analytical tools at the
molecular level and genetic engineering pro-
vide new avenues for raising the yield
potential and enhancing drought-stress toler-
ance. For example, the incorporation of the
C, photosynthetic pathway into rice (being a
C, plant), if achieved, can potentially
increase water productivity by 80% (J.E.
Sheehy, personal communication). Table 4.2
also indicates that water productivity of
maize (a C, crop) is significantly higher than
that of rice and wheat (C, crops).

The currently slow progress in breeding
for drought tolerance may be accelerated by
the discovery and subsequent manipulation
of regulatory genes underlying the complex
physiological and biochemical responses of
rice plants to water deficitt Common
research tools, tolerance mechanisms and
breeding solutions are emerging across the
evolutionary diversity of crops and plants.
The enormous public- and private-sector
investments in genomic analysis of
Arabidopsis thaliana, the cereals and other
crops are already contributing greatly to
these efforts (Bennett, 2001). Much effort is
currently being directed to developing mole-
cular markers for the maximum rooting
depth (Champoux et al., 1995), the capacity
of roots to penetrate hard pans (Ray et al.,
1996) and the capacity of the plant to osmoti-
cally adjust to water deficit (Lilley and
Ludlow, 1996).

Opportunities and Challenges in the
Adoption of Water-saving Practices

Growing rice in continuously flooded fields
has been taken for granted for centuries, but
the ‘looming water crisis’ may change the
way rice is produced in the future. Water-
saving irrigation technologies that were
investigated in the early 1970s, such as SSC
and AWD, are receiving renewed attention
by researchers (Bouman and Tuong, 2001).
The basic ingredients of implementing these
technologies seem to be in place. But so far,
except for China (Li, 2001), the adoption of
these technologies has been slow. The chal-
lenge is to identify the environmental and
socio-economic conditions that encourage
farmers to adopt them. In this respect, our
research is far from complete. We can, how-
ever, identify important factors that affect
the farmers’ acceptance of water-saving
technologies.

Unlike fertilizers and pesticides, water is
generally not actively traded on markets in
Asia, and government-administered fees
for irrigation water are often low or zero.
This discourages farmers from treating
water as a scarce resource. Farmers have no
incentive to adopt water-saving technolo-
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gies because water conservation does not
reduce the farming expenditures nor does
it increase income. It can be expected that,
when water becomes a real economic good,
farmers are more inclined to adopt water-
saving technologies. There is evidence that
farmers in Asia who are confronted with
high costs of water already adopt such
technologies. In certain areas in China,
where farmers are charged by the volume
of water they use, various forms of AWD
and reduced floodwater depths have been
widely adopted (Li, 2001). Farmers in
north-central India (A.K. Singh, Los Bafios,
Philippines, April 2000, personal communi-
cation) who operate pumps to irrigate their
fields consciously apply some form of AWD
to save pumping costs. Experiences in
Australia also show that water trading, by
which farmers can sell their water rights to
others, encourages farmers to adopt water-
conservation measures.

Water-saving technologies that improve
productivity and income will be readily
accepted by farmers. Dry seeding is widely
practised in drought-prone rain-fed sys-
tems because of its ability to increase rice
yield and its stability and cropping inten-
sity (My et al., 1995; Saleh and Bhuiyan,
1995). In irrigated systems, however, water-
saving technologies are mostly associated
with some reduction in yield. Technologies
that save water for rice and increase pro-
ductivity of a post-rice crop will be more
acceptable to farmers. The prospect of
raised beds to increase the total system pro-
ductivity of the rice-wheat system opens
up opportunities to save water. Similarly,
farmers may accept dry-seeding technolo-
gies in irrigated systems to reduce the
labour cost of transplanting and wet land
preparation.

All water-saving technologies, from SSC
to AWD to dry seeding and aerobic rice,
reduce water depth and expose rice-fields to
periods without standing water. Poor level-
ling of rice-fields is common in Asia, leading
to heterogeneity in the depth of standing
water. This will result in a more competitive
and diverse weed flora than in rice under
conventional water management. On-farm
research has shown that precise land level-

ling can improve the establishment of direct-
seeded rice and increase water productivity
(Hill et al., 2001). Improving farmers” knowl-
edge on improved (integrated) weed man-
agement will enhance their acceptance of
water-saving technologies.

Suitable policies, institutional organiza-
tion and legislation are needed to promote
the adoption of water-saving technologies.
The establishment of water-user groups and
the implementation of volumetric water
charging may be the most important ele-
ments behind the successful adoption of
AWD in China. New laws prohibiting
flooded rice cultivation in parts of the North
China Plain and around Beijing are expected
to increase farmers’ interest in aerobic rice
cultivation.

Environmental Impact and Challenges
for Sustainable Management of Water-
limited Rice Production Systems

Soil submergence is a unique feature of irri-
gated lowland rice ecosystems. Lowlands
producing two or three rice crops per year
on submerged soils are highly sustainable,
as indicated by sustained nutrient supply
capacity, sustained soil carbon levels and
sustained trends in rice yields (Buresh et al.,
2001). However, the continuous submer-
gence of soil promotes the production of
methane, an important greenhouse gas, by
the anaerobic decomposition of organic
matter. Temporary soil aeration, such as
under AWD, can reduce methane emission.
Prolonged aeration of soil, such as in aero-
bic rice, can even reduce methane emission
further. Soil aeration, on the other hand, can
increase the emission of nitrous oxide,
another greenhouse gas. Emissions of
methane and nitrous oxide are strongly
related to the soil redox potential, a mea-
sure of soil oxidation status. Hou et al.
(2000) suggested that both methane and
nitrous oxide emissions could be minimized
by maintaining the soil redox potential
within a range of —100 to +200 mV. An
important research area is to assess whether
water-saving technologies can achieve such
an intermediate soil redox potential.
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Increased soil aeration under AWD and in
aerobic rice will also affect the capacity of soil
organic matter and the capacity of the soil
nutrient supply. The more competitive weed
flora associated with water-saving technolo-
gies may require a greater reliance on herbi-
cides (Naylor, 1996), which challenges
environmental sustainability. Critical issues
for water-saving technologies may include
how much water and how frequent soil sub-
mergence is required for sustaining the pro-
ductivity and services of rice ecosystems.

The impact of on-farm water saving on
the role of water in sustaining environmental
health warrants further investigation. In
many basins, the drainage and percolation

environmental role in sustaining the
fresh-saline water balance in estuaries.
Reducing the outflows may result in
increased salinity intrusion. The reported
increased salinity in the Chao Phraya delta,
Thailand, is an example. The drying up of the
lower reaches of rivers and declining water
tables (see examples in section under Water
Resources in Rice-growing Areas) indicate
that the basin is closing in such areas (Seckler,
1996) and that all the utilizable outflows from
upstream have been reused. Water-saving
practices that aim at reducing the drainage
and percolation outflows from paddies are
important options for farmers to maintain
rice cultivation in the face of water scarcity,

outflows from rice-fields return to the lower
reaches of the rivers. They play an important

but they may not increase the water availabil-
ity of the whole basin.
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5 Managing Saline and Alkaline Water for
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Abstract

Two major approaches to improving and sustaining high agricultural productivity in a saline environ-
ment involve: (i) modifying the environment to suit the available plants; and (ii) modifying the plants to
suit the existing environment. They could be used separately or together to make possible the productive
utilization of poor-quality water without compromising the sustainability of the production resource at
different management levels. This chapter discusses the issues arising from the use of these approaches
as related to the use of marginal-quality water, at both field and irrigation-system levels.

The results are reviewed of field studies encompassing areas with low to moderate monsoonal rainfall
(400-600 mm), underlain by saline/alkaline water and supplemented with deficit canal-water supplies,
sufficient only to meet 40-50% of irrigation requirements. Analysis of the results indicates that there are
good possibilities of achieving reasonably high water productivity on a sustainable basis by appropriate
technological interventions. Some important interventions that have been identified include in situ con-
servation of rainwater in precisely levelled fields; blending saline/alkaline and fresh water to keep the
resultant salinity below threshold or to achieve its amelioration; and, if residual sodium carbonate cannot
be brought down to acceptable levels, dilution-blending or cyclic application and scheduling irrigation
with salty water at less salt-sensitive stages. In high-water-table areas, provision of subsurface drainage
facilitates the use of higher-salinity water, reducing the overall irrigation requirement. At higher levels of
irrigation systems, it was found that water productivity in saline environments can be improved by a
number of measures. These include reallocation of water to higher-value crops with a limited irrigation
requirement, spatial reallocation and transfer of water-adopting polices that favour development of
water markets and reducing mineralizing of fresh water by minimizing application and conveyance
losses that find a path to saline aquifers.

In spite of the technological advances that mitigate salinity damage and the likely economic advan-
tages, there is always a need to exercise caution while practising irrigation with salty water for maintain-
ing sustained productivity.

Introduction strategies, is severely constrained by salinity

of land as well as of water. Salinity of water is

Water productivity in agriculture, which is more common than that of the land and it is
often used as a criterion for decision-making often the cause of salinity development in
on crop-production and water-management soils, largely because of the misuse of salty

© CAB International 2003. Water Productivity in Agriculture: Limits and
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water for crop production. There are two
major approaches to improving and sustain-
ing productivity in a saline environment:
modifying the environment to suit the plant
and modifying the plant to suit the environ-
ment. Both these approaches have been used,
either singly or in combination (Tyagi and
Sharma, 2000), but the first approach has
been used more extensively because it
enables the plants to respond better not only
to water but also to other production inputs.
The development of the management options
requires the analysis of sensitivity parameters
that affect interaction between salinity and
crop yield (Zeng et al., 2001). The sensitivity
of crop growth stages often determines man-
agement options to minimize yield reduc-
tions and to promote the use of salty water.
Most management practices aim at keeping
salinity in the crop root zone below the
threshold salinity of the given crop at the
growth stage in consideration. Though the
general threshold limits are fairly well estab-
lished (Maas, 1990), the threshold salinities
for different stages are not well defined. The
information gap is more serious for alkaline
water than for saline water.

Most studies on the effect of salty water
on crop yield refer to individual crops, but,
in actual practice, the interseasonal salinity
balance that actually influences the crop
yields is greatly modified by the cropping
sequence. The management practices also
vary according to the cropping system fol-
lowed. Therefore, it is important to consider
the saline/alkaline water-use practices not
only for individual crops but also for the
cropping system.

In the past, water productivity has been
expressed either in terms of irrigation effi-
ciency (the term mostly used by engineers) or
in terms of water-use efficiency (mostly used
by agriculturists). The first term has a hydro-
logical basis and can be extended from field to
river-basin scale. In other words, the irrigation
efficiency can be defined in a system, with one
level having a relationship to the other in the
irrigation-system hierarchy. This issue is dis-
cussed in other chapters in this volume (e.g.
by Seckler et al., Chapter 3, and Molden et al.,
Chapter 1) and is of great importance in plan-
ning saline-water use. Most agricultural

research has treated saline/alkaline water use
in the context of root-zone salinity manage-
ment, involving the application or withhold-
ing of irrigation to maintain an environment
favourable to crop production. This approach
has enabled the development of management
practices at field level without considering
their implications and practicability at the
farm/irrigation-system/river-basin levels. It
should, however, be clearly understood that,
just like the water balance, the salinity balance
also has to be maintained at field and irriga-
tion-system/basin  levels  (Tyagi, 2001).
Manipulation of water diversions of different
qualities and origins can be successfully used
as a tool for enhancing water productivity on
a sustainable basis (Srinivasulu et al., 1997).
Such manipulations would normally involve
reallocation and intrasystem/intraseason
water transfers, which could be facilitated by
development of water markets (Strosser, 1997).
This process could begin at the watercourse
level, which is the lowest level of large tradi-
tional irrigation systems in countries like India
and Pakistan, and spread upward in the sys-
tem hierarchy.

Lastly, productivity should be understood
not only in terms of physical outputs, such
as grain or biomass yield, but also in eco-
nomic terms, such as revenue or profit
earned per unit of water diverted, at differ-
ent levels of the irrigation system. Some time
ago, much concern was expressed in the
state of Haryana (India) when an overall
decline in productivity was reported in cer-
tain rice-growing areas (Anon., 1998); but,
later on, it was discovered that the decline in
productivity was due not to any malfunc-
tioning of the system, but to a shift from
high-yielding coarse rice varieties to more
remunerative basmati rice, which had a
lower yield but fetched a far higher price in
the market. Incidentally, a salt-tolerant vari-
ety of basmati rice (CSR-30) is now available.

Productivity-enhancing measures are dis-
cussed that involve the use of saline/alkaline
water at field level, such as conjunctive use,
water-table management, rainwater conser-
vation in precisely levelled basins and chem-
ical amelioration of alkaline water. Though
not exclusive, this discussion of the produc-
tivity-enhancing measures is in the context
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of the rice-wheat system in a monsoonal cli-
mate with moderate rainfall (400-600 mm),
as prevails in north-west India, where the
occurrence of saline/alkaline water is more
prevalent (Fig. 5.1). Water reallocation and
transfer, water markets and saline-water dis-
posal, which have irrigation-system/basin-
level implications, are also briefly presented.

Salinity/Alkalinity Hazards

The most important criterion for evaluating
salinity hazards is the total concentration of
salts. The quantity of salts dissolved in water
is usually expressed in terms of electrical con-
ductivity (EC), mg 1! (p.p.m.) or meq 1.
The cations Na*, Ca?* and Mg?* and the
anions Cl~, SO%7, HCO; and CO3 are the
major constituents of saline water. Plant
growth is adversely affected by saline water,
primarily through excessive salts raising the
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osmotic pressure of the soil solution, result-
ing in reduced water availability. In field sit-
uations, the first reaction of plants to the
application of saline water is reduced germi-
nation. This reduced initial growth results in
smaller plants (lower leaf-area index).
Experimental evidence indicates that the
interplay of several factors, such as the evap-
orative demand, salt content, soil type, rain-
fall, water-table conditions and type of crop
and water-management practices, deter-
mines salinity build-up in the soil and crop
performance resulting from long-term appli-
cation of saline water.

Some water, when used for the irrigation
of crops, has a tendency to produce alkalin-
ity /sodicity hazards, depending upon the
absolute and relative concentrations of spe-
cific cations and anions. The alkalinity is
generally measured in terms of the sodium
adsorption ratio (SAR), residual sodium car-
bonate (RSC) and adjusted SAR. Irrigation

8po (000

Fig. 5.1. Distribution of alkaline and saline groundwater in north-west India.
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with sodic water contaminated with Na* rel-
ative to Ca?* and Mg?* and high carbonate
(CO%~ and HCO3) leads to an increase in
alkalinity and sodium saturation in soils. The
increase in exchangeable sodium percentage
(ESP) adversely affects soil physical proper-
ties, including infiltration and aeration. In
the early stages of sodic irrigation, large
amounts of divalent cations are released into
the soil solution from exchange sites. In a
monsoonal climate, alternating irrigation
with sodic water and rainwater induces
cycles of precipitation and dissolution of
salts. Several field observations have shown
that, although steady-state conditions are
never reached in a monsoonal climate, a
quasi-stable salt balance is reached within
4-5 years of sustained sodic irrigation, while
a further rise in pH and ESP is very low
(Minhas and Tyagi, 1998).

Seasonal Water Balance and Salinization
and Desalinization Cycles

In north-west India, the annual weather
exhibits three distinct phases, the first of
which is the hot and humid season from mid-
June to September, when about 80% of the
rainfall takes place. This phase covers the
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growing period of kharif crops, ie. cotton,
pearl millet, maize, sorghum and paddy. The
second phase is the the cool and dry season
from October to March, which covers the
growing period of most rabi crops, including
wheat, mustard, gram and barley. The third
phase is characterized by hot and dry
weather, which prevails from April to mid-
June, which covers part of the growing peri-
ods of wheat, cotton and maize. A seasonal
water-balance analysis shows that, in relative
terms, winter and summer months, being dry,
are water-deficit periods, whereas the kharif
season from mid-June to September has some
surplus water (Fig. 5.2). The salinity build-up
in the soil is greatly influenced by the weather
and the irrigation practice. In waterlogged
saline areas, maximum salinity is observed in
the pre-monsoonal period in June. This is
because, after the first week of April, wheat,
which is the dominant irrigated crop, receives
no irrigation till its harvest. From mid-April
till mid-June, the land remains mostly fallow,
when there is no irrigation and there is an
upward moisture flux due to high evapora-
tive demand, which results in salinity build-
up. With the onset of the monsoon and the
planting of crops that receive irrigation, the
desalinization of the soil profile takes place,
and the salinity reaches a minimum value in

—-— PET (0.7 pan evaporation)
- Rainfall
/4 Water deficit
| Soil-water replenishment
Soil-water utilization

Jan Feb Mar Apr

May Jun Jul Aug Sep Oct Nov

Month
Fig. 5.2. Annual climatic water balance at Karnal. PET, potential evapotranspiration.
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October (Fig. 5.3). From November to
February, the evaporative demands are low
(the value reaches less than 1 mm day ! in
December-January) and therefore the upward
flux is low. The low initial salinity in the
beginning of the rabi season favours saline
irrigation, which is further facilitated by low
evaporative demands during this season. This
limits the rate of salinization in the soil profile
due to saline irrigation. By the time the sum-
mer season starts, the crops are mature and
are able to tolerate higher salinity. The mon-
soonal water leaches the salts accumulated
during the winter and early summer, which is
why the limits for the use of saline/sodic
water can be higher in this region than recom-
mended elsewhere.

Root-zone Salinity Management

Most research on the use of saline/alkaline
water has focused on keeping root-zone
salinity under control by various manage-
ment practices. The important practices
include multi-quality water use in different
modes, scheduling irrigation with saline
water in a manner that avoids its application
at sensitive stages, use of chemical amend-

ments, precision levelling and high-
June
ECe 12dS m-1
April
ECe 8 dS m-1

October

ECe 3dS m-1

Fig. 5.3. Salinization and desalinization cycle in
monsoonal climate. ECe, EC of the soil saturation
extract.

frequency irrigation, etc. In situations where
high water tables with saline water prevail,
subsurface drainage and water-table manip-
ulation are often introduced to promote the
use of brackish water.

Multi-quality irrigation practices

Possible ways of practising multi-quality
water use are as shown below. These include
direct application of salty water, as well as
different modes of blending or cyclic use.

Water-application modes and their impact on
productivity

Among the various application modes, direct
application of saline water can be practised
where salinity of the water is such that a crop
can be grown within acceptable yield levels
without adversely affecting soil health. It was
reported by Boumans et al. (1988) that mar-
ginal-quality water (EC of 4-6 dS m™!) was
being used directly in several locations in
Haryana. The average yield depressions for
crops, including cotton, millet, mustard and
wheat, were less than 20%. When higher-
salinity water is used directly, a pre-sowing
irrigation, if required, is given with fresh
water. To practise joint use of saline and
freshwater, the available options are blending
and the cyclic mode. Blending is promising in
areas where fresh water can be made avail-
able in adequate quantities on demand. The
potential for blending two different supplies
depends on the crops to be grown, salinities
and quantities of the two water supplies and
the economically acceptable yield reductions.
Cyclic use is most common and offers several
advantages over blending (Rhoades et al.,
1992). In sequential application under the
cyclic mode, the use of fresh water and saline
water is alternated according to a pre-
designed schedule. Sometimes, there is inter-
seasonal switching, where supplies of fresh
water and saline water are applied in differ-
ent seasons. In a field study, Sharma and Rao
(1996) found that saline drainage effluents
could be used in different modes without
appreciable yield reduction in a wheat crop
(Table 5.1).
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Table 5.1. Effect of different salinity levels of applied water (blending and cyclic
application) over a period of 6 years (1986/87 to 1991/92) on grain yield of wheat.?

Blending Cyclic application
Mean Relative Mean Relative
EC,, yield yield yield yield
(dSm~1) (tha™") (%) (tha™") (%)
< 0.6 (FW) 6.0 100 4 FW 6.0 100
6 5.8 96.0 FW + DW 5.8 96.7
9 5.0 80.3 DW: FW 5.6 93.3
12 5.0 80.3 2FW+2DW 5.7 95.0
12 (DW) 4.7 78.3 2DW+2FW 5.4 90.0
1 FW + 3 DW 5.1 85.0
4 DW 4.5 75.0

aThe drainage water had an EC = 12.5-27 dS m~! and SAR = 12.3-17.

FW, fresh water; DW, drainage water.

Impact of saline-water use on soil health

The salinity build-up in soil profiles after 6
years of irrigation with different-quality
water, in fields provided with subsurface
drainage, is shown in Fig. 5.4 (Sharma and
Rao, 1996). It can be seen that, for all water
with salinity in the range of 0.5-12 dS m™!,
soil salinity at the end of the monsoonal sea-
son is reduced to less than 4 dSm™".

Several studies have suggested that irri-
gation water containing salt concentrations

exceeding conventional suitability standards
can be used successfully on many crops for
at least 6-7 years without significant loss in
yield. However, uncertainty still exists about
the long-term effects of these practices.
Long-term effects on soil could include soil
dispersion, crusting, reduced water-infiltra-
tion capacity and accumulation of toxic ele-
ments. The effects on some soil properties
(sandy loam soils) of irrigation with high-
salinity drainage effluent, as practised in the
Sampla drainage area (Haryana), were moni-
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Fig. 5.4. Increase in soil salinity in different treatments after 6 years. ECe, EC of the soil saturation extract;
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electrical conductivity of irrigation water; CW, canal water.
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tored for 6 years. Since the SAR of saline
drainage water was more (12.3-17.0) than
that of canal water (0.7), its use increased soil
SAR in all the treatments (Fig. 5.5).

Leaching of salts by monsoonal rains
reduced the SAR of the soil saturation
extract (SARe) in all the treatments and the
remaining SARe values did not constitute
any alkaline hazard to the succeeding crops.
Similarly, no significant adverse effects were
observed on saturated hydraulic conductiv-
ity or water-dispersible clay after the mon-
soonal rains. A slight decrease in hydraulic
conductivity after monsoonal leaching will
not be a problem during the irrigation sea-
son since the negative effect of high SAR of
drainage water is offset by the high salinity
of the drainage water. The slight variation in
water-dispersible clay after 6 years of irriga-
tion with drainage effluent indicates only
minimal structural deterioration in soils irri-
gated with high-salinity drainage effluent.
Although no potential adverse effects were
observed in these studies at the Sampla farm
(Haryana), caution should be exercised when
considering the reuse of drainage effluent
and the specific conditions should be care-
fully evaluated.

12

&\Q Hydraulic conductivity

10

Hydraulic conductivity/water-dispersible clay
»

Use of alkaline water and chemical
amelioration

Water having alkalinity /sodicity problems is
encountered on a large scale in the
rice—wheat-growing areas of Punjab and
Haryana in north-west India. Several studies
have shown that this water can be used
under certain conditions. In a study con-
ducted over a period of 6 years (1981-1987)
by Bajwa and Josan (1989), it was found that
irrigation with sodic water given after two
turns of irrigation with fresh water, to rice as
well as to wheat, helped in obtaining yields
comparable to those with irrigation with
fresh water (Table 5.2). Crop yields even in
the case of alternate irrigation with sodic and
fresh water were only marginally less than
when fresh water alone was used. On aver-
age, rice received 18 irrigations, whereas only
five turns of irrigation of 6 cm were applied
to wheat. In all cases, pre-sowing irrigation
was given with fresh water and no amend-
ments to neutralize sodicity were applied. At
the end of 6 years, the ESP in plots irrigated
entirely with sodic water increased from 3.5
to 46% whereas in alternate irrigation with
fresh water and sodic water the ESP

- Dispersible clay
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7
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12 8

Electrical conductivity of water (dS m-1)

Fig. 5.5. Saturated hydraulic electrical conductivity (mm h~T) of soil saturation extract measured three times
during the year, and water-dispersible clay (%) of 0—30 cm layer.
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Table 5.2. Average grain yield of rice and wheat as affected by the use of fresh water and
alkaline water over a period of 6 years (1981-1986).

Irrigation-water productivity

(kg ha='cm™1)
Crop yield Rice—
Treatment (tha™1 Rice wheat Wheat
Fresh water (FW) 6.7 5.4 62 180
Alkaline water (AW) 4.2 3.6 39 120
2 FW-AW 62 6.7 5.2 173
FW-AW 58 6.3 5.3 177
FW-2 AW 53 5.7 4.8 160

AW: EC 1.25dS m~'; SAR = 13.5; RSC = 10 meq I

increased to a level of only 18.2% (Fig. 5.6).
The increase in ESP points to the danger
involved in the use of these supplies of water.

It should be understood that, when fields
are irrigated with poor-quality water, the
yields can only be maintained at a lower
level than when irrigated with good-quality
water if no amendments are applied. The
levels at which yields can be sustained
depend not only upon the alkalinity of the
groundwater but also on the water available
from rainfall and canals, etc. Sharma et al.
(2001), based on a 7-year study (1993-1999),
evaluated the sustainable yield index (SYI),
which indicates the minimum guaranteed

yield as a percentage of the maximum
observed yield. The SYI is defined as (Y —
S)/Y,,. where Y is the average yield, S is
the standard deviation and Y, the maxi-
mum yield (in the study area it was 6 t ha™!
for rice and 5 t ha ! for wheat). The SYI
ranged from 0.57 to 0.65 in rice and from 0.54
to 0.65 in wheat (Table 5.3) at different doses
of applied gypsum. The overall build-up of
pH (8.5), SARe (20.7) and EC of the soil satu-
ration extract (ECe) (2.5 dS m™) in the soil
remained below the threshold salinity levels
of these crops. This may be due to dilution
by rainwater along with the high Ca or Ca +
Mg content of the water used. The low level

ESP
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Fig. 5.6. Build-up of exchangeable sodium percentage (ESP) in 0-30 cm soil layer over time (6 years) with

sodic water application in different combinations.
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Table 5.3. Crop yield and sustainable yield index (SYI) for rice—wheat cropping irrigated
with gypsum-amended alkaline water (from Sharma et al., 2001).

Treatment Gypsum Crop yield vt
(% GR) applied (tha™1) Rice Wheat Rice—wheat
0 0 4.01 3.55 0.57 0.54
12.5 1.24 4.22 3.75 0.60 0.60
25.0 2.50 413 3.68 0.60 0.58
50.0 5.00 4.26 3.82 0.61 0.62
75.0 7.50 4.22 3.83 0.62 0.62
100.0 10.00 4.48 3.94 0.62 0.63
Canal water Nil 4.46 3.85 0.65 0.65

GR, Gypsum requirement for neutralizing completely sodicity.

of sodification could also be attributed to
large biological production and dissolution
of CO, occurring in submerged rice fields. It
was concluded that a maximum yield of
about 60% in both rice and wheat can be sus-
tained with the use of alkaline water (RSC =
10 meq 11 if 125 t ha™! of gypsum is
applied annually to rice-wheat in the
medium-rainfall zone (500-600 mm).

Cropping sequence

The irrigation, drainage and agronomic
practices vary from crop to crop. Therefore,
the crop grown in the previous season
greatly influences the production and pro-

ductivity of the crop in the subsequent sea-
son. In a monsoonal climate, crops that
favour higher retention and in situ conserva-
tion of rainwater, which is salt-free, result in
lesser salinity/sodicity development in the
soil profile at the end of the season, provid-
ing a better environment for the next crop.
In a 6-year study conducted at the Central
Soil Salinity Research Institute (CSSRI)
(Sharma et al., 2001), three important crop-
ping sequences (rice-wheat, cotton—wheat
and sorghum-wheat) were compared in
terms of their productivity when applied
with alkaline water. The productivity of the
rice-wheat system in kharif and rabi seasons
was higher than the sorghum-wheat and
cotton-wheat systems (Table 5.4).

Table 5.4. Equivalent rice and wheat yields (t ha~") as affected by cropping sequence when irrigated
with alkaline water (from Sharma, D.K., 2001, personal communication).

Equivalent Total
Equivalent rice wheat yield equivalent
yield (kharif) (rabi) yield (wheat) Soil pH,

Cropping Water quality Water quality Water quality Water quality

sequences AW FW: AW AW FW: AW AW FW: AW AW FW: AW

Sorghum-wheat 29 3.5 3.8 41 6.22 6.92 9.1 9.0

Rice (basmati)— 4.8 7.0 3.7 4.7 7.62 9.65 9.1 9.0
wheat

Cotton—wheat 35 41 3.5 3.8 6.3 6.66 9.0 9.0

Rice (Jaya)— 4.0 4.3 4.0 4.4 7.27 7.32 9.1 9.0
mustard

Rice (Jaya)— 3.3 4.1 2.7 3.0 5.41 6.31 9.3 9.1

berseem (clover)

AW, alkaline water; FW, fresh water.
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Shallow water-table management

Providing drainage to ensure that the salt
concentration does not exceed the level that
can be tolerated by crop roots is a require-
ment for continued productivity. Provision
of drainage and leaching over a period of
time leads to improvement in the quality of
subsoil water in drained fields. The upper
few centimetres of subsoil water have very
little salinity, and plants could be allowed
to use it by manipulating the operation of
the drainage system. Thus the plants would
meet part of their evapotranspiration needs
directly from soil water. The use of ground-
water by the crops is related to the water-
table depth and the salinity of subsoil
water (Chaudhary et al., 1974). Minhas et al.
(1988) observed that in sandy loam soil
with the water table at 1.7 m depth and
with groundwater salinity at 8.7 dS m-1,
the water table contributed as much as 50%
of the requirement when only irrigation
was applied.

In another study, a shallow water table
at 1.0 m depth with salinity in the range of
3.0 to 5.5 dS m™! gave rise to yield levels
equal to the potential yield with good-qual-
ity irrigation water, even when the applica-
tion of surface water was reduced to 50%
(Sharma et al., 2001). These fields had been
provided with subsurface drainage. The
salinity build-up was negligible and the
small amount of salt that accumulated was
leached in the subsequent monsoonal sea-
son. The provision of subsurface drainage
also allows the use of higher-salinity water
through surface applications (Minhas, 1993;
Sharma et al., 2001). The yield reduction
with progressively increasing salinity of
applied water was much less in fields hav-
ing a subsurface drainage system than in
fields with a deeper water table, which had
no need of artificial subsurface drainage.
The differences are highly marked at
applied water salinities of more than 10 dS
m~! (Table 5.5). Relatively higher moisture
in the crop root zone in fields with subsur-
face drainage could be the reason for the
higher productivity.

Table 5.5. Relative yield of wheat with saline
irrigation under conditions of a deep water table and
a high water table but provided with subsurface
drainage (from Minhas, 1993; Sharma et al., 1991).

Relative yield (%)

Irrigation-water

salinity Deep Shallow
(dSm™7) water table saline water table?
0.6 95 100
4.0 90 94
8.0 83 86
12.0 60 78
16 42 74b

aThere was provision for subsurface drainage to
leach and remove salts.

bSalinity varied between 14 and 26.5 dS m~', the
average being 16 dS m~' and the yield varied
between 50 and 86%, with an average of 74%.

Improving Economic Efficiency of
Water Use

The commonly used definition of water pro-
ductivity does not take into account the net
benefits that accrue from crop production. It
should, however, be understood that farmers
are interested in increasing water productiv-
ity only to the level at which it maximizes
their net benefits. The cost of cultivation and
the prevailing market price often decide the
crop variety that the farmers cultivate, irre-
spective of the physical water productivity.
Growing crops that use less water and have
low cost of cultivation but fetch a higher
price in the market can enhance economic
efficiency. A case in point is the increase in
area of basmati rice in several districts of
Haryana (Kaithal, Kurukshetra Panipat) in
places with marginal-quality water. The yield
of basmati rice is only 50% (about 2 t ha™!) of
the coarse rice varieties, such as Jaya and IR-
8, but its irrigation requirements are about
60-65% of the coarse varieties. Although bas-
mati rice has lower tolerance for sodicity, the
supplemental irrigation with alkaline water
is also less and its nitrogenous fertilizer
demand is only 70% of the coarse variety.

In a field study that involved sequential
application of fresh water and alkaline
water (FW:AW), the equivalent yield of bas-
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mati was 7 t ha™! as compared with only 4.3
t ha™! for Jaya (Table 5.4). The higher eco-
nomic returns led to its cultivation in a
larger area in Haryana, though its physical
water productivity may be only half of Jaya
or IR-8. In more arid areas, where fresh
water during the rabi season is scarce, simi-
lar trends are observed with mustard, which
replaces wheat because of its much higher
salt tolerance and requirement of only one
or two post-sowing turns of irrigation com-
pared with four or five turns of irrigation for
wheat.

Special Considerations for the Use of
Saline/Alkaline Water

The following are the important points that
should be considered in developing saline/
alkaline water-use programmes.

Pre-sowing irrigation

Pre-sowing irrigation has a significant influ-
ence on crop yields harvested at the end of
the season. This is because seed germination
and seedling stage are the most sensitive

stages. Early salinity stress leads to poor
crop stand and considerable yield reduction.
The response of wheat to salinity was
observed to vary with its growth stage, ini-
tial salinity distribution in the soil profile
and the modes of saline-water application
(irrigation with blended or sequential appli-
cation) (Sharma et al., 1993). The ECe,; (ECe
for 50% yield reduction) values increased
from 9.3 dS m™! for periods from sowing to
crown rooting to 13.2 dS m™! from dough
stage to maturity (Fig. 5.7). The effect of pre-
sowing irrigation with fresh water and saline
water was studied at CSSRI for several crops
(Table 5.6). It was observed that one of the
most sensitive crops (e.g. mung bean) could
sustain irrigation with saline water of 4.7 dS
m™! if non-saline water was used at the pre-
sowing stage. The water productivity of
mung bean, when irrigated with fresh water
at pre-sowing and subsequently with saline
water (EC  4.7), was 41 kg ha™! cm™!, com-
pared with only 12 kg ha™! cm™! when irri-
gated with saline water throughout the
growing period. Though less drastic, a simi-
lar trend was observed in mustard. (Note:
the values of water productivity are based on
water extracted from the soil profile during
the growth periods.)
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Fig. 5.7. Salinity tolerance of wheat at various growth stages (ECe,, denotes ECe for 50% yield reduction).

CRI, crown root initation stage.
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Table 5.6. Crop yield and water productivity as influenced by irrigation-water
salinity and application sequence with different-quality water (from Sharma et

al., 1993).
Irrigation-water Water-quality
salinity application Crop yield Water productivity
(dSm™1) sequence (tha=") (kg ha='cm™")
Mung bean
0.3 Entire season 2.52 56
4.7 Entire season 0.27 12
4.7 After Pl 1.56 41
Mustard
0.3 Entire season 2.32 63
12.3 Entire season 1.05 58
12.3 After Pl 1.80 64

Ple, pre-sowing irrigation with fresh water.

Favourable season

Crops grown during the winter season
(wheat, mustard and barley) are more toler-
ant to saline water than those grown during
summer (pearl millet, sorghum and ground-
nut). Also, the soil profile is almost free of
salts after the monsoon leaching and has a
capacity to receive salts without exceeding
critical limits. Added to this is the more
favourable evapotranspiration regime of the
winter season. Evapotranspiration peaks
again after March, when the crop is mature
and can tolerate higher salinity.

Crop substitution

Most agricultural crops differ significantly in
their tolerance of a concentration of soluble
salts in the root zone. It is desirable to choose
crops/varieties that can produce satisfactory
yields under the conditions resulting from
irrigation with saline water. The difference
between the tolerance of the least and the
most sensitive crops may be eight- to ten-
fold. This wide range of tolerance allows for
considerable use of marginal water supply.
The extent by which the tolerance limits for
the use of low-quality water are raised gov-
erns the greater use of such water, thereby
reducing the need for leaching and drainage
(Tyagi, 1998). Semi-tolerant to tolerant crops

and those with low water requirements
should be grown. For example, mustard is
salt-tolerant and it requires only one or two
turns of irrigation after seeding. Experiments
at Sampla (Haryana) indicated that highly
saline drainage water can be used for post-
planting irrigations of mustard without any
substantial loss in yield. Thus mustard can
be substituted for wheat in part of the area
because it tolerates salinity of up to 6 dSm™!
for normal yields.

Precision levelling

The use of saline and alkaline water supplies
often requires the application of smaller
depths at relatively more frequent intervals.
In surface-water application methods, the dis-
tribution of water and the application depths
are greatly influenced by the quality of land
levelling. Salinity and non-uniformity in irri-
gation water have much the same effect on
the yield-water response function and both
require larger volumes of irrigation water to
produce the same yields as can be obtained
with non-saline water and uniformly applied
water (Howell et al., 1990). In surface irriga-
tion, the uniformity of the soil surface affects
the required application depths. In a field
study (Tyagi, 1984), it was observed that the
system application depth ranged from 40 to
120 mm as the levelling quality decreased



Saline and Alkaline Water for Higher Productivity 81

(Fig. 5.8). Higher application depths were
associated with lower application efficiencies:
with a levelling index (LI) of 0.75cm, the
application efficiency was as high as 90%
compared with 45% at an LI of 6.75 cm. The
non-uniformity in levelling was reflected in a
water-productivity value of 93.1 kg ha™! em™!
at LI = 0.75cm to 59.1 kg ha™! em™! at LI =
6.75 cm. The study indicated that to ensure a
desired system application depth of 5-6 cm,
required to achieve optimum productivity
and income, the levelling quality had to be
such that the average deviation from the
desired depth was less than 3 cm.

Rainwater conservation

Rainwater conservation is the key to the use
of poor-quality water as it not only meets part
of the irrigation requirements but also facili-
tates leaching of salt. The quantity of rain that
can be conserved within the field depends
upon the crop grown during the monsoonal
season. Rice paddies offer the most appropri-
ate conditions for retaining rainwater within
the field. Raul et al. (2001) showed that, in
parts of Kalayat and Rajaund administrative
blocks in Haryana (India) having alkaline
water with an RSC between 5 and 10 meq 17},

rice paddies enabled in situ conservation of
95% of monsoonal rains, thereby helping to
sustain rice-wheat cropping on 60-70% of the
area. In these blocks, between 30 and 40% of
the irrigation requirement of rice and over
50% for wheat is met by groundwater mixed
with conserved rain, which dilutes the
saline/alkaline groundwater to make it
usable. Rainwater conservation and the use of
gypsum sustain the continued use of these
alkaline water supplies in the region.

Enhancing and Sustaining Water
Productivity at Irrigation-system Level

One of the options to improve water produc-
tivity in physical and economic terms is the
transfer of water and spatial reallocation
through a change in the water-allocation poli-
cies or through a water market. Other options
include diversion of water to more productive
and profitable uses and reducing salinization
of fresh water in areas underlain by
saline/alkaline aquifers by improving the on-
farm irrigation conveyance efficiency. The sus-
tainability of saline agriculture can be ensured
by maintaining the salinity balance within the
river basin through evacuation and disposal of
salt water to areas outside the basin.
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Fig. 5.8. Relationship between levelling index and distribution efficiency at different irrigation depths (from

Tyagi, 1984).
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Loss in productivity due to salinization of
fresh water and its prevention

Fresh water that is lost through seepage and
percolation in areas underlain by saline
aquifers also becomes saline. Though this
water can be reused for irrigation, crop
yields will be less. How much less depends
on the salt tolerance of the crop, cropping
pattern, quantity and quality of applied
water and climatic conditions. Obviously, the
losses in production and productivity are
area-specific. An attempt to estimate the pro-
duction losses with increasing salinity of
groundwater used for irrigation was made
for Sirsa and Hisar districts in Haryana and
is shown in Fig. 5.9. The financial losses with
groundwater salinity of up to 3 dS m~! were
within Rs 500 ha™! year~!. At higher salinity
levels, the losses increased at a very high
rate, reaching Rs 8000 ha™! year™! at a
groundwater salinity of 10 dS m~!, which
has a profound effect on the profitability of
the farming enterprise. In areas underlain by
saline aquifers, percolation and seepage
losses should therefore be reduced as much
as possible. Tyagi and Joshi (1996) investi-
gated the techno-economic viability of reduc-
ing accretions to groundwater in saline

Loss in production (103 x rupees ha-1 year-1)
S
1

2+t 4
i 1
O 1 1 L _I_J
2 4 6 8 10

Groundwater salinity (dS m-1)

Fig. 5.9. Agricultural production losses as a
function of groundwater salinity.

groundwater areas through irrigation-
system improvements. Reducing salinization
of groundwater by cutting down on up to
75% of the application, distribution and con-
veyance losses had a high profitability.

Conjunctive use

Supplies of both fresh water and saline water
are limited but the availability of saline
groundwater is more dependable. For a
given level of canal water and salinity of the
groundwater, the farming enterprise will
remain profitable until the incremental bene-
fits balance the incremental costs.

A profitability analysis was carried out
for wheat irrigated with saline groundwater
at a given level of canal-water supply for a
watercourse command area in the Kaithal
district to see how far the application of
saline water would remain economically
viable (Anon., 2001). Two levels of canal-
water supply (10 and 15 cm ha™!) were con-
sidered. It was found that the profit
decreased from Rs 12,000 ha™! to Rs 7000
ha=! when the canal-water supply was
decreased from 15cm to 10ecm with a
groundwater (EC = 6 dS m™!) use of 15 cm
(Fig. 5.10). Since the overall availability of
groundwater at system level is also limited,
the chance of minimizing productivity losses
by applying more groundwater does not
appear to be feasible. The only option is to
reduce irrigation intensity (irrigated
area/cropped area) and to arrive at an opti-
mal mix of irrigated and rain-fed areas.

Productivity increase through the promotion
of a groundwater market at watercourse level

The large difference in supply between the
head and the tail reaches is a common prob-
lem. This problem gets compounded when
there is a high overall deficit in canal sup-
plies needed to meet the demand of the cul-
turable command area (CCA) of the canal
system. Typical examples are the western
Yamuna and Bhakra canal system, where the
canal-water supplies are adequate to meet
only 30-50% of irrigation demands per crop
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Fig. 5.10. Profitability of conjunctive use of groundwater of varying salinity and canal water at two levels

of supply.

season. The water inadequacies at the tail
end are further complicated by the progres-
sive decrease in groundwater quality from
head to tail reaches. A typical case that has
been investigated pertains to the Kaithal cir-
cle of Bhakra canal in Haryana. Here the
availability of canal water progressively

decreased from 25 cm ha~! in the head reach
to 8 cm ha~! in the tail reach, with ground-
water salinity increasing from 2.5 dS m™! to
6.8dSm™! (Fig. 5.11).

The water table in the head reach is also
substantially higher than in the tail reach.
This situation favours the development of
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Fig. 5.11. Variation in availability of canal water and salinity of groundwater (GW) from head to tail reach

of watercourse no. 25963 L (Batta Minor).
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groundwater through shallow tube wells in
the head reach and its transfer to the tail
reach. Such small-scale water markets are
already in existence in Haryana and their
existence in the Chistian Subdivision in
Punjab (Pakistan) has been investigated by
Strosser (1997), who mentioned that the
impact of a tube-well water market on farm
gross income was significant at 40% of the
actual gross income, aggregated for eight
sample watercourses. However, he also men-
tioned that water markets could lead to
decreased aquifer recharge and an increase
in the soil salinity. The potential increase in
relative yield with such groundwater trans-
fer from the head to the tail reach of a water-
course in Batta Minor (Bhakra system) was
analysed using the SWAP model (Chandra,
2001). The results indicated that the relative
yield would increase from 0.70 to 0.85 in the
entire watercourse if 50% of marginal-
quality groundwater from the head reach
was transferred and used in the tail reach
without disturbing canal-water allocation.
The relative yield would go up to 0.89 if,
instead of blending, the groundwater was
used in a cyclic mode (Fig. 5.12).

The state of Haryana has experimented
with the transfer of groundwater from fresh-
water areas with higher rainfall and greater
availability of canal water to areas that are
less favourably endowed with water. This
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Relative yield

relieved waterlogging and stabilized the
canal water supply in the lower reaches. This
practice on a limited scale has been adopted
in marginal groundwater areas in the Hisar
district by installing shallow tube wells along
the branch and distributary canals. Since the
projects were state-funded and were not mar-
ket-oriented, technical and hydrological con-
straints that operate at higher spatial levels
would need to be understood and resolved
before promoting saline-water development
and use at system level. Particular attention
will have to be paid to reduced canal water
flow and increased salinity of mixed water as
one moves from the head reach of the
minors/distributaries/branch canals to their
lower reaches.

Balance between saline-water use and
disposal

One of the important objectives in groundwa-
ter development is to maintain salinity below
critical levels for the crops to be grown in the
region. Continued recirculation of saline
water without any disposal of salts would
make the aquifers more saline and ultimately
unusable. Therefore, not all saline water can
or should be used. How much of it can be
used depends upon the supplies of fresh
water (canal), rainfall, original salinity of the

37.5¢cm
37.5cm —

Existing

Blended Alternate

Fig. 5.12. Improvement in water productivity at watercourse (25963L) level by groundwater transfer from

head to rail reach.
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effluents, soil characteristics, crops and
drainage conditions. Srinivasulu et al. (1997)
have estimated that water equivalent to a
minimum of 15% of the annual groundwater
recharge with an average EC of 6 dS m™! will
have to be disposed of to maintain the salinity
balance in groundwater underlying Sirsa and
Hisar districts of Haryana. Such a disposal
rate would ensure sustainability. Similar esti-
mates will have to be made for other areas.

Extent and Actual Saline Water-use
Practices

Irrigation with saline water, developed
through shallow tube wells and open wells,
is quite extensive. These tube wells were
developed primarily for irrigation but have
also been providing drainage relief. Studies
based on a farm survey conducted in
1983/84 and reported by Boumans et al.
(1988) estimated that in marginal and saline
water zones about 120,000 ha-m were being
pumped through more than 68,900 shallow
tube wells in 1982/83. It was inferred that
the rise in water table was slowed down
largely due to these wells. Recent estimates
show that 316,000 ha were being irrigated
with saline water in the state of Haryana
(Manchanda, 1996), of which 75,000 ha were
in the region where waterlogging and salin-
ity are either an existing or a potential threat.

Water-use practices

Several water-use practices are in vogue. The
survey in the Hisar district (Haryana), men-
tioned above, also found that saline water
pumped by shallow tube wells is, in most
cases, used directly without any mixing.
Mixing is normally done only if the salinity
exceeds 6 dS m~! and, in such cases, the water
from the tube well is pumped into a water-
course carrying canal water. Farmers also
resort to pumping of groundwater into the
canal or watercourse if they perceive that the
watercourse discharge is too small to cover
the planned irrigation area in the allotted
time. Cyclic use of canal and saline water is
more common. This is largely because canal

water is available for only a few hours after
each rotation period of 2-4 weeks’ duration
and because the opportunity to irrigate with
mixed or blended water is small. This con-
straint could be relaxed if on-farm reservoirs
were constructed (Tyagi and Sharma, 2000).
Some farmers do not follow the practice of
intraseasonal conjunctive use but reserve a
parcel of land for irrigation by saline water
only. In that case, they grow salt-tolerant
crops, such as mustard, which is not given
any pre-sowing irrigation but is sown in
residual moisture after the rainy season and
is given one or two supplementary turns of
irrigation. Since the canal-water charges are
levied on an area basis and not on the basis of
the number of irrigation turns received from
canal water, the farmers save on canal irriga-
tion charges (though the charges are very
low) by adopting this practice. The area
receiving irrigation exclusively from tube
wells with saline water is rotated every sea-
son/year to avoid salinization of a particular
piece of land. If the tube wells yield water
with high RSC, gypsum, which is readily
available from the Land Reclamation
Corporation outlets, is applied to neutralize
the sodicity. Gypsum is either applied to the
soil or put into the channel in gunny bags on
which water from the tube well falls and
slowly dissolves the gypsum. In such cases,
gypsum is not powdered but is in the form of
big clods. A more scientific way of applying
gypsum is through gypsum-dissolving beds,
which are specifically constructed for this
purpose. Whether applied to the soil or
applied with the irrigation water, the basis
for computation of the gypsum requirements
remains the same. There is, however, a differ-
ence in the time of application. In the case of
soil-applied gypsum, the entire quantity of
gypsum required, estimated on the basis of
the amount and quality of the RSC-rich
water, is applied all at once. If the sodicity of
the soil is already high, the gypsum required
to neutralize the RSC of the applied water
may have to be applied at the beginning of
the season; otherwise, it could be applied
before the next crop is planted. In the case of
water-applied gypsum, neutralization takes
place before its application and there is,
therefore, no build-up of sodicity in the soil.
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Availability of gypsum is ensured through an
organized arrangement with the government.

Epilogue

Saline/alkaline water has been successfully
used to augment irrigation supplies and help
to raise water productivity in semi-arid
regions. This success can be attributed largely
to available canal water supplies, which make
it possible to plan and practice irrigation with
marginal-quality water when it is least harm-
ful and also in diluting the salt concentration
in the root zone, keeping it below threshold
limits. Monsoonal rainfall, which plays a cru-
cial role in the desalinization cycle, is another
factor that regulates the seasonal salt balance
in the root zone to permit saline-water use
even with traditional irrigation methods.
More saline water is used during winter,
when it is more productive and least harmful.
Similar successes with saline/alkaline water,
use have not been achieved in more arid
areas, which do not have the benefit of canal
irrigation. In those areas, interseasonal fallow-
ing and rain-fed farming with very limited
use of saline water applied to salt-tolerant
crops continue to be the norm.

In irrigated areas provided with an exten-
sive canal network but with an inadequate
water supply, saline groundwater develop-
ment through shallow tube wells is primar-
ily for irrigation but it also keeps the water
table in check. However, continued recircula-
tion and reuse of the marginal-quality water
without any disposal of saline water outside
the system brings the danger of slowly salin-
izing both soil and aquifers. In the long run,
the practitioners of this technology of using
saline/alkaline water, which was initially

shown to be successful at the field scale, will
have to consider regional salt balances.
Simulation studies based on limited data
indicate a gradual rise in salinity of both soil
and aquifers when the use of saline/alkaline
water is extended to larger areas and contin-
ued for a long time.

Considering the present situation in
respect of saline/alkaline water use, it looks
attractive to focus on research that would
help develop strategies for the use of this
water in areas with only a small and inade-
quate amount of seasonal rainfall. Harnessing
synergetic effects of improved salt-tolerant
crop varieties and of improved hydraulic
technologies offers a possible approach to
enhancing productivity in such areas.

Unlike the crop—water—salinity relation-
ship of saline water, the production functions
for alkaline water are not well established.
Also, the impact of the use of this water on
groundwater aquifers is not well known.
Field research and monitoring that would
help bridge these gaps in our current under-
standing deserve our attention.

There are numerous models that help in
generating scenarios for the possible conse-
quences of saline-water use on a regional
scale. However, models for scenario building
at irrigation-system/river-basin scale, where
groundwater alkalinity is a problem, are
missing. Added to this is the problem of the
vast amounts of data that are required but
are seldom available for the areas where they
are most needed. Therefore, studies aimed at
the generation of data to be used in the
regional salt- and water-balance model are
needed if the sustainability of the technology
that improves water productivity at field
scale is to be ensured at a higher level of the
irrigation system/river basin.
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Abstract

The opportunity for increasing water productivity under saline conditions is contingent on the determi-
nation and accurate implementation of the leaching requirement needed to prevent unnecessary percola-
tion below the root zone. The leaching fraction of the applied irrigation water percolates through the root
zone to maintain soil salinity at an acceptable level. Crop water use (evapotranspiration) and leaching
requirement (LR) together constitute the beneficial depletion of the water resource. Evapotranspiration
and leaching are linked through the yield-water-production function. The more the crop growth is
affected by salinity, the lower the evapotranspiration and the higher the leaching fraction of the applied
irrigation water.

Crops differ in their tolerance for salinity. Under controlled conditions, crops have salinity threshold
values below which crop yields are not affected. However, evidence is presented that under field condi-
tions, where plants are subjected to periodic and simultaneous water and salt stress and to non-uniform
water application, yields are lowered by salt concentrations below the assumed threshold values. In
addition, rather than having one specific seasonal crop salt tolerance (threshold value), crops react differ-
ently depending on the timing of the imposed salinity stress.

Irrigation water that is consumed by evapotranspiration leaves the remaining water more concentrated
with salts. The leaching requirement increases with the salinity of the water supply and the sensitivity of the
crop for salinity. This chapter illustrates how uncertainty about LR, resulting in part from uncertainty about
yield—salinity relations, imposes constraints on the possible improvement of water productivity under
saline conditions. The chapter points out implications for the successful production of crops with a mixture
of saline water and good-quality irrigation water (e.g. conjunctive use of groundwater and canal water).

respond to the weighted mean water salinity
regardless of the blending method (Letey,
1993). An example of a crop often irrigated
with saline water is cotton. Even when irri-

Introduction

Saline water has been successfully used to
grow crops. Saline water can be mixed with

better-quality water prior to application, or
the two types of water may be applied inter-
mittently. Sensitivity may vary during the
growing season, but crops apparently

gated with water of relatively high salinity,
the yield of cotton is nearly as much as when
irrigated with good-quality water. Cotton is
considered a salt-tolerant crop. More sensi-

© CAB International 2003. Water Productivity in Agriculture: Limits and
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tive crops can also be irrigated with rela-
tively saline water, but they are likely to
yield less than when irrigated with good-
quality water. Equally high yields, as with
the application of non-saline water, can often
be obtained by applying more of the saline
water. As the salinity of irrigation water
increases, its effective quantity decreases
(Letey, 1993). The degree by which the quan-
tity is diminished depends on the crop to be
grown and the relative yield to be achieved.
This relationship is expressed in crop—water—
salinity functions.

During the last 100 years, many experi-
ments have been carried out to determine
the salt tolerance of crops. Maas and
Hoffman (1977) carried out a comprehensive
analysis of salt-tolerance data, which was
updated by Maas (1990). Based on this
analysis, Maas and Hoffman (1977) con-
cluded that crop yield as a function of the
average root-zone salinity could Dbe
described reasonably well by a piecewise lin-
ear response function characterized by a
salinity threshold value below which the
yield is unaffected by soil salinity and above
which yield decreases linearly with salinity.
This relationship is found to be variety-
specific, and it may also depend on the
unique soil conditions, evaporative demand
and water-management conditions (van
Genuchten and Gupta, 1993).

The threshold-slope model of Maas and
Hoffman (1977) has been used widely in a
variety of applications in research and water
management. Nevertheless, other salinity
response functions have been found equally
successful in describing the observed data on
crop salt tolerance (e.g. van Genuchten and
Hoffman, 1984; Dinar et al., 1991). One of the
problems with the threshold-slope model in
describing experimental data is the rather
poor definition of the salinity threshold value
for data sets that are poorly defined or erratic
or have limited observations. An example of
such data is presented in Fig. 6.1 for wheat
grown in the Fordwah—-Eastern Sadigia Project
of Pakistan — from data reported by Kahlown
et al. (1998). The relationship between yield
and salinity of the applied irrigation water is
even more difficult to ascertain, as illustrated
in Fig. 6.2, also from Kahlown et al. (1998).
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Fig. 6.1. Yield as a function of soil salinity (from
Kahlown et al., 1998).

A smooth S-shaped response function, as
proposed by van Genuchten and Hoffman
(1984), describes the various reported data
sets at least as well (see also van Genuchten
and Gupta, 1993). The equation for the S-
shaped curve is:

Y/Y, =1/ + (c/cs)?] 6.1)

In this equation, Y is the yield, Ym yield
under non-saline conditions, ¢ is average
root-zone salinity, c;; is the soil salinity at
which the yield is reduced by 50% and p is
an empirical constant. The curve shown in
Fig. 6.3 is for wheat with an average value of
p = 3 and ¢, = 23.9 dS m~!. Van Genuchten
and Gupta (1993) reported that the value of
p in Equation 6.1 is close to 3 for most crops.

Based on lysimeter studies in California,
Dinar et al. (1991) derived quadratic yield
response functions relating yield to the sea-
sonal amount of irrigation water, its average
salt concentration and the average soil salin-
ity at the beginning of the season. A major
conclusion from this study is that a direct
relation between yield and average seasonal
salinity does not apply to conditions where
several factors are interrelated. For example,
when salinity of the soil and the applied
water is high and the amount of applied
water is not sufficient, average soil salinity
itself will not explain yield reduction. One
should have relationships between water
quantity, water quality, yield, soil salinity
and drainage volumes. The quantity of
drainage water is likely to increase as more
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Fig. 6.2. Yield as a function of irrigation-water salinity (from Kahlown et al., 1998).
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Fig. 6.3. Salt-response function for wheat,
according to van Genuchten and Hoffman (1984).

Relative yield

water is applied, with higher initial salinity
levels of the root zone and with higher salt
concentration in the irrigation water. This
behaviour implies that increased salinity of
the irrigation water results in smaller or
fewer plants with decreased evapotranspira-
tion rates and, hence, in greater deep perco-
lation for a given irrigation application.
When the salinity is mainly the result of
sodium salts, the structure of the soil will be
adversely affected. High values of the
exchangeable sodium percentage (ESP) in
the soil can cause the hydraulic parameters,
such as percolation rate and infiltration rate,
to change significantly. The potential hazard
of reduced water infiltration is partly related
to the intensity and timing of rainfall.
Rainwater has a very low salinity. When it
infiltrates the soil, the salinity of surface soil

can decrease rapidly, but the soil may remain
at almost the same ESP. As a result, the
potential of dispersion by rainfall is espe-
cially high if the ESP of the soil is high.
Rainfall also contributes dispersive energy
because of its impact on the soil (Kijne et al.,
1998). So far, these effects of sodicity have
not been incorporated in any of the salt-
response functions. It is to be expected that,
with sodic soils, reduced plant growth and,
hence, reduced evapotranspiration will not
lead to increased percolation for a given irri-
gation application. Percolation into sodic
soils may be so slow that most of the irriga-
tion water will runoff without leaching salts
from the root zone.

Apart from the S-shaped relation between
yield and soil salinity (Equation 6.1), qua-
dratic yield functions were developed by
Dinar et al. (1991), quadratic, log-log and lin-
ear functions by Datta et al. (1998) and a lin-
ear function by Lamsal ef al. (1999). None of
these functions show a threshold salinity
below which yield is unaffected by salinity.
There is now considerable evidence from
field observations that yield starts to decline
at much lower values of soil salinity than pre-
dicted by the threshold-slope functions of
Maas and Hoffman (1977). For example,
Hussain (1995) reported field data that illus-
trated this earlier response, and Katerji et al.
(2000) confirmed this effect in their lysimeter
experiments in Bari, Italy. Shalhevet (1994), in
a seminal paper on the use of marginal water
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for crop production, observed that under
conditions of high evaporative demand the
salinity response function may change so that
the threshold salinity decreases and the slope
increases, rendering the crop more sensitive
to salt. Tyagi (2001) reported a set of empiri-
cal relations between relative yield, the
amount of water applied as a fraction of pan-
evaporation and the salinity of the applied
water. These relations were developed at the
Central Soil Salinity Research Institute,
Karnal, India, for five crops, including wheat,
cotton and maize. The curvilinear relations
reflect the local conditions and show a grad-
ual decline in yield with an increase in salin-
ity of the irrigation water.

The effect of salinity on yield differs
depending on the timing of the salt stress,
another factor not considered in salt-
response functions. Zeng et al. (2001) and
Francois et al. (1994) reported the importance
of timing of salt stress on yield components
for rice and wheat, respectively. Shalhevet
(1994) hypothesized that the duration of
salinization is more significant than sensitiv-
ity at a critical growth stage. Zeng et al.
(2001) argued that this hypothesis can only
be tested when the salt-stress periods during
the various well-defined growth stages are of
equal length, which is the way they designed
their experiments. Hence, at least for rice,
they repudiated the hypothesis.

In general, yields in farmers’ fields tend
to be lower for a combination of factors than
those predicted on the basis of yields
obtained under more controlled conditions
(see, for example, Warrick, 1989; Howell et
al., 1990; Kijne, 1998). Contributing factors
appear to include at least the following: spa-
tial variability of soil structure and fertility,
water-application rates, soil salinity, plant
density and temporal variability in sensitiv-
ity of crops to drought and salt stresses.

The accuracy with which yields can be
predicted is relevant in the assessment of
leaching requirements. Leaching is a non-
productive but beneficial water use. Without
maintaining an acceptable salt balance in the
root zone, it would not be possible to con-
tinue to grow crops in many irrigated areas
of the world. But how much water should be
allocated to leaching? Guerra et al. (1998)

report data for seepage and percolation in
rice-fields ranging from 1-5mm day™! in
puddled clay soils to as high as 24-29 mm
day™! in lighter-textured soils. Seepage
occurs in irrigation canals but percolation
occurs over the whole area planted with rice.
The reported range of values implies that
percolation from rice-fields can vary from the
same order of magnitude as evapotranspira-
tion up to about eight times as much. The lat-
ter is surely excessive in terms of salinity
control. In this chapter, the focus will be on
leaching requirements for non-rice crops.

In most definitions of irrigation efficiency
and water productivity, no allowance is made
for leaching as beneficial use of irrigation
water (Seckler et al., Chapter 3, this volume).
Water-productivity values vary with the geo-
graphical scale, as Keller and Keller (1995)
illustrated for the Nile valley. A major cause
of this variation is the fact that runoff or
drainage from one field may be reused on
another. However, because of its higher salt
content, drainage water is inevitably of lower
quality than the applied irrigation water.
Even runoff will be degraded if it picks up
disease organisms, agricultural chemicals or
salt (Solomon and Davidoff, 1999).

Reuse of drainage water (including seep-
age from canals and percolation from fields)
between parts of an irrigation system or
within an entire river basin complicates the
distinction between consumptive and non-
consumptive beneficial use of water
(Molden et al., Chapter 1, this volume). To
correctly determine the potential for reuse of
drainage flows, it is necessary to account for
all components of the salt and water bal-
ances at the different geographical scales
and to know the leaching requirements for
the crops to be grown.

High water tables are often associated
with irrigated agriculture. They provide a
source of water for plant growth through
capillary rise of water into the root zone.
Substantial ~contributions from shallow
groundwater to crop water requirements
have been reported in the literature (e.g.
Grismer and Gates, 1991; Letey, 1993).
However, when this shallow groundwater is
saline, the harmful effects caused by the salt
accumulation in the root zone probably out-
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weigh the potential benefits of the ground-
water as a source of water for plant produc-
tion. Usually, the only option for sustaining
agricultural production on fields underlain
by shallow saline groundwater is to install a
subsurface drainage system.

Thorburn et al. (1995), studying the
uptake of saline groundwater by eucalyptus
forests in part of the flood-plains of the
Murray River in South Australia, showed
that groundwater depth and salinity are the
main controls on the uptake of groundwater,
while soil properties appear to have a lesser
effect. Model studies indicated that uptake of
saline groundwater would result in complete
salinization of the soil profile within 4 to 30
years at the sites studied, unless salts were
leached from the soil by rainfall or floodwa-
ters. However, a relatively small amount of
leaching may be sufficient to allow ground-
water uptake to continue. Thus groundwa-
ter, even when saline, may be an important
source of water to salt-tolerant plants and
trees in arid and semi-arid areas.

Grismer and Gates (1991) carried out a
stochastic simulation study for a salinity-
affected area underlain by a shallow water
table, representative of conditions in the
western San Joaquin valley of California. The
model analyses the effects of
irrigation—drainage management on water-
table depth, salinity, crop yield and net eco-
nomic returns to the farmer over a 20-year
planning period. They found that cotton
farming on salinity-affected soils subject to
shallow saline groundwater is economically
optimal if the application efficiency is
75—80%, which may be attainable with well-
managed surface irrigation, and a subsurface
drainage system is capable of removing
79—93% of the downward flux. The study
illustrates the need to approach management
strategies on irrigation and drainage
together, from a regional perspective.

Research Data

The data for this chapter were collected at
the International Water Management
Institute IWMI)’s research sites in irrigation
systems in the Indus River basin of Pakistan

between 1988 and 1995. The salt problem of
the Indus is formidable. Smedema (2000)
reported that the average salt influx by the
Indus river water, taken at the rim stations, is
estimated at 33 million t, while the outflow
to the sea contains only 16.4 million t. Hence,
the average annual addition of salts to the
land and the groundwater amounts to some
16.6 million t. Most of this accumulation
takes place in the Punjab. This is in sharp
contrast to Egypt, where a large portion of
the irrigated land is underlain by subsurface
drains that take the drainage water back to
the river. The salts do not stay in the Nile
basin but are discharged into the
Mediterranean Sea. During part of the year,
the salt content in the lower Indus is much
lower than in the lower Nile (in the Nile
delta) and more salt disposal into the Indus
could be accepted. However, during criti-
cally low flow periods, such disposals would
not be possible. The only option during such
periods would be to store the drainage water
temporarily for release during high flood
periods. Extending the left bank outfall
drain, now operating in Sindh, into the
Punjab may provide a more permanent (but
quite expensive) solution than the present
inadequate number of evaporation ponds.
Much of the drainage water from agricul-
tural land in Pakistan’s Punjab is being
reused, either from surface drains or
pumped up from shallow groundwater. The
leached salts are therefore returned to the
land rather than disposed of to the sea.
IWMTI’s research sites in the Indus basin, the
data-collection methodology and data analy-
ses were described by Kijne (1996), Kuper
and Kijne (1996) and Kuper (1997).
Specifically, information on the quantity
and quality of applied irrigation water at the
study sites in Punjab, Pakistan, is obtained
from Kijne (1996). The electrical conductivity
(EC, i.e. the standard measure of salinity) of
canal water was 0.2 dS m™! in most of the
experimental sites. The EC of pumped
groundwater was obtained from measured
values of water quality of tube wells in the
sample areas. For the calculations of the salt
balance of the study sites, Kijne (1996) used
2.5 dS m™! as a representative value for the
salinity of pumped groundwater, ignoring
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the large variations in water quality that
often occur even from pumps close to one
another. Average values of the leaching frac-
tion (LF) (the fraction of the infiltrated
applied water that passes below the root
zone) for the three irrigation systems
reported in these studies were between 10
and 15% (Kijne, 1996, Table 2).

Data on LFs for four irrigated fields in the
Fordwah-Eastern Sadiqia irrigation system,
Chistian subdivision, Punjab, studied in con-
siderable detail, are obtained from Kuper
(1997). The latter set of data is summarized
in Table 6.1.

ECe is the electrical conductivity of soil
water at saturation, the usual parameter for
measuring soil salinity in the profile. The
value in the third column refers to the lin-
early averaged electrical conductivity of soil
water in the profile down to 1 m. No leach-
ing for field 2 (last column of the table) indi-
cates that there may have been capillary
flow from the water table (water table was
at 2 m depth).

The spatial and temporal variability of
soil salinity is large. Values in columns 4, 5
and 6 give some indication of the vertical
spatial variability. Soil salinity increases
when the soil dries out between irrigations
or in rainfall events, and it varies greatly
between upper and lower layers of the root
zone. It is generally accepted that plants
respond to the average salinity in the root
zone and vary their water uptake in the
growing season depending on relative val-
ues of the osmotic potential in the root zone.

The excessive leaching in field 1 (leach-
ing fraction of 0.65) is blamed on a combi-
nation of poor water management by the
farmer and the light-textured soil with high
permeability. Leaching in the other fields is

inadequate for maintaining an average root-
zone salinity equivalent to an ECe value of
2 dS m~l. The attainable yield level under
these low leaching conditions is less than
the maximum.

Leaching Requirement

When more water is applied than is taken
up by the plant roots, water flows out of the
root zone and carries soluble substances,
such as salts and agrochemicals, with it.
During this process of downward flow (per-
colation), soil salinity in the root zone
increases with depth. In planning the
desired leaching requirement (LR), it is com-
monly assumed that EC values of the soil
extract at the lower root-zone boundary cor-
responding to 25-50% yield reduction are
still acceptable. The weighted average EC
value for the entire root zone (weighted
according to root distribution) would be
much less than at the lower root-zone
boundary and the corresponding yield
reduction for plants growing in this soil
would be less than 25-50%. Such yield
reductions are assumed to be economically
viable (Smedema and Rycroft, 1988).

The rate of downward flow and leaching
varies with the soil water content. It is high-
est during the first couple of days after irri-
gation, when the soil water content is still
above or near field capacity. Thereafter,
leaching continues at a much reduced rate.
In many soils, the soil solution at field capac-
ity is about twice as concentrated as when
the soil is saturated (shortly after irrigation).
When the soil dries out further between irri-
gations, the soil solution becomes even more
concentrated.

Table 6.1. Salinity and leaching fractions in four experimental fields, Chistian subdivision, Punjab,

Pakistan (from Kuper, 1997).

ECe Lowest ECe Highest ECe 90 cm
Soil type (dSm™1) (dSm™1) (dSm™1) depth LF
Field 1 Loamy sand 0.75 0.5 0.8 0.75 0.65
Field 2 Sandy loam 1.75 0.5 2.8 1.8 Nil
Field 3 Loam 25 1.3 4.2 25 0.07
Field 4 Silt loam 4.75 1.5 8.0 6.0 0.01
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Not all downward flow is equally effec-
tive in leaching salts from the root zone. The
most effective leaching occurs when water
moves through the soil mass, rather than
through cracks between aggregates. Water
moving through cracks and wormholes has
been called preferential flow. How much of
the percolation occurs as preferential flow
depends on the structure and texture of soil
and is difficult to determine. As a result, the
leaching efficiency of the percolating water is
also difficult to assess. In cracking clay soils,
initially as much as three-quarters of the
applied water may flow through the cracks.
Once the soil swells up with moisture, cracks
close and the leaching efficiency increases
(Smedema and Rycroft, 1988).

In its simplest form, for steady-state con-
ditions, the relation between the LR and the
amounts of irrigation and drainage water
and their EC reduces to:

LR =D,/D, = EC,/EC, 6.2

where D is depth of water (subscript a for
applied water; subscript d for drained
water) and EC is the corresponding electri-
cal conductivity. Equation 6.2 states that the
amount of salt added in the irrigation water
must equal the amount drained to maintain
the salt balance. If the actual LF is less than
the requirement, salt will accumulate
(Hoffman, 1990).

The relationship between the salinity of
the applied water, the LF and the resulting
soil salinity is an important one. It would be
easier to estimate expected yields if it were
possible to unambiguously predict the soil
salinity likely to result from irrigation applica-
tions of known salinity and a specified LE
Table 6.2 presents various relationships

between LF and the dimensionless ratio of the
average weighted root-zone salinity (Cs) and
the average salinity of applied water (Ca).

The values in the table are based on
steady-state conditions. However, the rela-
tionship between soil and water salinity as
governed by leaching is a dynamic one, sub-
ject to feedback mechanisms between growth
of the crop (hence, evapotranspiration) and
leaching of salts (see Dinar ef al. (1991),
referred to earlier). In all cases the salinity-
tolerance data are from threshold salinity-
response functions. In addition, the leaching
equations ignore the effect of sodium salts on
the soil structure. The variations among the
data in the table are due to the site specificity
of the relationship between root-zone salin-
ity and salinity of applied water for any
given leaching fraction. A contributing factor
is the variability in measured values of the
EC of soil-saturation extracts. The coefficient
of variation of the EC of soil moisture at sat-
uration is about 50% (Kijne, 1996) (see also
Datta et al. (1998) and Tedeschi et al. (2001),
who give similar values).

The various analyses that resulted in the
data in Table 6.2 indicate that the ratio of
root-zone salinity to irrigation-water salinity
is very sensitive to changes in the leaching
amount at LF below 0.1. The implication is
that a small change in the leaching amount
can make a large difference in root-zone
salinity. This ratio of root-zone salinity to
irrigation-water salinity is less sensitive to
changes in the leaching amount at LF values
between 0.1 and 0.4, which are most com-
mon. Hence, in this range of LF values, root-
zone salinity increases about linearly with
the salinity of the applied water. Therefore,
difficulties in the accurate determination of

Table 6.2. Relationships between leaching fraction and ratio of soil salinity over applied water salinity.

Cs/Ca (Pratt Cs/Ca (Hoffman
and Suarez, Cs/Ca (Rhoades, and van Genuchten, Cs/Ca
LF 1990) 1982) 1983) (Prendergast, 1993)
0.05 3 7 4 10.5
0.1 2 5 2.6 5.5
0.2 1.25 3 1.4 3
0.3 1 25 1.3 2.15
0.4 0.83 2.35 1 1.75
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LF from field data can affect the fit of the
leaching  equations. The study by
Prendergast (1993), in particular, emphasizes
the need for local data of the salt- and water-
balance parameters.

The leaching equation of Hoffman and
van Genuchten (1983) uses a root water-
uptake function that is exponential with
depth and incorporates some empirical coef-
ficients that can be adjusted according to the
local conditions. Of the relations reported in
Table 6.2, Hoffman and van Genuchten is
probably most commonly used in modelling
studies where a relationship between leach-
ing and root-zone salinity is required. It is
plotted in Fig. 6.4.

Analysis of Data

Leaching water, as was pointed out before, is
a beneficial, non-consumptive use of applied
irrigation water. Its benefit is in the removal
of salt from the root zone. If a portion of the
drainage and runoff water is reused else-
where in the irrigation system, part of their
salt load is reapplied, rather than being
removed, and the benefit of the drainage and
runoff water is reduced. Solomon and
Davidoff (1999) have presented analytical
expressions relating irrigation-performance
parameters for an irrigation system (called a

18

unit) and its subunits (e.g. watercourse
command areas (WCAs)) when drainage
water and runoff from one subunit are
reused on another. The performance para-
meters considered are the irrigation con-
sumptive-use coefficient, which is defined as
the ratio of irrigation water going to con-
sumptive uses over irrigation water applied,
and irrigation efficiency (IE) is defined as
irrigation water beneficially used over irri-
gation water applied. The numerator of IE
includes beneficial consumptive use (evapo-
transpiration), beneficial runoff and benefi-
cial drainage water.

Rather than following this analytical
analysis, perhaps the same point can be made
by the following simplified example. A series
of WCAs of an irrigation system, characteris-
tic of conditions in Pakistan’s Punjab, apply a
blend of canal water and some drainage
water from the upstream command area. The
EC of the blend applied to the first WCA is
135 dS m™!. All WCAs require 100 units
inflow to meet their consumptive-use
demand (crop evapotranspiration). According
to the relationships of Fig. 6.4, the LR is 0.2 to
maintain the root-zone salinity at a level cor-
responding to an EC of 2 dS m™!. Hence,
rather than an inflow of 100 units, 100/(1 —
LR) = 125 units of water need to be applied.
The EC of the drainage water issuing from
this first WCA is assumed to be 2.5 dSm™..
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Fig. 6.4. Root-zone salinity as a function of salinity of the applied water and the leaching fraction (Hoffman

and van Genuchten, 1983).
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In the first example, plotted in Fig. 6.5, the
next WCA in line applies a blend consisting
of 60% canal water and 40% drainage water
from the upstream WCA. The second WCA
has as its source of irrigation water a blend
of water with an EC of 1.35 dS m™! for the
irrigation-water component and an EC of 2.5
dS m™! for the drainage component, result-
ing in an EC of 1.8 dSm ™. Its LR is 35% and
the required inflow is 154 units of water. The
drainage water from this second WCA has
an EC equal to 2.7 dS m™ . This procedure is
repeated for four WCAs. The characteristic
values for the fourth WCA are an inflow
salinity of 2.5 dS m™!, LR of 45%, inflow of
180 units and drainage salinity of 3.3dSm™L.

The WCAs of the second example, plotted
in Fig. 6.6, take only 10% of their applied
water from the upstream drainage flow and
90% from the irrigation supply. In this case,
the characteristic values for the fourth WCA
are an inflow salinity of 1.74 dS m™!, LR of
36%, inflow of 156 units and drainage salin-
ity of 3.3 dS m™!. The salinization of the
water supply is slower when less water is
taken from the more saline source. However,
the trends are the same: more and more
water from the ‘good’ source needs to be
applied to the crop to maintain the root-zone
salinity at an acceptable level.

3.5

Field 3 in Table 6.1 referred to a farmer’s
field where the LF was only 0.07. For a water
demand of 100 units, this small amount of
leaching would bring the inflow to 108 units
and, with an EC of 1.35 dS m™, as in our
example, the average EC of the root-zone
moisture would be about 10 dS m~!. This
level of root-zone salinity would lead to sig-
nificant production losses of even salt-toler-
ant crops.

Reuse of drainage flow from another
WCA is very common in Pakistan’s Punjab.
Percolation from one WCA flows to the
groundwater and is pumped up by tube
wells for reuse elsewhere in the system. In
many systems, pumped groundwater makes
up between one-half and two-thirds of the
irrigation water.

Keller and Keller (1995) used a different
method to calculate the leaching requirement:

LR = ECa/(5ECe — ECa) (6.3)

where ECa is the EC of the irrigation water
and ECe is the EC of the soil-saturation
extract for a given crop and a tolerable
degree of yield reduction. They assumed an
allowable ECe of 1.5 dS m~1. The use of this
equation leads to LR values that are almost
identical to those obtained in the manner
described above.
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Fig. 6.5. Inflow volume (Q in multiples of 100 units), salinity of inflow and outflow (dS m~"), and leaching
requirement (fraction) for four successive reuse cycles, with 40% drainage water blended in.
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Fig. 6.6. Inflow volume (Q in multiples of 100 units), salinity of inflow and outflow (dS m~"), and leaching
requirement (fraction) for four successive reuse cycles, with 10% drainage water blended in.

Discussion

Several factors contributing to the present
uncertainty about LRs have been mentioned.
The most important ones derive from the
inherent complexity of the dynamic plant-
soil-water system in terms of its reaction to
variations in water quality. Current salt-
response functions and leaching equations
are valid for static conditions, whereas the
system itself is a dynamic one, with seasonal
changes in the quality of the applied water,
especially where rainfall meets a large part
of the crop water demand during one or part
of one growing season. Feedback mecha-
nisms in this dynamic system are poorly
understood and have rarely been quantified.
One example of such a mechanism is the
increase in downward flow when crop evapo-
transpiration declines as a result of salt stress
on the crop. Rather than one specific crop,
cropping sequences should be considered
(see the examples given by Tyagi, Chapter 5,
this volume). If the reported threshold val-
ues for salt tolerance are too high for most
field situations, LR values would be higher
than calculated. The effect of this difference

is probably small in view of the overall
uncertainty in the calculation of leaching
requirements. Depth of water table may vary
throughout a season or from one season to
another, and hence the potential contribution
to the evaporative demand of the crop
through capillary flow varies as well. The
effect of irrigation water rich in sodium salts
(alkaline water) on crop production and soil
structure is not considered.

Accurate determination of LRs is obvi-
ously not easy. Does it matter? It appears
that under most conditions more than
enough water is applied to the fields to meet
the LR. Or, in other words, those low LFs
reported in Table 6.2 must surely be excep-
tions rather than the rule. One gets that
impression when considering the values of
the relative water supply (the ratio of irriga-
tion supply plus rainfall over water demand)
and the relative irrigation supply (irrigation
supply over demand) for 26 irrigation sys-
tems reported by Molden ef al. (1998).
Relative water supply values varied between
0.8 and 4.0 and half of the systems had val-
ues greater than 2.0. The reported variation
in relative irrigation supply was between
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0.41 and 4.81, while 22 of the 26 systems had
values in excess of 1.5. The relative irrigation
supply should be near 1 when irrigation sup-
plies tightly fit the gap between demand and
rainfall. System-wide values of these two
parameters, however, do not tell us where
the excess water is applied. In many irriga-
tion systems, subsystems served by a distrib-
utary canal in the head reach of a system
receive more water per unit land than those
located in tail reaches of the same system.
This same variation in water distribution is
repeated at lower levels of the systems, i.e.
between head and tail WCAs within a dis-
tributary command area and between farms
located in head and tail reaches within the
same WCA. The worst salinization often
occurs in those tail areas.

A more equitable distribution of water
within irrigation systems and better knowl-
edge of LRs would contribute to greater
water productivity (yield per unit of water
beneficially used for evapotranspiration and
leaching of salts) than that presently occur-
ring in many irrigation systems. A condition
for such an improvement is more extensive
monitoring of the amounts of water and salts
applied to and drained from irrigation sys-
tems as a whole and especially from their
subunits. The data collection should cover all
aspects of the water and salt balances at the
different levels of irrigation systems. Salemi
et al. (2000) and Droogers et al. (2001) give
examples of insights that come from model-
ling of the water and salt balances in respect
of the relation between water application, its
salinity and the resulting water productivity
for different water application and salinity
conditions. The effect of water quality on the
attainable water productivity is apparent
without explicit knowledge of the LR.

Water productivity in rice cultivation has
not been considered in this chapter. Paddy rice
is often grown as an ameliorative crop. The
high rates of percolation from the fields help
reduce the salinity of the root zone for subse-
quent crops. A drawback of this approach is
that rice is often grown on unsuitable light-
textured soils that are poorly puddled at the
start of the season, leading to excessive perco-
lation rates and rising water tables. Water pro-
ductivity as low as 0.14 kg m™3 of water

applied to the rice-fields has been recorded in
Pakistan’s Punjab. This uncontrolled leaching
wastes water.

Kotb et al. (2000) describe rice cultivation
in salt-affected lands of the northern Nile
delta in Egypt. They illustrate that the use of
rice paddies to control salinity is faced with a
number of constraints, such as periodic water
shortages and salinity of supply water, which
consists of a blend of fresh water and
drainage water. Diversified cropping in the
same subsurface drainage system compounds
the problems, as rice and the other crops in
the cropping system vary in their irrigation
and drainage requirements. The authors pro-
pose that, to alleviate the problems of water
shortage, the rice-cultivation area needs to be
reduced by 50% and that rice cultivation in
the delta should be consolidated to monitor
its extent and to have uniform drainage
requirements. Kotb et al. (2000) recommend
rice cultivation only in saline soils of the delta
but perceive that enforcement of such a policy
may be difficult to achieve. In addition, long-
term changes in the salinity of the delta water
resulting from increased drainage-water reuse
are not clearly known.

This example is typical in two respects. In
many developing countries, the long-term
productivity impacts of using saline and
sodic irrigation water are unknown and the
enforcement of policy measures that would
lead to greater equity of distribution is
doubtful, at best. A set of measures sug-
gested by Kuper (1997) for a specific com-
mand area in Pakistan’s Punjab included
diversion of good-quality canal water from
head to tail reaches to improve the blend of
irrigation water available in the tail reaches
and thereby curtailing further salinization.
The consequence of this measure was that
less canal water would be available to head-
end farmers, who may object to this measure
and compensate for their perceived shortage
by pumping more groundwater and hence
increasing the likelihood of salinization in
the head reaches. The suggested measures
were probably not economically viable or
enforceable. Because of the current low lev-
els of yield, the expected slight improve-
ments in yield did not raise the economic
returns in tail reaches by much (Kijne, 1998).
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Unfortunately, few data are available on
the economics of salinity-control measures.
One complicating factor in the calculation of
benefit/cost ratios is that the potential yield
level under non-saline conditions is not well
known. Yield levels between 4 and 7 t ha™!
for wheat and rice irrigated with canal water
in India’s Punjab (e.g. Tyagi, Chapter 5, this
volume, Tables 5.2 and 5.3) are lower than
the maximum irrigated yields attained else-
where when all growth factors are closer to
their optimal value.

This chapter has shown that the potential
exists for improved water productivity by bet-
ter-managed leaching practices but is not eas-
ily realized. Better knowledge is needed about
the magnitude and interaction of the various
components of the water and salt balances
under field conditions and their changes over
time. Those studies are expensive and time-
consuming. Modelling studies, such as those
discussed by Salemi et al. (2000) and Droogers
et al. (2001), will contribute to our understand-
ing, but they need to be validated in the field.
In addition, it should be realized that the rec-
ommendations arising from such studies are
probably difficult to implement. Reallocation

of water supplies to achieve greater equity in
access to and quality of water for farmers in
different parts of irrigation systems requires
greater management inputs and control. Using
good-quality water only for high-value crops
and poor-quality water for fodder crops and
trees is politically unacceptable in a country
like Pakistan, where the introduction of such
measures would lead to greater poverty and
unemployment for those farmers left with the
saline groundwater. Reducing cropping inten-
sities or changing cropping patterns to ensure
adequate leaching applications is also likely to
increase the gap between relatively rich and
poor farmers.

In the long term, the installation of sub-
surface drains in a substantial portion of
Pakistan’s Punjab and the disposal of saline
effluent into salt sinks and ultimately into
the sea may be unavoidable. The invest-
ments required for this type of work are
huge. The recent gradual decline in multilat-
eral infrastructural investments in agricul-
ture gives no reason to think that improved
drainage will happen soon. In the meantime,
yield levels and water productivity will
remain lower than necessary.
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7 Opportunities for Increasing Water
Productivity of CGIAR Crops through Plant
Breeding and Molecular Biology

John Bennett
International Rice Research Institute, Manila, Philippines

In regions experiencing an absolute or eco-
nomic shortage of water, there is an urgent
need to increase the water productivity (WP)
of crops through breeding or natural-
resources management. The options for
increasing WP through breeding are: (i) to
reduce non-transpirational uses of water; (ii)
to reduce transpiration without reducing
production; (iii) to increase production with-
out increasing transpiration; and (iv) to
enhance tolerance of water-related stresses —
drought, salinity and waterlogging or sub-
mergence. The Green Revolution achieved
substantial increases in WP for rice and
wheat by reducing the crop duration and
increasing the harvest index. Progress in
extending these achievements to other
Consultative ~ Group on International
Agricultural Research (CGIAR)-mandated
crops has been considerable and will acceler-
ate following the recent cloning of several of
the underlying genes. The success of breed-
ing for greater WP depends heavily on the
use of physiological, molecular and genetic
methods to identify useful alleles within the
genetic resources held by the CGIAR centres,
which, in consequence, have a clear compar-
ative advantage in this important enterprise.
The complete sequencing of the Arabidopsis
and rice genomes will provide crucial help in
the discovery of genes for other WP-related
traits in all mandated crops. It will soon be

possible to enhance WP in popular varieties
by DNA-assisted backcrossing, a more effi-
cient breeding strategy than the conventional
pedigree method based on phenotypic selec-
tion. A major application of molecular breed-
ing is to increasing drought and salt
tolerance, particularly at the stress-sensitive
flowering stage, with benefits to both water
economy and farmers’ livelihoods.

The productivity of crops is commonly
measured in relation to inputs such as capi-
tal, land, energy and labour or fertilizer
(Pingali and Heisey, 1999; Socolow, 1999; Ball
et al., 2001). In recent years, increasing atten-
tion has been given to crop productivity in
relation to water consumption (Seckler et al.,
1998). WP is an important issue in arid
regions that are already experiencing an
absolute shortage of water (or are projected
to do so in the near future) and in other
regions where an economic shortage of
water leads to severe competition among
water consumers. The magnitude of the
problem is illustrated by the fact that agricul-
ture accounts for about 70% of human water
use (WMO, 1997). Furthermore, much of the
water used in agriculture is lost to the atmos-
phere as a result of evaporation from the soil
and transpiration from leaves, whereas
much of the water used for industrial and
domestic purposes may be recycled. For
every kilogram of grain produced, cereal
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plants transpire about 1000 kg of water
(Tuong, 1999; Tuong and Bouman, 2002,
Chapter 4, this volume).

Seckler et al. (1998) presented four options
for addressing the limitations imposed on
crop production by shortages of water. They
were: (i) development of additional water
resources and water-storage facilities; (ii)
increased productivity of existing water sup-
plies; (iii) regional diversion of water; and
(iv) increased importation of food. These
options can be interpreted entirely in terms
of infrastructural development and water
engineering, but their implementation
would be more effective and sustainable if
accompanied by the breeding of crops with
greater WP. Such crops would be valuable
both in the intensive cropping systems on
which global food security rests (Cassman,
1999) and in the stress-affected ecosystems
on which 650 million poor people rely for
food and livelihood (Alexandratos, 1999).
You (2001) proposed that rice cultivation in
China should be reduced in favour of more
water-efficient crops and that Chinese rice
requirements should be met by imports.
However, this proposal does not take into
account the steps taken in China to increase
the WP of rice through breeding and water
management (Dong et al., 2001).

This chapter focuses on the opportunities
for increasing crop WP through breeding.
The first section takes a general look at water
use by plants and by farmers and the impli-
cations of these uses for WP at the crop level.
The second section discusses the opportuni-
ties for increasing WP by focusing on four
types of trait. The third section focuses on
breeding for drought tolerance and the
prospects for improving breeding efficiency
through genomics.

Water Use and WP at the Crop Level
WP in different cropping systems

The definition of WP differs at different
scales of water management. Dong et al.
(2001) used three definitions of WP in their
study of rice cultivation. The WP per unit of
evapotranspiration (WPp;) is the mass of

crop production divided by the total mass of
water transpired by the crop and lost from
the soil by evaporation. The WP per unit of
irrigation water (WP)) is the crop production
divided by the irrigation flow. The WP per
unit of gross inflow (WP,,) is the rice produc-
tion divided by the rain plus irrigation flow.
Two related and widely used physiological
concepts are water-use efficiency (WUE),
defined as crop production per unit transpi-
ration, and transpiration efficiency (A/T),
defined as the ratio of photosynthesis (A) to
transpiration (T) (Peng et al., 1998). Scientific
disciplines differ in the importance they
have given to these parameters.

The most appropriate measure of WP
varies with the cropping system. For an
entirely rain-fed cropping system, in which
no attempt is made to trap rainfall on farm
for later use, the goal is to maximize WP, by
planting crops and varieties that utilize rain-
water fully and efficiently. WPy, is a valu-
able parameter by which to judge the water
efficiency of different crops, varieties and
agronomic practices. A comparison between
WP and WP, provides information on the
availability of rainwater to the crop, as a
result of the root structure of the plant or the
structure of the soil. In the absence of irriga-
tion, WP, is irrelevant.

For a rain-fed cropping system with sup-
plementary on-farm irrigation from surface
reservoirs or underground aquifers, WP, will
be a sensitive measure of the timeliness of
the irrigation, while WP will be a guide to
the water efficiency of different crops, vari-
eties or agronomic practices. Cabangon et al.
(2001) found that WPy, for rice increased
from 0.48 g kg~ ! under dry seeding to 0.53 g
kg~! under wet seeding and to 0.61 g kg™!
under transplanting. As direct rainfall and
on-farm irrigation are difficult to divert to
off-farm uses, the value of knowing WP here
lies in maximizing production rather than
making decisions about water use.

The situation is different for a rain-fed
cropping system with supplementary off-
farm irrigation or for arid-land farming that
is continuously dependent on off-farm water.
Here it is likely that water will have to be
purchased, possibly in competition with
other users. WP, will then help in decision-
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making about water allocation. It is impor-
tant that irrigation water be available at the
stages in plant growth (seedling emergence
and flowering) when yield is most affected
by water shortage. To be sure of supplies at
these crucial times, farmers may invest in on-
farm storage of off-farm water. Breeders will,
of course, wish to develop varieties whose
yield is not affected by any water deficit that
occurs at these times. They will also wish to
make the crop tolerant to low-quality irriga-
tion water (through salt tolerance) and to the
waterlogging or flooding that results when
rainfall exceeds the sum of evapotranspira-
tion (ET) and seepage.

It is instructive to compare the relevance
of WP in the least productive and most pro-
ductive cropping systems. Poor farmers in
rain-fed areas often contend with drought,
salinity and waterlogging/flooding. They
wish to maximize WP, even though they
lack the resources to accomplish this objec-
tive through water or land management.
They look to plant breeding to maximize
WP, through the enhanced tolerance of crops
to water-related stresses. One of the most
productive cropping systems in the world is
the rice-wheat double-cropping system of
central and southern China and the Indo-
Gangetic plain (Cassman, 1999; Timsina and
Connor, 2001). Rice and wheat are grown in
summer and winter, respectively. Depending
on location, these crops may be largely rain-
fed or largely irrigated. Both crops are likely
to experience temperature stress and drought
at the start and the end of each growing sea-
son. In addition, rice may experience submer-
gence in midsummer, and wheat may
experience early-season waterlogging and
mid-season frost. As provision of irrigation
and drainage is expensive, many rice-wheat
farmers require cultivars that maximize WP
through stress tolerance.

WP takes into account only water evap-
orated or transpired and is, therefore,
focused on plant behaviour. WP} and WP
include not only ET but also water used in
other ways for crop production and water
that is wasted. In the next two sections, I take
a closer look at water use by plants and
farmers to gauge opportunities for and limi-
tations on increasing WP.

Water use by plants

Crops and natural vegetation are major users
of water. This need arises from four features
of plants:

® When plants open the stomata of their
leaves to admit atmospheric CO, for pho-
tosynthesis, they lose water vapour
through the same openings, a process
known as stomatal transpiration. Many
photosynthetic parameters (e.g. electron
transport rate, carboxylation efficiency,
intrinsic WUE, respiration rate in the
light, etc.) are more strongly correlated
with stomatal conductance than with
water status itself (Medrano et al., 2002).

® Even when stomata are closed, leaves and
stems of many species may lose water by
transpiration through non-stomatal sur-
faces.

® Transpiration also serves to cool leaves
exposed to high air temperatures, low
atmospheric water-vapour pressures or
the heating effect of sunlight (Radin et al.,
1994).

® Plants use the transpiration stream to
transport to the leaves both inorganic
nutrients from the soil and a range of
chemicals synthesized in the roots,
including signal molecules that contribute
to whole-plant integration (Peuke et al.,
2002).

To satisfy these requirements, plants will
transpire in a growing season several hun-
dred times more water than is present in
their tissues at any one time.

If plants do not receive enough water to
maintain high rates of photosynthesis, total
dry-matter accumulation will decline, plant
development will be affected and yield will
be lost. The extent of yield loss depends on
the timing, duration and intensity of the
water deficit (Boonjung and Fukai, 1996). It
is particularly important that plants gain
access to water at the seedling and flowering
stages, when yield is most sensitive to water
deficit. Poor farmers rely entirely on soil
moisture and rainfall to provide water for
their crops. They could plant varieties with
deep roots (in the uplands) or penetrating
roots (in the lowlands) to explore a great vol-
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ume of soil — a strategy known as drought
avoidance. If the rainy season is short and
fairly reliable, farmers may plant short-dura-
tion varieties that complete flowering before
soil moisture declines at the end of the sea-
son — the drought-escape strategy. Some low-
land varieties can adapt to a slow onset of
drought by modifying their chemical consti-
tution to retain as much water as possible
through osmotic adjustment and to protect
themselves from irreversible damage during
stress — the strategy of drought tolerance. A
major challenge for breeders is to produce
new varieties that display high yield poten-
tial under or after drought stress.

Water use by farmers

Farmers with the financial resources to pro-
vide supplemental or continuous irrigation
achieve much higher yields than farmers in
rain-fed environments (Table 7.1), but
whether WP, increases or decreases with
irrigation depends on a variety of factors.
WP may increase if irrigation is supplied at
germination and flowering, when water
deficit is most damaging, but WP, may
decline if unnecessary amounts of water are
supplied at less sensitive stages of the
growth cycle or if significant losses occur
through evaporation. Farmers may also use
large amounts of water for weed control, for
growth of a legume crop as green manure, or
for flushing salt and other toxic chemicals
from the soil. Other uses include provision of
water to moderate high or low temperatures
through a microclimatic effect, a practice that
tends to be limited to rice because of its abil-
ity to tolerate flooding of its root system.

These practices increase yield but tend to
reduce  WP. Their elimination can be
expected to increase WP, provided yield is
maintained by using other approaches to
control weeds, supplying N fertilizer, etc.

Plant Traits to Exploit for Increased WP

This section discusses four groups of plant
traits that can be exploited to enhance WP.
They are: (i) traits that reduce the non-tran-
spirational uses of water in agriculture; (ii)
traits that reduce the transpiration of water
without affecting productivity; (iii) traits that
increase production without increasing tran-
spiration; and (iv) tolerance of three water-
related stresses (waterlogging/flooding,
salinity and drought). In Table 7.2, these
traits are accompanied by an estimate (high,
medium, low) of the probability that major
progress will be made in the next 5 years.
The probability is declared to be high where
progress has already been made towards
identifying regulatory genes. The probability
is considered medium where some of the
genes of a relevant pathway have been iso-
lated and, therefore, provide an entry point
to the identification of regulatory genes. The
probability is described as low where few or
no relevant data are available.

Traits that minimize non-transpirational uses
of water in agriculture

One of the major water-saving innovations
in rice production (measured as WP, rather
than WPp;) is the switch from transplanting
to direct seeding (Cabangon et al., 2001), but

Table 7.1. Alarge minority of rice farmers and consumers depend on

rain-fed rice production.

Parameter

Irrigated ecosystem

Rain-fed ecosystem

Production (% of total)
Land area (% of total)
Chemical inputs
Average yield (t ha™")
Consumers (billion)

75 25
45 55
High Low
>5.0 <23
>1.2 >0.8
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Table 7.2. Genetic approaches to increasing crop water productivity.

Probability of
major progress

Water-productivity factor Genetic approach in 5 years
Minimize Herbicide-resistant crop Low?
non-transpirational Weed competitiveness Low
uses of water Heat and cold tolerance at flowering Medium
More efficient cooling via evapotranspiration Medium
Nitrogen-use efficiency Medium
Nitrogen fixation Low
Reduce transpiration without Waxy-cuticle production Medium
reducing production Rapid stomatal closure High
Cooling mechanism for leaves High
Rapid canopy closure Low
Thicker, more intact Casparian strip High
Sustainable production of aerobic rice Medium
Increase production without Short duration, seedling vigour High
increasing transpiration Higher harvest index Medium
C, photosynthesis Medium
More photosynthesis per unit water transpired Low
More dry matter allocated to grain after stress Medium
Stay-green flag leaf Medium
Use cheaper water Tolerance of salinity High
Less water management Tolerance of waterlogging Medium
Tolerance of submergence High

aTransgenic mechanism is currently available but its deployment is problematic.

weeds then become a major problem.
Herbicide-resistant rice would be a solution,
but concerns exist about the spread of herbi-
cide-resistance genes to wild or weedy rice
(Rieger et al., 2002). Plants have genetic sys-
tems in the nucleus, the mitochondrion and
the chloroplast. Insertion of genes for herbi-
cide resistance into the nuclear genome may
result in the spread of this trait to wild rela-
tives of crop species, an event that would
undermine the value of this trait. As most
crop plants show maternal inheritance of
plastid DNA (‘plastome’), pollen escaping
from plants transformed in the plastome will
not transmit herbicide-resistance genes to
nearby weedy relatives. Daniell ef al. (1998)
reported transformation of the plastome of
petunia with the 5-enolpyruvyl Shikimate-3-
phospate (EPSP) synthase gene, which con-
fers resistance to the herbicide glyphosate.
Of course, it would still be possible for
pollen from weedy relatives to fertilize the
transgenic plant and thereby create a par-

tially weedy, herbicide-tolerant hybrid in
farmers’ fields. Although the rate of this
process would be extremely low, given the
high self-fertilization rate of elite crop
species, further research on eliminating the
spread of herbicide resistance will be
required before this potentially valuable trait
is likely to be widely acceptable. In an alter-
native approach, the International Rice
Research Institute (IRRI) is working with the
West Africa Rice Development Association
(WARDA) to transfer weed competitiveness
from the African cultivated rice Oryza glaber-
rima to the Asian cultivated rice Oryza sativa.
The basis of this trait appears to be seedling
or vegetative vigour.

Green manure is a valuable source of
organic nitrogen fertilizer (Ladha and Garrity,
1994). It is derived from short-duration
legume crops or the N,-fixing fern Azolla. The
use of green manure is frequently advocated
but it is often limited by water supply. As
water becomes scarcer, it is even less likely
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that farmers will use green manure, in spite of
its benefits. Chemical N fertilizer is widely
available but still expensive for many farmers.
N-use efficiency is thus a trait that will be
highly valued by farmers. A radical alternative
approach is to develop N, fixation in non-
leguminous crops, such as cereals. IRRI pur-
sued this approach until recently. It became
clear that rice plants are to some extent
‘Rhizobium-ready’ (Kouchi et al, 1999).
Rhizobium is closely related to Agrobacterium,
another bacterium that naturally forms rela-
tions with dicotyledons but not with cereals.
For many vyears, attempts to achieve
Agrobacterium-mediated  transformation of
cereals were of limited success, but, once ace-
tosyringone from potato was introduced as an
activator of Agrobacterium virulence genes,
cereal transformation by this bacterium
became routine (Hiei et al., 1997). Is it possible
that a breakthrough of similar simplicity will
enable cereals to form a symbiotic relationship
with Rhizobium and fix their own nitrogen?
Australian rice farmers use an extra depth
of floodwater (> 20 cm) to create a warmer
microclimate during the flowering stage
(Williams and Angus, 1994). Without this
effect, cold southerly winds cause consider-
able pollen sterility in high-N plants. Rice is
uniquely suited to this use of water because
aerenchyma cells in the stem and the root
provide a means of overcoming the root
anoxia that makes other crops sensitive to
waterlogging and flooding (Dennis et al.,
2000). This use of water could be dispensed
with and WP, could be significantly
enhanced if cold tolerance at the reproduc-
tive stage could be increased in rice. Several
examples of the enhancement of cold toler-
ance in rice have been reported (Sakamoto et
al., 1998; Saijo et al., 2000). This trait would
be equally valuable in other crops that suffer
from the effect of cold air during flowering,
even if no savings in WP, were involved.

Traits that reduce the transpiration of water
without affecting productivity

Traits that decrease water loss to the air
include a waxy cuticle and stomatal closure.
It is not clear to what extent the residual

water loss from leaves is due to the perme-
ance of the cuticle or to the incomplete clo-
sure of stomata (Riederer and Schreiber,
2001). The water permeances of leaf cuticular
membranes from 21 plant species were
found to cluster according to life form and
climate of origin (Schreiber et al., 1996). The
lowest water permeances were observed
with evergreen leaves from epiphytic or
climbing plants growing naturally in a tropi-
cal climate. The next group in the order of
increasing cuticular permeance comprised
xeromorphic plants typically growing in a
Mediterranean-type climate. The group with
the highest water permeances comprise
deciduous plant species with mesomorphic
leaves growing in temperate climates. One of
the impediments to defining genes that may
be useful in decreasing the water permeance
of the cuticle is that the chemistry responsi-
ble for determining the permeance has not
yet been identified, although cutin polymers,
their cross-linking, their esterification and
their association with epicuticular waxes
have all been implicated (Riederer and
Schreiber, 2001).

Much more is known about the controls
on stomatal closure in response to drought,
salinity, soil compaction and other stresses
(Luan, 2002; Roberts et al., 2002). Although it
is clear that leaf abscisic acid (ABA) promotes
stomatal closure, the role of root-derived
ABA as the principal long-distance signalling
molecule for stress-responsive stomatal clo-
sure has recently been challenged by root-
grafting experiments (Holbrook et al., 2002).
The ABA-dependent events inside guard
cells are emerging, including the coordina-
tion afforded in Arabidopsis by AtRacl, a
small guanosine triphosphatase (GTPase)
(Lemichez et al., 2001). AtRacl inactivation by
the protein phosphatase abscisic acid-insensi-
tive 1 (ABI1) is the limiting step in the ABA-
triggered signalling cascade leading to
stomatal closure.

ABA-mediated stomatal closure is not
enough to guarantee drought tolerance.
Although it reduces water loss and helps to
ensure that the soil-root—xylem-leaf-air
hydraulic continuum remains intact, it does
commit plants to a period without photosyn-
thesis while radiation continues to be
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absorbed, and ABA may have undesirable
side-effects ~on  panicle  development
(Westgate et al., 1996). It is interesting that the
recessive abhl mutant of Arabidopsis shows
ABA hypersensitivity and reduced wilting
under drought (Hugouvieux et al., 2001). The
ABHI gene encodes an mRNA cap-binding
protein that acts as a modulator of ABA sig-
nalling through alteration of transcript levels
for early ABA-signalling elements.

Transpiration is regarded as the only pro-
ductive water outflow at the field level
because it contributes to plant growth by
promoting photosynthesis and leaf cooling.
However, it is possible that only a fraction of
transpiration is actually beneficial and the
remainder is wasteful. Peng et al. (1998) com-
pared the ratio of photosynthesis (A) to tran-
spiration (T) of seven tropical japonica rice
varieties developed by IRRI with those of
seven of IRRI’s indica varieties. The A/T was
determined 1 week after flowering for all
varieties and throughout the growing season
for one genotype from each type. Both A and
T were measured on the topmost fully
expanded leaves under saturating light with
a portable photosynthesis system. Indica
varieties had a higher T than the tropical
japonica lines. The differences in A between
the two types were relatively small and
inconsistent across growth stages and years
compared with the differences in T. The A/T
was 25-30% higher for the tropical japonica
than the indica type over 2 years. A lower
carbon isotope (13C/12C) discrimination in a
tropical japonica line than in an indica vari-
ety confirmed that the improved tropical
japonica lines had higher A/T values than
the indica varieties. These data indicate that
significant variation exists in the rice
germplasm for the A/T ratio. It would be
important to determine whether a higher
A/T translates into a higher WPp.

The role of transpiration in keeping leaves
cool is a potential source of difficulty for
breeders. As stomatal transpiration and non-
stomatal transpiration decline, is it possible
that leaf temperature will rise and inhibit
production? One possible way of dealing
with this issue is to enhance the heat toler-
ance of crops by non-transpirational means.
Two such approaches are through the

expression of genes for the heat-shock 101
(HS101) proteins (Queitsch et al., 2000) and
ascorbate peroxidase (Shi et al., 2001).

Plants also lose water to drying soil. Since
this water eventually contributes to evapora-
tion and thereby reduces WP, any trait that
reduces such water loss is relevant here.
Lignin and suberin form the Casparian strip
and play important roles in protecting the
stele of roots from water loss (Zeier et al.,
1999). Some of the key genes regulating the
biosynthesis of these hydrophobic molecules
are known. Caffeoyl coenzyme A (CoA) O-
methyltransferase is a rate-limiting step in
the biosynthesis of lignins and suberin
(Inoue et al., 1998), and peroxidase activity is
essential for later steps in the biosynthesis of
these molecules (Roberts and Kolattukudy,
1989). An important step forward will be the
identification of transcription factors that
upregulate these biosynthetic pathways in
response to stress.

Following the lead of agronomists in
China and Brazil, IRRI has begun to study
the feasibility of establishing a high-input,
non-puddled irrigated system for upland
rice (Bouman, 2001). Known as ‘Han Dao’ in
China and ‘aerobic rice” at IRRI, this system
has potential for large water savings, espe-
cially on soils with high seepage and perco-
lation rates. Han Dao varieties yield 6-7.5 t
ha™! under flash irrigation in bunded fields
in north-east China (Wang and Tang, 2000).
It will be necessary to breed new varieties
that are adapted to this ‘aerobic’ ecosystem
in the tropics.

Traits that increase production without
increasing transpiration

One of the most important traits in this cate-
gory is the harvest index (HI), the proportion
of total above-ground dry matter allocated to
the harvested organs (e.g. tubers, fruits or
seeds). A higher HI was one of the key traits
of the high-yielding modern rice and wheat
varieties that contributed to the Green
Revolution (Khush, 2001). Manipulation of
the HI may be achieved at the level of plant
architecture and at the level of carbon alloca-
tion. At the architectural level, breeders have
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identified dwarfing genes that reduce vege-
tative biomass of cereals without affecting
grain yield. The sd1 gene for the semi-dwarf
trait of rice has been cloned (Sasaki et al.,
2002). It encodes an inactive variant of gib-
berellic acid 20 (GA,) oxidase-2, an enzyme
of gibberellin biosynthesis. The wild-type
version or allele of this gene is designated
SD1. Three different mutant sd1 alleles from
rice germplasm prevent GA biosynthesis and
confer the semi-dwarf trait. However,
another copy of the gene (GA,, oxidase-1) is
expressed in flowers and supplies enough
GA to promote normal grain filling. The Rht
dwarfing gene of wheat is a transcription
factor in the GA biosynthetic pathway (Peng
et al., 1999). As a gain-of-function mutation,
it may be useful in reducing the height of
other important crop plants and for enhanc-
ing WP, because water use is determined by
biomass rather than linked to yield.

At the level of carbon allocation, a larger
HI implies that a greater proportion of carbo-
hydrate has been deposited in the harvested
product, e.g. as starch in cereal grains. The
ability of seeds or fruit to accumulate carbo-
hydrate depends on their sink strength.
There is a growing consensus that a key step
is the unloading of sucrose from the phloem
through irreversible hydrolysis by the
apoplastic invertase of the sink organ
(Fridman et al., 2000; Druart et al., 2001;
Nguyen-Quoc and Foyer, 2001). Pollen steril-
ity and embryo abortion in drought-stressed
cereals are associated with low levels of
apoplastic invertase (Zinselmeier et al., 1999;
Saini and Westgate, 2000). Pollen-based male
sterility was induced in plants by downregu-
lation of the anther apoplastic invertase by
the antisense approach (Goetz et al., 2001).
The antisense form of the invertase gene con-
tained part of the gene sequence in the
reverse orientation. When this antisense con-
struct was introduced into plants, cells accu-
mulated a novel form of mRNA, which
bound strongly to normal invertase mRNA
molecules, preventing them from directing
the synthesis of invertase molecules. Chopra
et al. (2000) implicated another sucrose-
hydrolysing enzyme, sucrose synthase, in
determining the sink strength in mung-bean
seeds. Unlike apoplastic invertase, sucrose

synthase is cytosolic and
reversible reaction.

Where the rainy season is reliable but
comparatively brief, short duration is a trait
that increases WP in crops by permitting
drought escape. In such locations, flowering
occurs before the onset of terminal drought.
In locations with adequate rain throughout
the year, short duration can enhance WP by
permitting multiple cropping. Although
short duration may be selected visually, a
molecular understanding is expected to facili-
tate more precise control of the flowering
date. Yamamoto et al. (2000) noted that 23
major genes and numerous quantitative trait
loci (QTL) for heading date have been
reported for rice, a plant with accelerated
flowering under short days. A QTL is a
genetic locus associated with some fraction of
the variance of a quantitative trait, such as
heading date. The variance explained by
individual QTL varies from large to small.
QTL of large effect are few but are readily
mapped and potentially useful in breeding.
QTL of small effect are numerous and diffi-
cult to map with sufficient accuracy for use in
breeding. In the case of heading date, how-
ever, several QTL of large effect are known.
One of such QTL, Hd1, was first identified in
a segregating population derived from the
cross  Nipponbare/Kasalath, with the
Nipponbare allele reducing the heading date
relative to the heading date of Kasalath. Hd1
has been cloned and shown to encode a zinc-
finger transcription factor (Yano et al,
2000). Hd1 is an allele of the major photope-
riod sensitivity gene Sel. The Nipponbare
allele of this gene, when introduced into
rice by transformation, reduced the time to
heading under short days from 88 days to
58 days. DN A-based selection may now be
used to achieve the same goal. Shorter
duration has also been induced in rice by
the Arabidopsis floral-transcription factor
LEAFY (He et al., 2000).

The new varieties of the Green Revolution
also enhanced WP. Traditional cultivars are
of long duration (150-180 days), with flower-
ing triggered by changes in day length
(longer day length for winter wheat and
shorter day length for summer maize and
rice). The development of photoperiod-

catalyses a
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insensitive varieties of short to medium
duration (90-120 days) enabled crops to
increase WP by escaping the late-season
drought, which adversely affects flowering
and grain development. Shorter duration
also permitted double cropping and triple
cropping, which make more efficient use of
monsoonal floods. By increasing yield and
simultaneously reducing crop duration (and
therefore the outflows of evapotranspiration,
seepage and percolation), the modern vari-
eties of rice have a WP, that is about three-
fold higher than that of traditional varieties
(Tuong, 1999; Tuong and Bouman, 2002,
Chapter 4, this volume).

In most genotypes of sorghum, drought
during grain filling hastens leaf senescence,
leading to premature death. Stay-green geno-
types, in contrast, retain more green leaf area
and continue to fill grain normally under
drought conditions (Rosenow et al., 1983).
Moreover, there is a positive association
between stay-green and grain yield under
water-limited environments (Borrell and
Douglas, 1996). Although the stay-green trait
may involve more transpiration as the leaves
remain active longer, they appear to give
higher yields without requiring supplemen-
tal irrigation, increasing WP and perhaps
even WP.. QTL Stgl and Stg2 contribute to
this trait; they have been mapped but not iso-
lated as yet (Xu, W. et al., 2000).

In 1999, IRRI held a symposium on the
theme of achieving C, photosynthesis in rice,
a C; plant (Sheehy et al., 2000). The rationale
was to explore the feasibility of achieving in
rice the productivity, N-use efficiency and
WUE of C, plants, such as maize and
sorghum, in a plant producing rice grain.
Yeo et al. (1994) surveyed photosynthetic gas
exchange in 22 of the 23 species of the genus
Oryza. Some species with the highest assimi-
lation rates were assessed for photorespira-
tory losses, and these were generally around
30%, i.e. similar to those of O. sativa varieties.
However, a range of Oryza rufipogon acces-
sions had photorespiration rates significantly
lower than the O. sativa genotypes tested. No
species in the genus possessed C, photosyn-
thetic metabolism, although some did over-
lap, with compensation concentrations and
phosphoenolpyruvate (PEP) carboxylase

activities reported for C,-C, intermediate
species. Nevertheless, the high level of
expression of C, maize genes observed in
transgenic rice by Ku et al. (1999) is indica-
tive of progress using biotechnological tools.
Transgenic rice overexpressing maize C,-
type PEP carboxylase, pyruvate-P; dikinase
or both exhibited superior photosynthetic
and yield traits (Ku et al., 2000, 2001).
However, these superior traits were associ-
ated with reduced stomatal resistance and
might, therefore, be associated with
enhanced transpiration. Measurements of
WP, for these transgenic plants are clearly
highly desirable.

Waterlogging and flooding

Waterlogging and flooding are common in
rain-fed ecosystems, especially on soils with
poor drainage. They can seriously reduce
yield (Dennis et al., 2000) and are among the
stresses considered by the Food and
Agriculture Organization (FAO) and the
International Institute for Applied Statistical
Research in their estimates of global arable
land area and global productivity (Fischer et
al., 2001). Roots obtain oxygen for growth
and mineral uptake from air pockets in the
soil, but, when roots are partially submerged
(waterlogged) or completely submerged
(flooded), the anoxic conditions prevent root
growth and send signals to the rest of the
plant to reduce shoot growth and plant pro-
ductivity. Plants such as rice are tolerant to
waterlogging because of their well-devel-
oped aerenchyma tissues in the roots and the
stem. Some rice varieties, such as FR13A, are
even tolerant of 2 weeks of submergence of
the entire plant. In a genetic analysis of rice,
Xu and Mackill (1996) localized a major gene
for submergence tolerance on chromosome 9
(Subl). Nandi et al. (1997) additionally local-
ized minor QTL for submergence tolerance
on chromosomes 6, 7, 11 and 12. Xu, K. et al.
(2000) fine-mapped Subl from FR13A, using
a very large mapping population derived
from a cross between M202 and a derivative
of FR13A. Two markers co-segregated with
Subl and others were at a distance of 0.2
centiMorgans (cM) on the genetic map of rice
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(or ~60 kbp at its position on the physical
map). The high-resolution map should serve
as the basis for map-based cloning of this
important locus, as it will permit the identifi-
cation of bacterial artificial chromosome
(BAC) clones (~150 kbp) spanning the
region. Sripongpangkul et al. (2000) mapped
a gene for submergence tolerance from the
cultivar IR74; it mapped to the same location
as Subl and is presumably allelic with it.
Dennis et al. (2000) discuss options for
achieving waterlogging tolerance in wheat
and other crops using genetic engineering.

Salinity

Flooding and waterlogging can lead to the
salinization of soil above saline groundwater.
Salinity arises also from intrusion of sea
water in coastal areas and from the use of
irrigation water of low quality. About 10% of
the global land area is affected by salinity
(Szabolcs, 1989) and about 20% of irrigated
land is similarly affected (Yeo et al., 1999).
Overlapping sets of QTL for salt tolerance
have been detected in tomato at germination
and at the seedling stage (Foolad, 1999). A
major gene and several QTL for salt toler-
ance have been reported for rice seedlings
(Koyama ef al., 2001; Gregorio ef al., 2002).
Many transgenes have been reported to
enhance salt tolerance in Arabidopsis or crop
plants. One of the most promising
approaches is the overexpression of the vac-
uolar Na*-H" antiporter NHX1 (Apse et al.,
1999; Zhang et al., 2001) or of the vacuolar
pyrophosphatase (Gaxiola et al., 2001). The
pyrophosphatase helps to energize the
antiporter by pumping protons in the vac-
uole and allowing the antiporter to drive
Na* ions into the vacuole in exchange for the
protons. Overexpression of transcription fac-
tor DREB1A under control of the stress-sensi-
tive rd29A promoter increases not only salt
tolerance but also drought and cold toler-
ance in Arabidopsis (Kasuga et al., 1999).
Bennett and Khush (2002) review the discov-
ery of genes conferring salt tolerance.

The reproductive stage is salt-sensitive in
most crops. In the case of rice, this stage
lasts for about 70 days, from panicle initia-

tion to grain maturity, with flowering occur-
ring at about the thirtieth day. The most salt-
sensitive period is about 7-10 days before
flowering (Makihara et al. 1999a,b). Few
germplasm screens have been conducted to
rank accessions according to salt tolerance at
the reproductive stage, and yet it is at this
stage that an episode of stress has its largest
and least-reversible effect on yield. It is
unfortunate that most studies on salt toler-
ance focus on survival of vegetative-stage
stress rather than on productivity after a
season of realistic stress, including repro-
ductive-stage stress.

Drought

Drought is the most common water-related
stress experienced by crops. Across the broad
spectrum of research on water, four defini-
tions of drought are in common use
(Yevjevich et al., 1978). Meteorological
drought is defined as an extended period
during which precipitation is below normal.
Hydrological drought is an extended period
during which stream flow and water levels
in lakes and reservoirs are below normal.
Socio-economic drought is defined as the
meteorological and hydrological condition
under which less water is available than
anticipated and needed for the normal level
of social and economic activity of the region.
Agricultural drought is due to a shortage of
water in the root zone, such that yield is
reduced considerably. It is agricultural
drought that is the principal concern here.

Agricultural drought may develop at any
time of the cropping season. Its impact is
usually most severe at the seedling and flow-
ering stages (Boonjung and Fukai, 1996;
Zinselmeier et al., 1999; Saini and Westgate,
2000). It may be prevented by supplemental
or continuous irrigation except under condi-
tions of hydrological drought. To help the
many farmers who do not have access to irri-
gation, breeders produce varieties that have
an enhanced ability to escape, avoid or toler-
ate drought (Blum, 1988). The remainder of
this chapter focuses on new methods for
increasing the efficiency of breeding for
drought tolerance.
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Breeding for Drought Tolerance
Drought tolerance in CGIAR varieties

The CGIAR centres study a total of 22 man-
dated crops: six cereals, six food legumes,
four forage plants and four tuber crops,
along with bananas and plantains.
Enhancing drought tolerance is a feature of
the breeding programmes for all crops
except cowpea, yam, banana and plantain
(Table 7.3). These exceptions are grown in
humid and subhumid environments and
the germplasm collections lack adequate
levels of drought tolerance for breeding
purposes. The centres often have parallel
programmes in crop, water and natural-
resources management to ensure that the
new lines perform well in their target envi-
ronments. Farmer participation is often
prominent in both the breeding programmes
and the management programmes.

A common feature of the breeding pro-
grammes is the use of wild relatives of the
crop plants as sources of drought tolerance.
In its work on the Asian cultivated rice O.
sativa, IRRI commonly crosses tropical
japonica varieties from the uplands and
indica varieties from the lowlands in an
attempt to produce high-yielding recombi-
nants capable of drought avoidance and
drought tolerance (Lafitte et al., 2002).
WARDA has introduced genes for drought
tolerance into O. sativa from the African cul-
tivated rice O. glaberrima. The International
Center for Agricultural Research in the Dry
Areas (ICARDA) has introduced drought
tolerance into Hordeum wvulgare from
Hordeum spontaneum. Aegilops tauchii has
been a donor of drought tolerance for
Triticum aestivum in the wheat programmes
of the International Maize and Wheat
Improvement Center (CIMMYT) and
ICARDA, with Triticum durum used as the

Table 7.3. Status of breeding for drought tolerance at CGIAR centres (from http://www.cgiar.org).

Crop Centre breeding for drought tolerance Tolerant germplasm
Gramineae
Rice IRRI: lowland, upland, released; aerobic Upland tropical japonicas,
WARDA: released O. rufipogon, O. glaberrima
Maize CIMMYT: sub-Saharan Africa, released Ac7643S5
Wheat CIMMYT, ICARDA: released Aegilops tauchii
Barley ICARDA: released Hordeum spontaneum
Pearl millet ICRISAT PRLT 2/89-33, 863B
Sorghum ICRISAT B35, stay-green
Brachiaria CIAT Endophytic fungi important
Leguminosae
Common bean CIAT: heat Tepary bean
Chickpea ICRISAT ICC4958, large root system
Groundnut ICRISAT: released Common
Pigeonpea ICRISAT Common
Cowpea [Needs moist conditions] None
Soybean IITA Northern China germplasm
Lentil ICARDA: released Common
Faba bean ICARDA Common
Grass-pea ICARDA: toxin-free variety released Lathyrus sativus
Others
Potato CIP Andean germplasm
Sweet potato CIP: tolerant late in season Common
Cassava IITA Northern Brazil germplasm
Yam [Needs high rainfall] None
Banana [Needs high rainfall] Musa balbisiana (starchy)
Plantain [Needs high rainfall] None
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bridging species. The International Crop
Research Institute for the Semi-Arid Tropics
(ICRISAT) has identified donors of drought
tolerance in the germplasm of pearl millet
(PRLT 2/89-33 and 863B), sorghum (the
stay-green line B35) and chickpea (ICC4958,
a line with a large root system). CIMMYT’s
maize-breeding programme has made con-
siderable use of Ac7643S5 as a donor of
drought tolerance. Centro Internacional de
la Papa (CIP) is enhancing the drought toler-
ance of potato, using germplasm from the
Andes. The International Institute for Tropical
Agriculture (IITA) is using germplasm from
northern China and north-eastern Brazil for
soybean and cassava, respectively.

Drought-tolerant lines for several man-
dated crops have already been released by
the centres for evaluation by collaborating
institutes and farmers. The crops include
rice (IRRI, WARDA), maize (CIMMYT),
wheat (CIMMYT, ICARDA) and barley
(ICARDA), among the cereals, and cowpea
(IITA), groundnut (ICRISAT) and lentil
(ICARDA), among the food legumes.
ICARDA has also released important new
lines of grass-pea (Lathyrus sativus) for
drought-affected areas, but here the main
achievement was to use mutation to reduce
the neurotoxin levels of already drought-tol-
erant lines. ICARDA also has a drought-tol-
erance programme for faba bean. CIP and its
collaborators have released drought-tolerant
lines of sweet potato.

Several CGIAR-mandated crops have
been difficult to improve for drought toler-
ance because of reproductive barriers or
absence of suitable donors in the available
germplasm. In its programme to enhance the
drought tolerance of the common bean,
Phaseolus vulgaris, CIAT has shown by graft-
ing that the root system of tepary bean
(Phaseolus acutifolius) confers considerable
tolerance of drought and heat. However,
attempts to cross the two species have
encountered a reproductive barrier that has
not yet been breached. Tissue-culture studies
are under way along the lines that have
proved successful for interspecific crosses of
many other species, including rice. Centro
Internacional de Agricultura Tropical (CIAT)
is also improving the pasture grasses of the

genus Brachiaria, especially B. brizantha, for
which both sexual and apomictic accessions
are known. B. brizantha is already highly
drought-tolerant, but this trait has been
attributed in part to the presence of an endo-
phytic fungus, Acrimonium implicatum. If the
endophyte also proves to be the cause of a
serious cattle disease, drought tolerance in
this grass might have to be reassessed. Three
of IITA’s mandated crops — banana and plan-
tain (both with International Network for the
Improvement of Banana and Planta (INIBAP))
and yam — need high rainfall. The enhance-
ment of drought tolerance in these crops is
not a priority compared with enhancing
resistance to biotic stresses. The drought tol-
erance of banana increases in proportion to
the contribution of Musa balbisiana to the
genome, but the M. balbisiana genome also
contributes starchiness, rather than sweet-
ness, to the fruit.

Why is breeding for drought tolerance
currently inefficient?

In spite of the success of the CGIAR centres
in releasing a number of drought-tolerant
varieties, breeding for drought tolerance is
a slow, painstaking and inefficient process.
This situation arises principally from three
problems. First, the variability of drought in
terms of its timing during the plant growth
cycle means that early-season drought, mid-
season drought and terminal drought are
essentially different challenges. Secondly,
for each time of onset of drought, water
deficit affects all tissues and involves multi-
ple responses, during both stress and recov-
ery, leading to complex genetic control of
drought tolerance. Thirdly, the screening of
germplasm collections or breeding materi-
als for drought tolerance is highly sensitive
to environmental conditions (soil chemistry,
soil texture and weather). These problems
have led to the division of drought-breed-
ing programmes into subprogrammes to
match the major types of drought-prone
environments.

Completely different approaches are
taken in these subprogrammes. Where the
wet season is brief but reliable, photo-
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period-insensitive, short-duration varieties
are favoured to allow the crop to pass the
very sensitive flowering stage before the
onset of water deficit. Where drought is
most likely to occur mid-season, photope-
riod sensitivity is used to delay flowering
until late in the season, when rains are
more reliable. Of course, in this situation,
the plants must still survive mid-season
drought. In upland rain-fed conditions,
deep-rooted varieties can continue to grow
by tapping the deeper layers for water
(Champoux et al., 1995), while in lowland
rain-fed conditions plants may require
roots with the capacity to penetrate the
hardpan, a layer of compacted soil located
about 20-25 cm below the soil surface (Ray
et al., 1996). In either situation, when water
deficit is finally experienced, desired traits
include the abilities to: (i) reduce water loss
to the soil and the air; (ii) maintain turgor
for an extended period; (iii) survive the loss
of turgor; and (iv) protect cells against
oxidative damage caused by continued
absorption of radiation under conditions
where stomatal closure prevents photosyn-
thesis. When water is restored, the plants
must be able to recover photosynthetic
activity and growth, and they must allocate
a large fraction of fixed carbon (either
stored from before drought stress or synthe-
sized after stress) to grain, fruit and tuber
production (Blum, 1998; Richards, 2000).
When water stress is experienced during
flowering, pollen sterility and embryo abor-
tion may occur and crop yield may be
greatly reduced (Zinselmeier et al., 1999;
Saini and Westgate, 2000). It is not entirely
clear whether these problems are due to a
direct effect of stress on the flowers or
whether they arise indirectly from a dimin-
ished supply of carbohydrate from the
stressed leaves or a premature supply of
ABA from stressed leaves and roots
(Westgate et al., 1996). There is considerable
genetic variation in rice in the capacity to
withstand water deficit at flowering and
maintain pollen sterility (J.X. Liu and ]J.
Bennett, unpublished data). Proteomic,
microarray and genetic approaches are
being taken to identify the pathways that
permit tolerance of water stress at flowering.

This long list of desirable traits makes the
genetics of drought tolerance very complex.
The selection for the desired combination of
traits is rendered additionally difficult by
interactions between the plants and their
environment, including soil chemistry, soil
texture and weather. To overcome these
problems, breeders must conduct large,
replicated field trials or use managed envi-
ronments, such as greenhouses or drip-irri-
gated fields. Replicated field trials are
difficult to conduct early in the breeding pro-
gramme, when the number of breeding lines
is large and the amount of available seed is
small. Managed environments are expensive
to create and operate and may not fully rep-
resent the target environment.

Breeders are focusing increasingly on
yield components, rather than on the yield
itself. The rationale behind turning to yield
components is that each component tends to
be determined during a comparatively brief
period of the plant growth cycle and is pre-
sumed to be controlled by fewer key genes
than yield as a whole. The four commonly
used yield components for rice are: (i) pani-
cles per square metre; (ii) spikelets per pani-
cle; (iii) spikelet fertility; and (iv) single-grain
weight. Each yield component is most sensi-
tive to drought or salinity at a different time
in the growth cycle (Boonjung and Fukai,
1996; Makihara et al., 1999a,b). Component i
is affected by stress, principally during ger-
mination, seedling development and tiller-
stress, principally during panicle initiation,
flowering and grain filling, respectively.

Boonjung and Fukai (1996) exposed rice
to water stress for 23-34 days at different
growth stages over two growing seasons.
They quantified the effect of stress on the
four yield components (Fig. 7.1). When
drought occurred during tillering, it
reduced yield by up to 30% through reduc-
tions in the number of panicles per unit area
and the number of spikelets per panicle.
When drought occurred during panicle
development, anthesis was delayed, the
number of spikelets per panicle was
reduced by 40% and the percentage of filled
grains decreased markedly (to zero in 1
year). A decrease in grain yield of > 80%
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Fig. 7.1. The impact of drought stress on four rice-yield components. Boonjung and Fukai (1996) subjected
rice to 3 weeks of water stress at different intervals during the growth cycle and measured the impact on
panicles m~2, spikelets per panicle, percentage filled grains and single-grain weight. These components were
most severely reduced at tillering, panicle initiation, flowering and grain filling, respectively. The largest
impact of stress was recorded at flowering through an 80% reduction in the percentage of fertile grains.

was associated with low dry-matter produc-
tion during both the drought period and the
recovery period. When drought occurred
during grain filling, the percentage of filled
grains decreased by 60% and individual
grain mass decreased by 20%. Makihara et
al. (1999a,b) obtained similar results for salt
stress, but the salt sensitivity of different
yield components was genotype-dependent.
These observations raise the possibility of
simplifying the genetics of drought and salt
tolerance by examining the different mecha-
nisms of tolerance at different growth
stages for different yield components. The
molecular analysis of tolerance would also
be made easier because of more precise
knowledge of when and from which tissue
to extract protein and RNA for analysis.
Molecular analysis of stress responsiveness
has already begun, using microarrays
(Kawasaki et al., 2001; Seki et al., 2001) and
proteomics (Moons et al., 1995; Thiellement
et al., 1999; Salekdeh et al., 2002a,b). Figure
7.2 illustrates the analytical methods of
microarrays and proteomics. Interesting
cDNAs are identified by sequencing and
interesting proteins by mass spectrometry
(Salekdeh et al.,, 2002a). The genotype X
environment interactions of these mecha-
nisms should be greatly reduced compared
with yield as a whole; the genetics is sim-
pler and their duration is shorter.

Drought-related Traits

One major approach to understanding and
simplifying the genetics of drought tolerance
focuses on mapping QTL that condition
drought-related physiological traits. Many of
the drought-related traits studied at the level
of QTL analysis relate to root behaviour. In the
case of rice, most mapping populations are
derived from intersubspecific crosses between
upland tropical japonica cultivars, such as
CT9993 and Azucena, and lowland indica cul-
tivars, such as IR62266 and IR64. Key QTL
have been mapped for root morphology, root
distribution =~ and  drought avoidance
(Champoux et al., 1995; Price and Tomos, 1997;
Yadav et al., 1997; Ali et al., 2000; Courtois et al.,
2000; Kamoshita et al., 2002), root penetration
ability (Ray et al., 1996; Price et al., 2000; Zheng
et al., 2000), osmotic adjustment and dehydra-
tion tolerance (Lilley et al., 1996; Zhang et al.,
1999), stomatal conductance, leaf rolling and
heading date (Price et al., 1997), cell-membrane
stability (Tripathy et al., 2000) and ABA accu-
mulation (Quarrie et al., 1997). The contribu-
tion of a QTL to the variance of its trait is often
quite small, making it difficult to map the QTL
with sufficient accuracy for use in marker-
assisted selection (MAS) (< 5 cM) or for map-
based cloning (< 1 cM) and requiring several
QTL to be pyramided to reconstruct the trait
to an adequate extent.
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stressed and unstressed plants through proteomics and

microarray analysis. Proteins extracted from plant tissue are separated by two-dimensional electrophoresis
(isoelectric focusing, followed by dodecylsulphate-polyacrylamide gel electrophoresis), and then visualized
by silver staining and quantified by scanning (Salekdeh et al., 2002a). The most commonly observed
changes are changes in abundance, but changes in position as a result of cleavage or phosphorylation are

also seen. The mRNA populations extracted from pla

nt tissues are used as a template for cDNA synthesis

and concomitant tagging with the fluorophores Cy3 (green, stressed) and Cy5 (red, unstressed). The cDNA

populations are hybridized to immobilized arrays of

cDNA clones on glass slides, and a fluorescence

detector scans over the slide to record hybrid abundance. Both digital and false-colour representations of

the hybridization data are recorded (Kawasaki et al.,

2001). Green fluorescence shows a cDNA upregulated

by stress, red fluorescence is a sign of downregulation by stress and yellow fluorescence indicates that in the

cell the cDNA is probably unresponsive to stress.

QTL for drought-related traits have also
been reported for other crops, especially
cereals. These traits include osmotic adjust-
ment in wheat and barley (Teulat et al.,
1998), anthesis silking interval (ASI) in
maize (Ribaut et al., 2002) and the stay-
green trait in sorghum (Xu, K. et al., 2000).
In spite of changes in the chromosome
number, the genomes of the cereals display
a high degree of synteny, or conservation of
gene order, along homologous chromo-

somes (Gale et al., 2001). As a result, it is
sometimes possible to predict the genomic
location of a gene in one cereal from its
known location in another cereal. The fre-
quency of this sort of prediction will
increase as  comparative  mapping
improves. Orthologous genes for osmotic
adjustment in barley, rice and wheat have
been located in syntenic regions of the
respective genomes by QTL mapping
(Zhang et al., 1999).
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ASI is the time difference in days between
anthesis in tassels (male) and silking in ears
(female). A longer ASI (due to a longer delay
in silking) is strongly associated with greater
drought sensitivity (Edmeades et al., 1993).
At least six QTL for ASI have been identified
and together they account for 47% of the
total variance of this trait in the mapping
population. QTL for ASI are among several
markers being considered by CIMMYT for
use in molecular breeding for drought toler-
ance (Ribaut et al., 2002), but they are not
effective by themselves. This situation may
arise from the fact that, whereas a long ASI is
sufficient to confer drought sensitivity (silks
develop too late for efficient pollination), a
short ASI is not sufficient to confer drought
tolerance. As the separate development of
tassel and ear in maize has no counterpart in
rice, wheat and barley, it might be thought
that ASI has no relevance to these cereals,
but, to the extent that ASI is a sign of altered
carbohydrate allocation to tassel and ear, it
may be relevant to the fundamental question
of carbohydrate allocation between organs
and between spikelets within a panicle in
small-grain cereals.

Candidate genes for drought tolerance

In recent years, many drought-responsive
genes have been identified in plants, espe-
cially in Arabidopsis thaliana. These genes
have been identified by several approaches:

® Studies on the anabolic and catabolic
pathways for metabolites that accumulate
in drought-stressed plants (e.g. proline,
glycine, betaine, trehalose, ABA).

® Analysis of other mechanisms of drought
tolerance.

® Analysis of protein or mRNA changes in
response to drought.

® Analysis of signal-transduction pathways.

® Mapping of QTL for drought tolerance,
using segregating populations.

All of these methods are being accelerated as
a result of the sequencing of the Arabidopsis
and rice genomes. A sixth method (isolation
of mutants) has so far been less successful
with drought than with salinity tolerance.

Alleles and pyramids

All accessions of a particular crop species are
expected to contain essentially the same
genes. Differences in agricultural perfor-
mance between accessions are thought to be
due to allelic differences within the same
gene set. Thus, achieving a high level of
drought tolerance depends on finding the
most appropriate alleles of key genes and
combining or pyramiding them together.

One successful method of screening a
germplasm collection for the best alleles is to
apply standardized phenotyping protocols
to the collection and then to conduct detailed
genetic analysis of the best performers. Some
of these accessions will owe their superior
performance to positive alleles at a consider-
able number of QTL of small effect and are
not of interest here. Other accessions will
perform well because they contain positive
alleles at one or two major genes or QTL of
large effect; these alleles are of great interest
in crop improvement. The two types of
accessions can be distinguished by advanced
backcross analysis.

Desirable alleles may also be recovered
from accessions that do not perform particu-
larly well in phenotypic tests. Such alleles
might be recognized first only after introgres-
sion into an elite genetic background by back-
crossing (Tanksley and McCouch, 1997). The
genetic basis of these effects is beyond the
scope of this chapter, but the recipe for success
is easily summarized: hard work, attention to
detail and luck in the choice of accessions to be
screened. Given the very large size of the
germplasm collections in most CGIAR centres,
it is impractical to screen a whole collection,
but DNA fingerprinting could be exploited to
select a core germplasm set of the most diver-
gent accessions for closer analysis. The new
techniques of diversity array technology
(DaRT) (Jaccoud et al, 2001) and targeting
induced local lesions in genomes (TILLING)
(McCallum et al., 2000) facilitate these steps.

Desirable alleles might also be the product
of a carefully designed programme of ran-
dom or directed mutagenesis. An exquisite
example of directed mutagenesis is the use of
recombinant DNA technology to change the
promoter on the gene encoding the drought
response element building protein (DREB1A)
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transcription factor to enhance abiotic stress
tolerance in Arabidopsis (Kasuga et al., 1999).
Naturally occurring alleles and mutant alleles
may be moved into new genetic backgrounds
by marker-assisted backcrossing, but alleles
produced by promoter switching and other
forms of recombinant DNA technology must
be introduced as transgenes, after which
they may also be manipulated with the help
of markers (Fig. 7.3). Ideally, allele pyramid-
ing will become possible not only for
drought but also for other traits that con-
tribute to WP, such as salinity tolerance and
waterlogging/flooding tolerance.

In summary, the alleles that will eventu-
ally be pyramided to confer a high level of
drought tolerance on crop plants may derive
from many different genetic sources. They
may take several different forms:

® Precisely mapped major genes or QTL of
large effect that confer drought tolerance
through a specific mechanism but have
not yet been cloned and identified.

® Known genes discovered by map-based
cloning of major genes or QTL or through
some other approach.

Waterlogging tolerance

Drought tolerance

Germplasm banks

® Novel alleles produced from known
genes by mutagenesis or recombinant
DNA technology and reintroduced into
plants by genetic engineering.

The major genes and major QTL will be
pyramided using tightly linked flanking
markers, whereas alleles of known genes and
novel transgenic alleles will be pyramided
through the use of allele-specific DNA
probes based on the genes themselves.

The discovery of genes for enhancing WP is
not an isolated activity. It forms part of a breed-
ing and resources-management programme
that begins and ends with farmers (Fig. 7.4).
The overall starting-point for such a pro-
gramme is participatory rural appraisal,
involving a wide spectrum of stakeholders.
One task of the stakeholders is to determine
how much of the responsibility for increasing
WP should be shouldered by breeding and
how much by natural-resources management,
especially water management. Poor farmers
will not be able to afford most management
options and will look more to breeding for
solutions. Intractable traits, such as drought
tolerance, require detailed physiological, bio-

DNA marker-
assisted
selection

P

Donor 1 Donor 1

v v

Major gene for QTL for
mechanism A mechanism B

v ¥

Allele pyramid for drought tolerance

Transgene for
mechanism C
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Fig. 7.3. Identification and use of genes conferring tolerance of drought, salt or waterlogging. Tolerance of an
abiotic stress involves several distinct molecular or cellular mechanisms. Mapping of the corresponding major
genes or major quantitative trait loci (QTL) allows the use of DNA markers to backcross these mechanisms into
popular varieties that are sensitive to stress. The sequencing of plant genomes increases the probability that the
underlying genes can be isolated and used directly to search for superior alleles. The isolated genes may also
be modified (e.g. by promoter switching) to create entirely novel alleles suitable for reintroduction into plants
as transgenes. Several different donors may have to contribute genes before an adequate level of tolerance can
be assembled through allele pyramiding. The initial assembly of the pyramid and its subsequent transfer to
popular varieties both depend on the development of a robust set of molecular markers.
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Fig. 7.4. A comprehensive programme of gene and allele discovery to enhance water productivity across
the CGIAR-mandated crops. Crop-specific rural appraisal identifies the breeding objectives for key
intractable traits, such as drought and salinity, in different target environments. The comparative
molecular genetics of those traits helps the discovery process and allows orphan crops to benefit from
genomic analysis of the major cereals and Arabidopsis. The prerequisite for discovery is a platform
consisting of genetic resources (including mutants and mapping populations), standardized phenotyping
protocols, genomic resources and tools and bioinformatics. Repeated application of the resource
platform allows multiple traits to be analysed, simplified and improved in multiple crops. Marker-assisted
selection (MAS) replaces field-based selection and thereby accelerates the enhancement of water
productivity. NGOs, non-government organizations; NARES, National Agricultural Research and
Extension System; ARIs, Advanced Research Institutes; CGIAR, Consultative Group on International

Agricultural Research.
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chemical and molecular study, but the order
of discovery of mechanisms, genes and alleles
will vary depending on the point of entry into
the analysis. These steps are therefore depicted
as a circle in Fig. 7.4. Feeding into this circular
discovery process is a generic technical plat-
form consisting of genetic resources, phenotyp-
ing, genomics and informatics. The platform is
generic in the sense that all of its components
(with the possible exception of phenotyping)
are largely independent of whichever traits are
under investigation.

The new breeding activities highlighted in
Fig. 7.4 were shown in more detail in Fig. 7.3.
The primary function of these activities is to
show the efficacy of the pyramided set of
alleles developed to enhance the intractable
trait in question. In this proof-of-concept
stage, breeders would use robust molecular
markers to backcross the set of alleles into
only a limited set of varieties. At the final
stages of the process, when a wider range of
stakeholders become directly involved again,
the set of alleles is backcrossed into a much
larger number of locally popular varieties by
local breeders. Participatory varietal selection
can be included if it can increase the likeli-
hood of uptake of the new variety.

Future Prospects: Linkage between
Challenge Programmes

Water will be the most important challenge
for agriculture over the next century. Can we
breed plants that use water more efficiently?
If the answer is no, the increasing demand
for water from non-agricultural sectors will
leave food security permanently in jeopardy.
If the answer is yes, the prospects will be
bright for achieving long-term food security,
even in resource-poor, highly populous
developing countries. The decisive factor
will be how quickly the new crop varieties
can be generated and released to farmers.
The speed of this process will be determined
by the strength of the linkage between scien-
tists working on water and scientists work-
ing on gene discovery and the determination
of these scientists to achieve significant gains
in WP over a wide range of crops.

The new challenge programmes of the
CGIAR offer a way of linking the water-
research community and the genomic com-
munity across the major crops. WP is one of
the themes of the Water and Food Challenge
Program (WFCP), and water-related stresses
are high-priority issues for the Genetic
Resources Challenge Program (GRCP).
Figure 7.4 shows how these two challenge
programmes could be linked in relation to
intractable problems, such as drought, salin-
ity, waterlogging and submergence. WFCP
has a comparative advantage over GRCP in
conducting the rural appraisals needed to
identify target environments, set objectives
for breeding and resource management and
evaluate and disseminate new varieties.
GRCP has a comparative advantage over
WECP in discovering key genes and alleles
in the germplasm collections of the CGIAR
centres and combining the alleles to produce
unprecedented levels of stress tolerance and
greatly enhanced WP for all crops.

This strategy begins and ends with farmer
participation. However, more research is
needed to find the best ways of integrating
participation into breeding programmes.
Participatory rural appraisal is essential in
defining the environmental adaptability
expected of a new variety, the traits required
for uptake of the variety by farmers and inte-
grating breeding and natural-resources man-
agement to ensure that the variety and its
management are consistent with the local
environment and the resources of the farm-
ers and their community. The current com-
prehensive assessment on water resources
provides an opportunity to refine appraisal
techniques and set the stage for the challenge
programmes.

Acknowledgements

Drought research in my laboratory is sup-
ported by grants to IRRI from the govern-
ments of Germany and Switzerland. I thank
Randy Barker and David Mackill for com-
ments on the manuscript and Renee Lafitte,
Len Wade, T.P. Tuong, Gary Atlin and Bas
Bouman for discussions.



122 J. Bennett

References

Alexandratos, N. (1999) World food and agriculture: outlook for the medium and longer term.
Proceedings of the National Academy of Sciences USA 96, 5908-5914.

Ali, M.L., Pathan, M.S., Zhang, J., Bai, G., Sarkarung, S. and Nguyen, H.T. (2000) Mapping QTL for root
traits in a recombinant inbred population from two indica ecotypes in rice. Theoretical and Applied
Genetics 101, 756-766.

Apse, M.P,, Aharon, G.S., Snedden, W.A. and Blumwald, E. (1999) Salt tolerance conferred by overexpres-
sion of a vacuolar Na*/H* antiport in Arabidopsis. Science 285, 1256-1258.

Ball, V.E., Butault, J.P. and Nehring, R. (2001) U.S. Agriculture, 1960-96: a Multilateral Comparison of Total Factor
Productivity. ERS Technical Bulletin No. 1895, US Department of Agriculture, Washington, DC, 56 pp.

Bennett, J. and Khush, G.S. (2002) Plant breeding for salt tolerance. Journal of Crop Production 7, 1-25.

Blum, A. (1988) Plant Breeding for Stress Environments. CRC Press, Boca Raton, Florida, 223 pp.

Blum, A. (1998) Improving wheat grain filling under stress by stem reserve mobilization. Euphytica 100,
77-83.

Boonjung, H. and Fukai, S. (1996) Effects of soil water deficit at different growth stages on rice growth
and yield under upland conditions. 2. Phenology, biomass production and yield. Field Crops Research
48, 47-55.

Borrell, A K. and Douglas, A.C.L. (1996) Maintaining green leaf area in grain sorghum increases yield in a
water-limited environment. In: Foale, M.A., Henzell, R.G. and Kneipp, J.E. (eds) Proceedings of the
Third Australian Sorghum Conference. Occasional Publication No. 93, Australian Institute of
Agricultural Science, Melbourne, Australia, pp. 315-322.

Bouman, B.AM. (2001) Water-efficient management strategies in rice production. International Rice
Research Notes 16(2), 17-22.

Cabangon, R.J., Castillo, E.G., Bao, L.X,, Lu, G.A., Wang, G.H., Cui, Y.L., Tuong, T., Bouman, B.AM.,, Li,
Y.H., Chen, C.D. and Wang, J.Z. (2001) Impact of alternate wetting and drying irrigation on rice
growth and resource-use efficiency. In: Barker, R., Li, YH. and Tuong, T.P. (eds) Water-saving
Irrigation for Rice: Proceedings of an International Workshop. International Water Management Institute,
Colombo, Sri Lanka, pp. 55-79.

Cassman, K.G. (1999) Ecological intensification of cereal production systems: yield potential, soil quality,
and precision agriculture. Proceedings of the National Academy of Sciences USA 96, 5952-5959.

Champoux, M.C., Wang, G., Sarkarung, S., Mackill, D.J., O’'Toole, J.C., Huang, N. and McCouch, S.R.
(1995) Locating genes associated with root morphology and drought avoidance in rice via linkage to
molecular markers. Theoretical and Applied Genetics 90, 969-981.

Chopra, J., Kaur, N. and Gupta, A.K. (2000) Ontogenic changes in enzymes of carbon metabolism in rela-
tion to carbohydrate status in developing mungbean reproductive structures. Phytochemistry 53,
539-548.

Courtois, B., McLaren, G., Sinha, PK,, Prasad, K., Yadav, R. and Shen, L. (2000) Mapping QTL associated
with drought avoidance in upland rice. Molecular Breeding 6, 55-66.

Daniell, H., Datta, R., Varma, S., Gray, S. and Lee, S.B. (1998) Containment of herbicide resistance through
genetic engineering of the chloroplast genome. Nature Biotechnology 16, 345-348.

Dennis, E.S., Dolferus, R., Ellis, M., Rahman, M., Wu, Y., Hoeren, FU., Grover, A., Ismond, K.P,, Good,
A.G. and Peacock, W.J. (2000) Molecular strategies for improving waterlogging tolerance in plants.
Journal of Experimental Botany 51, 89-97.

Dong, B., Loeve, R, Li, YH., Chen, C.D., Deng, L. and Molden, D. (2001) Water productivity in the
Zhanghe irrigation system: issues of scale. In: Barker, R., Li, YH. and Tuong, T.P. (eds) Water-saving
Irrigation for Rice. International Water Management Institute, Colombo, Sri Lanka, pp. 97-115.

Druart, N., De Roover, J., Van den Ende, W., Goupil, P.,, Van Laere, A. and Rambour, S. (2001) Sucrose
assimilation during early developmental stages of chicory (Cichorium intybus L.) plants. Planta 212,
436-443.

Edmeades, G.O., Bolanos, J., Hernandez, M. and Bello, S. (1993) Causes for silk delay in a lowland tropi-
cal maize population. Crop Science 33, 1029-1035.

Fischer, G., Shah, M., van Velthuizen, H. and Nachtergaele, FO. (2001) Global Agro-ecological Assessment
for Agriculture in the 21st Century. International Institute for Applied Systems Analysis, Laxenburg,
Austria, 33 pp.

Foolad, M.R. (1999) Comparison of salt tolerance during seed germination and vegetative growth in
tomato by QTL mapping. Genome 42, 727-734.



Increased Water Productivity through Plant Breeding 123

Fridman, E., Pleban, T. and Zamir, D. (2000) A recombination hotspot delimits a wild-species quantitative
trait locus for tomato sugar content to 484 bp within an invertase gene. Proceedings of the National
Academy of Sciences USA 97, 4718-4723.

Gale, M., Moore, G. and Devos, K. (2001) Rice — the pivotal genome in cereal comparative genetics.
Novartis Foundation Symposium 236, 46-53.

Gaxiola, R.A. et al. (2001) Drought- and salt-tolerant plants result from overexpression of the AVP1 H*-
pump. Proceedings of the National Academy of Sciences USA 98, 11,444-11,449.

Goetz, M., Godt, D.E., Guivarc'h, A., Kahmann, U., Chriqui, D. and Roitsch, T. (2001) Induction of male
sterility in plants by metabolic engineering of the carbohydrate supply. Proceedings of the National
Academy of Sciences USA 98, 6522-6527.

Gregorio, G.B., Senadhira, D., Mendoza, R.D., Manigbas, N.L., Roxas, N.L. and Guerta, C.Q. (2002)
Progress in breeding for salinity tolerance and associated abiotic stresses in rice. Field Crops Research
76,91-101.

He, Z., Zhu, Q., Dabi, T., Li, D., Weigel, D. and Lamb, C. (2000) Transformation of rice with the
Arabidopsis floral regulator LEAFY causes early heading. Transgenic Research 9, 223-227.

Hiei, Y., Komari, T. and Kubo, T. (1997) Transformation of rice mediated by Agrobacterium tumefaciens.
Plant Molecular Biology 35, 205-218.

Holbrook, N.M., Shashidhar, V.R., James, R.A. and Munns, R. (2002) Stomatal control in tomato with
ABA-deficient roots: response of grafted plants to soil drying. Journal of Experimental Botany 53,
1503-1514.

Hugouvieux, V., Kwak, ].M. and Schroeder, J.I. (2001) An mRNA cap binding protein, ABH1, modulates
early abscisic acid signal transduction in Arabidopsis. Cell 106, 477-487.

Inoue, K., Sewalt, V.J., Murray, G.B., Ni, W., Sturzer, C. and Dixon, R.A. (1998) Developmental expression
and substrate specificities of alfalfa caffeic acid 3-O-methyltransferase and caffeoyl coenzyme A 3-O-
methyltransferase in relation to lignification. Plant Physiology 117, 761-770.

Jaccoud, D., Peng, K., Feinstein, D. and Kilian, A. (2001) Diversity arrays: a solid state technology for
sequence information independent genotyping. Nucleic Acids Research 29, E25.

Kamoshita, A., Zhang, J., Sciopongco, J., Sarkarung, S., Nguyen, H.T. and Wade, L.J. (2002) Effects of phe-
notyping environment on identification of quantitative trait loci for rice root morphology under
anaerobic conditions Crop Science 42, 255-265.

Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K. and Shinozaki, K. (1999) Improving plant
drought, salt, and freezing tolerance by gene transfer of a single stress-inducible transcription factor.
Nature Biotechnology 17, 287-291.

Kawasaki, S., Borchert, C., Deyholos, M., Wang, H., Brazille, S., Kawai, K., Galbraith, D. and Bohnert, H.J.
(2001) Gene expression profiles during the initial phase of salt stress in rice. Plant Cell 13, 889-906

Khush, G.S. (2001) Green revolution: the way forward. Nature Reviews of Genetics 2, 815-822.

Kouchi, H., Takane, K., So, R.B., Ladha, J.K. and Reddy, PM. (1999) Rice ENODA40: isolation and expres-
sion analysis in rice and transgenic soybean root nodules. Plant Journal 18, 121-129.

Koyama, M.L., Levesley, A., Koebner, RM.A., Flowers, T.]. and Yeo, A.R. (2001) Quantitative trait loci for
component physiological traits determining salt tolerance in rice. Plant Physiology 125, 406—422.

Ku, M.S.B., Agarie, S., Nomura, M., Fukayama, H., Tsuchida, K., Ono, K., Hirose, S., Toki, S., Miyao, M.
and Matsuoka, M. (1999) High-level expression of maize phosphoenolpyruvate carboxylase in
transgenic rice plants. Nature Biotechnology 17, 76-80.

Ku, M.S.B., Cho, D., Ranade, U., Hsu, T.-P, Li, X,, Jiao, D.-M., Ehleringer, J., Miyao, M. and Matsuoka, M.
(2000) Photosynthetic performance of transgenic rice plants overexpressing maize C, photosynthe-
sis enzymes. In: Sheehy, J.E., Mitchell, PL. and Hardy, B. (eds) Redesigning Rice Photosynthesis to
Increase Yield. International Rice Research Institute, Manila, Philippines, pp. 193-204.

Ku, M.S.B., Cho, D., Li, X,, Jiao, D.-M., Pinto, M., Miyao, M. and Matsuoka, M. (2001) Introduction of
genes encoding C, photsynthesis enzymes into rice plants: physiological consequences, In: Goodie,
J.A. and Chadwick, D. (eds) Rice Biotechnology: Improving Yield, Stress Tolerance and Grain Quality.
John Wiley & Sons, Chichester, pp. 100-116.

Ladha, ].K. and Garrity, D.P. (1994) Green Manure Production Systems for Asian Lowlands. International Rice
Research Institute, Manila, Philippines, 194 pp.

Lafitte, H.R., Courtois, B. and Atlin, G.N. (2002) The International Rice Research Institute’s experience in
field screening for drought tolerance and implications for breeding. In: Saxena, N.P. and O’Toole,
J.C. (eds) Field Screening for Drought Tolerance in Crop Plants with Emphasis on Rice. International Crop
Research Institute for the Semi-Arid Tropics, Patancheru, India, pp. 25-40.



124 J. Bennett

Lemichez, E., Wu, Y., Sanchez, ]J.P,, Mettouchi, A., Mathur, J. and Chua, N.H. (2001) Inactivation of
AtRacl by abscisic acid is essential for stomatal closure. Genes and Development 15, 1808-1816.

Lilley, ].M., Ludlow, M.M., McCouch, S.R. and O’Toole, J.C. (1996) Locating QTL for osmotic adjustment
and dehydration tolerance in rice. Journal of Experimental Botany 47, 1427-1436.

Luan, S. (2002) Signaling drought in guard cells. Plant Cell Environment 25, 229-237.

McCallum, C.M., Comai, L., Greene, E.A. and Henikoff, S. (2000) Targeting induced local lesions IN
genomes (TILLING) for plant functional genomics. Plant Physiology 123, 439-442.

Makihara, D., Tsuda, M., Morita, M., Hirai, Y. and Kuroda, T. (1999a) Effect of salinity on the growth and
development of rice (Oryza sativa L.) varieties. Japanese Journal of Tropical Agriculture 43, 285-294.
Makihara, D., Tsuda, M., Hirai, Y. and Kuroda, T. (1999b) Effects of saline irrigation at various growth

stages on rice yield. Japanese Journal of Crop Science 68, 487—-494.

Medrano, H., Escalona, ].M., Bota, J., Gulias, ]. and Flexas, J. (2002) Regulation of photosynthesis of C3
plants in response to progressive drought: stomatal conductance as a reference parameter. Annals of
Botany 89, 895-905.

Moons, A., Bauw, G., Prinsen, E., Van Montagu, M. and Van der Straeten, D. (1995) Molecular and physi-
ological responses to abscisic acid and salts in roots of salt-sensitive and salt-tolerant Indica rice
varieties. Plant Physiology 107, 177-186.

Nandi, S., Subudhi, PK., Senadhira, D., Manigbas, N.L., Sen-Mandi, S. and Huang, N. (1997) Mapping
QTL for submergence tolerance in rice by AFLP analysis and selective genotyping. Molecular and
General Genetics 255, 1-8.

Nguyen-Quoc, B. and Foyer, C.H. (2001) A role for ‘futile cycles’ involving invertase and sucrose syn-
thase in sucrose metabolism of tomato fruit. Journal of Experimental Botany 52, 881-889.

Peng, J., Richards, D.E., Hartley, N.M., Murphy, G.P., Devos, KM., Flintham, J.E., Beales, J., Fish, L],
Worland, A]., Pelica, F, Sudhakar, D., Christou, P., Snape, J.W., Gale, M.D. and Harberd, N.P. (1999)
‘Green revolution” genes encode mutant gibberellin response modulators. Nature 400, 256-261.

Peng, S.B., Laza, R.C., Khush, G.S., Sanico, A.L., Visperas, RM. and Garcia, F.V. (1998) Transpiration effi-
ciencies of indica and improved tropical japonica rice grown under irrigated conditions. Euphytica
103, 103-108.

Peuke, A.D., Jeschke, W.D. and Hartung, W. (2002) Flows of elements, ions and abscisic acid in Ricinus
communis and site of nitrate reduction under potassium limitation. Journal of Experimental Botany 53,
241-250.

Pingali, P.L. and Heisey, PW. (1999) Cereal Crop Productivity in Developing Countries: Past Trends and Future
Prospects. Working Paper 99-03, CIMMYT, Mexico D.F., Mexico.

Price, A.H. and Tomos, A.D. (1997) Genetic dissection of root growth in rice (Oryza sativa L.). II. Mapping
quantitative trait loci using molecular markers. Theoretical and Applied Genetics 95, 143-152.

Price, A.H., Young, EM. and Tomos, A.D. (1997) Quantitative trait loci associated with stomatal conduc-
tance, leaf rolling and heading date mapped in upland rice (Oryza sativa). New Phytologist 137, 83-91.

Price, A.H., Steele, K.A., Moore, B.J., Barraclough, P.B. and Clark, L.J. (2000) A combined RFLP and AFLP
linkage map of upland rice (Oryza sativa L.) used to identify QTL for root-penetration ability.
Theoretical and Applied Genetics 100, 49-56.

Quarrie, S.A., Laurie, D.A., Zhu, J., Lebreton, C., Semikhodskii, A., Steed, A., Witsenboer, H. and
Calestani, C. (1997) QTL analysis to study the association between leaf size and abscisic acid accu-
mulation in droughted rice leaves and comparisons across cereals. Plant Molecular Biology 35,
155-165.

Queitsch, C., Hong, S.W., Vierling, E. and Lindquist S. (2000) Heat shock protein 101 plays a crucial role
in thermotolerance in Arabidopsis. Plant Cell 12, 479-492.

Radin, J.W., Lu, Z., Percy, R.G. and Zeiger, E. (1994) Genetic variability for stomatal conductance in Pima
cotton and its relation to improvements of heat adaptation. Proceedings of the National Academy of
Sciences USA 91, 7217-7221.

Ray, J.D., Yu, L., McCouch, S.R., Champoux, M.C., Wang, G. and Nguyen, H.T. (1996) Mapping quantita-
tive trait loci associated with root penetration ability in rice (Oryza sativa L.). Theoretical and Applied
Genetics 92, 627-636.

Ribaut, ].M., Banziger, M. and Hoisington, D. (2002) Genetic dissection and plant improvement under
abiotic stress conditions: drought tolerance in maize as an example. In: [IRCAS Working Report.
Tankuba, Japan, pp. 85-92.

Richards, R.A. (2000) Selectable traits to increase crop photosynthesis and yield of grain crops. Journal of
Experimental Botany 51, 447-458.



Increased Water Productivity through Plant Breeding 125

Riederer, M. and Schreiber, L. (2001) Protecting against water loss: analysis of the barrier properties of
plant cuticles. Journal of Experimental Botany 52, 2023-2032.

Rieger, M.A., Lamond, M., Preston, C., Powles, S.B. and Roush, R.T. (2002) Pollen-mediated movement of
herbicide resistance between commercial canola fields. Science 296, 2386—-2388.

Roberts, E. and Kolattukudy, P.E. (1989) Molecular cloning, nucleotide sequence and abscisic acid induction
of a suberization-associated highly anionic peroxidase. Molecular and General Genetics 217, 223-232.
Roberts, J.A., Hussain, A., Taylor, I.B. and Black, C.R. (2002) Use of mutants to study long-distance signal-

ing in response to compacted soil. Journal of Experimental Botany 53, 45-50.

Rosenow, D.T., Quisenberry, J.E., Wendt, C.W. and Clark, L.E. (1983) Drought-tolerant sorghum and cot-
ton germplasm. Agricultural Water Management 7, 207-222.

Saijo, Y., Hata, S., Kyozuka, ]J., Shimamoto, K. and Izui, K. (2000) Over-expression of a single Caz*—depen—
dent protein kinase confers both cold and salt/drought tolerance on rice plants. Plant Journal 23,
319-327.

Saini, H.S. and Westgate, M.E. (2000) Reproductive development in grain crops during drought. Advances
in Agronomy 68, 59-96.

Sakamoto, A., Alia and Murata, N. (1998) Metabolic engineering of rice leading to biosynthesis of
glycinebetaine and tolerance to salt and cold. Plant Molecular Biology 38, 1011-1019.

Salekdeh, G.H., Siopongco, J., Wade, L.]., Ghareyazie, B. and Bennett, J. (2002a) A proteomic approach to
analyzing drought- and salt-responsiveness in rice. Field Crops Research 76, 199-219.

Salekdeh, G.H., Siopongco, J., Wade, L.]., Ghareyazie, B. and Bennett, J. (2002b) Proteomic analysis of rice
leaves during drought stress and recovery. Proteomics 2, 1131-1145.

Sasaki, A., Ashikari, M., Ueguchi-Tanaka, M., Itoh, H., Nishimura, A., Datta, S., Ishiyama, K., Saito, T.,
Kobayashi, M., Khush, G.S., Kitano, H. and Matsuoka, M. (2002) Green revolution: a mutant gib-
berellin-synthesis gene in rice. Nature 416, 701-702.

Schreiber, L., Kirsch, T. and Riederer, M. (1996) Transport properties of cuticular waxes: ecophysiological
relevance for cuticular transpiration. In: Rennenberg, H., Eschrich, W. and Ziegler, H. (eds) Trees:
Contributions to Modern Tree Physiology. SPB Academic Publishers, Amsterdam, pp. 19-27.

Seckler, D., Upali, A., Molden, D., de Silva, R. and Barker, R. (1998) World Water Demand and Supply, 1990
to 2025: Scenarios and Issues. Research Report 19, International Water Management Institute,
Colombo, Sri Lanka, 40 pp.

Seki, M., Narusaka, M., Abe, H., Kasuga, M., Yamaguchi-Shinozaki, K., Caminci, P., Hayashizaki, P.Y. and
Shinozaki, K. (2001) Monitoring the expression pattern of 1300 Arabidopsis genes under drought and
cold stresses by using a full-length cDNA microarray. Plant Cell 13, 61-72.

Sheehy, J.E., Mitchell, PL. and Hardy, B. (eds) (2000) Redesigning Rice Photosynthesis to Increase Yield.
International Rice Research Institute, Manila, Philippines, 293 pp.

Shi, WM., Muramoto, Y., Ueda, A. and Takabe, T. (2001) Cloning of peroxisomal ascorbate peroxidase
gene from barley and enhanced thermotolerance by overexpressing in Arabidopsis thaliana. Gene 273,
23-27.

Socolow, R.H. (1999) Nitrogen management and the future of food: lessons from the management of
energy and carbon. Proceedings of the National Academy of Sciences USA 96, 6001- 6008.

Sripongpangkul, K., Posa, G.B.T., Senadhira, D.S., Brar, D., Huang, N., Khush, G.S. and Li, Z.K. (2000)
Genes/QTL affecting flood tolerance in rice. Theoretical and Applied Genetics 101, 1074-1081.

Szabolcs, 1. (1989) Salt-affected Soils. CRC Press, Boca Raton, Florida, 274 pp.

Tanksley, S.D. and McCouch, S.R. (1997) Seed banks and molecular maps: unlocking genetic potential
from the wild. Science 277, 1063-1066.

Teulat, B., This, D., Khairallah, M., Borries, C., Ragot, C., Sourdille, P., Leroy, P., Monneveux, P. and
Charrier, A. (1998) Several QTL involved in osmotic-adjustment trait variation in barley (Hordeum
vulgare L.). Theoretical and Applied Genetics 96, 688-698.

Thiellement, H., Bahrman, N., Damerval, C., Plomion, C., Rossignol, M., Santoni, V., de Vienne, D. and
Zivy, M. (1999) Proteomics for genetic and physiological studies in plants. Electrophoresis 20,
2013-2026.

Timsina, J. and Connor, D.J. (2001) Productivity and management of rice-wheat cropping systems: issues
and challenges. Field Crops Research 69, 93-132.

Tripathy, ].N., Zhang, J., Robin, S., Nguyen, T.T. and Nguyen, H.T. (2000) QTL for cell-membrane stability
mapped in rice (Oryza sativa L.) under drought stress. Theoretical and Applied Genetics 100, 1197-1202.

Tuong, T.P. (1999) Productive water use in rice production: opportunities and limitations. Journal of Crop
Production 2, 241-264.



126 J. Bennett

Wang, H.Q. and Tang, S.X. (2000) Upland rice production in China: its past, today and future. Paper pre-
sented at the Aerobic Rice Workshop, 7-8 September 2000, IRRI, Los Baiios, Philippines.

Westgate, M.E., Passioura, J.B. and Munns, R. (1996) Water status and ABA content of floral organs in
drought-stressed wheat. Australian Journal of Plant Physiology 23, 763-772.

Williams, R.L. and Angus, J.F. (1994) Deep floodwater protects high-nitrogen rice crops from low-temper-
ature damage. Australian Journal of Experimental Agriculture 34, 927.

WMO (1997) Comprehensive Assessment of the Freshwater Resources of the World. World Meteorological
Organization, Geneva, Switzerland, 52 pp.

Xu, K. and Mackill, D.J. (1996) A major gene for submergence tolerance mapped on rice chromosome 9.
Molecular Breeding 2, 219-224.

Xu, K., Xu, X., Ronald, P.C. and Mackill, D.J. (2000) A high-resolution linkage map of the vicinity of the
rice submergence tolerance locus Subl. Molecular and General Genetics 263, 681-689.

Xu, W., Subudhij, PK,, Crasta, O.R., Rosenow, D.T., Mullet, J.E. and Nguyen, H.T. (2000) Molecular map-
ping of QTL conferring stay-green in grain sorghum (Sorghum bicolor L. Moench). Genome 43,
461-469.

Yadav, R., Courtois, B., Huang, N. and McLaren, G. (1997) Mapping genes controlling root morphology
and root distribution in a doubled-haploid population of rice. Theoretical and Applied Genetics 94,
619-632.

Yamamoto, T., Lin, H.X., Sasaki, T. and Yano, M. (2000) Identification of heading date quantitative trait
locus Hd6 and characterization of its epistatic interactions with Hd2 in rice using advanced back-
cross progeny. Genetics 154, 885-891.

Yano, M., Katayose, Y., Ashikari, M., Yamanouchi, U., Monna, L., Fuse, T., Baba, T., Yamamoto, K,
Umehara, Y., Nagamura, Y. and Sasaki, T. (2000) Hd1, a major photoperiod sensitivity quantitative
trait locus in rice, is closely related to the Arabidopsis flowering time gene CONSTANS. Plant Cell 12,
2473-2484.

Yeo, AR., Flowers, S.A., Rao, G., Welfare, K., Senanayake, N. and Flowers, T.J. (1999) Silicon reduces
sodium uptake in rice (Oryza sativa L.) in saline conditions and this is accounted for by a reduction
in the transpirational bypass flow. Plant Cell and Environment 22, 559-565.

Yeo, M.E., Yeo, A.R. and Flowers, T.J. (1994) Photosynthesis and photorespiration in the genus Oryza.
Journal of Experimental Botany 45, 553-560.

Yevjevich, V., Hall, W.A. and Salas, J.D. (eds) (1978) Drought Research Needs. Proceedings of Conference on
Drought Research Needs. Colorado State University, Fort Collins, Colorado, 12-15 December 1977. Water
Resources Publications, Fort Collins, Colorado, 288 pp.

You, S.C. (2001) Agricultural adaptation of climate change in China. Journal of Experimental Botany (China)
13,192-197.

Zeier, ], Ruel, K., Ryser, U. and Schreiber, L. (1999) Chemical analysis and immunolocalisation of lignin
and suberin in endodermal and hypodermal/rhizodermal cell walls of developing maize (Zea mays
L.) primary roots. Planta 209, 1-12.

Zhang, H.X., Hodson, ].N., Williams, ]J.P. and Blumwald, E. (2001) Engineering salt-tolerant Brassica
plants: characterization of yield and seed oil quality in transgenic plants with increased vacuolar
sodium accumulation. Proceedings of the National Academy of Sciences USA 98, 12832-12836.

Zhang, ].X., Nguyen, H.T. and Blum, A. (1999) Genetic analysis of osmotic adjustment in crop plants.
Journal of Experimental Botany 332, 291-302.

Zheng, H.G., Babu, R.C., Pathan, M.S., Ali, L., Huang, N., Courtois, B. and Nguyen, H.T. (2000)
Quantitative trait loci for root-penetration ability and root thickness in rice: comparison of genetic
backgrounds. Genome 43, 53-61.

Zinselmeier, C., Jeong, B.R. and Boyer, ].S. (1999) Starch and the control of kernel number in maize at low
water potentials. Plant Physiology 121, 25-35.



3 Management of Drought in ICRISAT
Cereal and Legume Mandate Crops

R. Serraj, F.R. Bidinger, Y.S. Chauhan, N. Seetharama, S.N. Nigam and
N.P. Saxena
International Crops Research Institute for the Semi-Arid Tropics, Patancheru, India

Abstract

This chapter reviews the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT)’s
research achievements in the domain of crop drought tolerance and presents future perspectives in the
genetic enhancement of crop water use and drought adaptation in the semi-arid tropics. Exploration of
crop genetic variability and genotype—environment interactions has contributed significantly to develop-
ing suitable screening methods for specific drought-tolerant traits. Genetic sources of drought tolerance
were also identified at ICRISAT for all mandate crops, and some of the associated traits have been well
characterized. A large spectrum of genotype duration is now available, from long to short and extra-short
duration, and matching genotype duration with likely period of soil water availability is the first strategy
used against terminal-drought stress. Identification and genetic mapping of quantitative trait loci for spe-
cific drought-tolerant traits using molecular markers are currently receiving greater research focus. This
approach provides a powerful tool for dissecting the genetic basis of drought tolerance. If validated with
accurate phenotyping and properly integrated in marker-assisted breeding programmes, this approach
will accelerate the development of drought-tolerant genotypes. Overall, the progress made at ICRISAT
during the last three decades proves that it is realistic to develop varieties that have increased yield
under drought-prone conditions. Further multidisciplinary research integrating plant breeding, simula-
tion modelling, physiology and molecular genetics will realize the potential of these approaches and
increase the efficiency of crop improvement in drought-prone environments.

and still produce grain and biomass.
However, the constant challenge is to
reduce vyield gaps observed between
research plots and farmers’ fields under the
rain-fed conditions of semi-arid tropics
(SAT), in order to ensure sustained food
security for the benefit of resource-poor
farmers.

Introduction

The International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT)’s man-
date crops, i.e. pearl millet (Pennisetum glau-
cum), sorghum (Sorghum bicolor), chickpea
(Cicer  arietinum), groundnut  (Arachis
hypogaea) and pigeonpea (Cajanus cajan), are

all known for their relative ability to with-
stand periods of water-limited conditions

Drought stress is a complex syndrome,
involving several climatic, edaphic and
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agronomic factors, and is characterized by
three major varying parameters, i.e. timing
of occurrence, duration and intensity. The
general complexity of drought problems is
often aggravated under the SAT conditions,
by erratic and unpredictable rainfall and by
the occurrence of high temperatures, high
levels of solar radiation and poor soil char-
acteristics of the target environments. The
high variability in the nature of drought
and the insufficient understanding of its
complexity have made it generally difficult
to characterize the physiological traits
required for improved crop performance
under drought, consequently limiting plant-
breeding efforts to enhance the drought tol-
erance of crops.

In the agricultural context of SAT and
global water challenges, it is critical that both
agronomic and genetic management strate-
gies focus on the maximum extraction of
available soil moisture and its efficient use in
crop establishment, growth, maximum bio-
mass and seed yield. Recent research break-
throughs have revived interest in targeted
drought-resistant breeding and the use of
new genomics tools to enhance crop water
productivity. However, with the fast
progress in genomics, a better understanding
of the gene functions and drought tolerance
physiological mechanisms will also be essen-
tial for the progress of genetic enhancement
of crop drought tolerance.

It is now well accepted that the complex-
ity of the drought syndrome can only be
tackled with a holistic approach, integrating
physiological dissection of the resistance
traits and molecular genetic tools, together
with agronomic practices that lead to better
conservation and utilization of soil moisture
and matching crop genotypes with the envi-
ronment.

This chapter reviews the recent progress
made at ICRISAT in deciphering the com-
plexity of crop responses to water deficits
and developing drought-tolerant varieties of
the five mandate crops. The management
options for increasing productivity and con-
serving natural resources adopted by
ICRISAT for integrated watershed manage-
ment are reviewed in a companion chapter
(Wani et al., Chapter 12, this volume).

Drought as the Main Challenge for
Agriculture in the SAT

The target environments for ICRISAT
mandate crops

The agroclimatic and production-system
environments of the SAT regions are very
diverse and the inherent water constraints
that limit crop production are variable.
However, it is feasible to broadly character-
ize the drought patterns of a given environ-
ment using long-term  water-balance
modelling and geographic information sys-
tem (GIS) tools (Chauhan et al., 2000;
Bastiaanssen et al., Chapter 18, this volume).
The assessment of the moisture-availability
patterns of the target environments is critical
for developing genotypes adapted to target
environments and to identify environments
with similar drought patterns.

Most of the ICRISAT experimental
research on drought is accomplished at its
centre at Patancheru in peninsular India,
characterized by a relatively short growing
season in a generally dry semi-arid climate,
with high average temperatures and poten-
tial evaporation rates (Fig. 8.1). Soils are
mainly Alfisols and Vertisols, with low to
moderate levels of plant-available water con-
tent. In addition, the dry season at this loca-
tion is generally rain-free, with a high mean
air temperature and vapour-pressure
deficits, which provide an ideal screening
environment to expose plants to controlled
drought-stress treatments by managing the
timing of irrigation (Bidinger et al., 1987).

The main target environment for ICRISAT
work on drought in pearl millet in India is
the growing area of the north-western states
of Rajasthan, Gujarat and Harayana, where
postflowering stress, either alone or in com-
bination with preflowering stress, is a very
common feature of the environment (van
Oosterom et al., 1996). The focus of pearl-mil-
let research has thus been on terminal
drought as it is also the most damaging to
grain yield (Mahalakshmi et al., 1987).

Sorghum is one of the most extensively
adapted crops; it is grown from 35°S to 45°N
of the equator, and the elevation ranges
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Fig. 8.1. Average climate conditions (1974-2000) and cropping schedule at ICRISAT, Patancheru (17°N

78°E, 542 m).

from sea level to nearly 2000 m a.s.l. The
rainfall during the crop season could vary
from 300 up to 2000 mm. Terminal-drought
stress is most limiting for sorghum produc-
tion worldwide. In sub-Saharan Africa,
drought at both seedling establishment and
grain-filling stages is also very common. In
India, sorghum is grown during the rainy
and the post-rainy seasons. The variable-
moisture environment during the rainy sea-
son can have a severe impact on grain and
biomass yield, affecting both preflowering
and postflowering stages.

Characterizing drought in post-rainy-
season crops, such as rabi sorghum and
chickpea, is simpler, compared with the
intermittent drought experienced by rainy-
season crops. This is because much of the
rainfall is received before the planting of the
crop, which is therefore grown almost
entirely on stored soil moisture and
exposed mostly to progressively increasing

(terminal) water deficits. Therefore, the fac-
tors governing crop growth and water use
in the post-rainy season, i.e. radiation, tem-
perature, vapour pressure and potential
evaporation, are relatively stable and pre-
dictable, so that simulation modelling of
both crop growth and the effects of various
crop traits is quite feasible.

Groundnut is an important rainy-season
crop in most of the production systems in
south Asia and sub-Saharan Africa, where it
is grown under varying agroecologies, either
as a sole crop or intercropped with sorghum
and pigeonpea. Groundnut yields are gener-
ally low and unstable under rain-fed condi-
tions, due to unreliable rainfall patterns,
with frequent droughts, and to a lack of
high-yielding adapted cultivars.

Pigeonpea is grown mainly by resource-
poor farmers in India and, to a varying
extent, throughout the tropics, usually under
rain-fed conditions. Traditionally, medium- to
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long-duration landraces have been culti-
vated, with a crop duration of 150-300 days.
Pigeonpea can be exposed to intermittent
drought stress during dry periods of the
rainy season and to terminal-drought stress
in the post-rainy season. However, over the
last two decades, shorter-duration pigeonpea
(SDP) genotypes have been developed, with
some genotypes capable of reaching maturity
within 90 days (Nam et al., 1993). The intro-
duction of such genotypes has enlarged the
scope of pigeonpea cultivation in various,
non-traditional cropping systems. However,
the developed short-duration genotypes are
usually sensitive to intermittent drought.

The Yield Gap of Rain-fed Agriculture in
the SAT

Yield losses due to drought are highly vari-
able, depending on timing, intensity and
duration, coupled with other location-spe-
cific environmental stress factors, such as
high irradiance and temperature. Global
yield losses due to drought have been esti-
mated to be around 6.7 million t of ground-
nut, 3.7 million t of chickpea and around 1.8
million t of pigeonpea (Subbarao et al., 1995).
It has also been shown that a large propor-
tion of these yield losses can be potentially
recovered through efforts in crop improve-
ment (Subbarao et al., 1995).

Drought may cause complete crop failure
or a varying amount of reduction in biomass
and grain yield. In addition to the direct
effect of drought on the yield, the potential
beneficial effects of improved crop-manage-
ment practices, such as fertilizer application
or intercropping, are not fully realized in
terms of increased production. Drought
reduces carbon assimilation through photo-
synthesis, due to limited gas exchange, and
adversely affects symbiotic nitrogen-fixation
processes in leguminous crops (Serraj et al.,
1999a), resulting in significant reductions in
crop yields and soil fertility. Furthermore,
the problem of drought is often compounded
by related stress factors, such as the infection
of roots and stalks, and rot-causing fungi that
cause premature death and severe lodging,
all of which result in significant yield losses.

Integrated Drought-management
Options

Given the increasing scarcity and competi-
tion for water resources, irrigation is gener-
ally not a possible option for alleviating
drought problems in the SAT. For increasing
biomass and seed yield, therefore, drought-
management strategies, whether agronomic
or genetic, need to focus on maximum
extraction of available soil moisture and its
most efficient use in both crop establishment
and maximum crop growth.

The following steps are essential for
planning improvement programmes for
crop yields for a given target drought-prone
area:

® Characterize the major patterns of
drought stress and their frequency of
occurrence in the target environment.

® FEvaluate crop response to the major
drought patterns (simulation modelling).

® Match crop phenology (growth period,
sowing, flowering, seed filling) with the
most favourable period of soil moisture
and climatic regimes.

® Develop a strategy for the optimal use
of supplementary irrigation, when avail-
able.

® Increase the soil water available to crops
through agronomic management practices.

® Identify plant traits that would maximize:
(i) the use of available soil moisture in
transpiration; (ii) the production of bio-
mass per unit water transpired; and (iii)
partitioning into seed, thereby conferring
enhanced crop water productivity.

Agronomic and genetic options that do
not involve the external input of irrigation
can only partially alleviate drought effects,
because yield is always lower than what can
be achieved with irrigation. For example,
under  drought-prone  conditions  at
ICRISAT, India, chickpea yields higher than
3 t ha™! were obtained in 110 days of crop
duration with irrigation in large-plot field
trials (ICRISAT, 1982), compared with the
average yield at this location of around 1.0 t
ha™! in rain-fed conditions in 85 days of
crop duration.
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Scope for Genetic Enhancement of Yield
under Drought

Crop yield and water use

The response of plants to soil-water deficit
can be generally described as the sequence
of three successive stages of soil dehydra-
tion (Fig. 8.2). Stage I occurs at high soil
moisture, when water is still freely available
from the soil and both stomatal conduc-
tance and water-vapour loss are maximal.
The transpiration rate during this stage is
therefore determined by environmental
conditions around the leaves. Stage II starts
when the rate of water uptake from the soil
cannot match the potential transpiration
rate. Stomatal conductance declines, so that
keeping the transpiration rate similar to the
rate of uptake of soil water results in the
maintenance of the water balance of the
plant. Finally, stage III begins when the abil-
ity of the stomata to adjust to the declining
rate of water uptake from the soil has been
exhausted and stomatal conductance is at a
minimum.

Virtually all major processes contributing
to the crop yield, including leaf photosyn-
thetic rate, leaf expansion and growth, are
inhibited late in stage I or in stage II of soil
drying (Serraj et al., 1999b). At the end of
stage II, these growth-supporting processes
reach zero and no further growth occurs in
the plants. The focus of stage III is survival,
and water conservation is essential to allow
the plant to endure these severe conditions.
Plant survival is a critical trait in natural dry-
land ecosystems but, for most agricultural
situations, stage III has little relevance to
questions about increasing crop yield and
water productivity, especially in the case of
intermittent droughts. Consequently, the
amount of water extracted up to the end of
stage II determines the cumulative growth
by the plants on a particular soil-water reser-
voir. Not surprisingly, research on soil-water
use in crop growth going back more than 100
years has consistently shown an intimate
and stable relationship between plant
growth and transpirational water use after
correcting for variation in atmospheric
humidity (Sinclair et al., 1984). Therefore,
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Fig. 8.2. Typical plot of normalized leaf transpiration (NTR) against the fraction of transpirable soil water

(FTSW). From data of Sinclair and Ludlow (1986).
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options to enhance crop survival do not usu-
ally mean an increase in crop yield under
drought conditions. Increased crop yields
and water productivity require the optimiza-
tion of the physiological processes involved
in the critical stages (mainly stage II) of plant
response to soil dehydration.

Genetic-enhancement approaches

Four genetic-enhancement approaches have
been implemented at ICRISAT to improve
the adaptation of the mandate crops to
drought-prone environments. These were:

® the development of short-duration geno-
types that can escape terminal drought;

® the development of genotypes with supe-
rior yield performance in drought-prone
regions following a conventional breed-
ing approach;

® the development of drought-resistant
genotypes following the physiological
breeding approach;

® the identification of quantitative trait loci
(QTL) for drought tolerance and their use
in marker-assisted breeding.

A large germplasm collection of the five
mandate crops, available in the ICRISAT
gene bank, provides the base material for
implementing the above four approaches of
genetic enhancement in drought resistance.

Development of Short-duration
Genotypes

The appropriate crop duration is a compro-
mise of various factors, including the length
of the season, the yield potential and the tim-
ing of the occurrence of drought stress.

Pearl millet

Drought escape is a major mechanism in
pearl millet, determining relative cultivar
performance in individual stress environ-
ments (Bidinger ef al., 1987), and is often a
major cause of genotype-by-environment (G
x E) interaction in multi-environmental tri-

als (van Oosterom et al., 1996). For example,
in the case of the rains ending early, a 1-
week difference in time to flowering
between two cultivars is equivalent to about
30% of the grain-filling period, which
would escape stress in the early-flowering
cultivar, but which would be affected by
stress in  the later-flowering one
(Mahalakshmi ef al., 1988).

The effects of the timing of the occurrence
of single periods of stress before and after
flowering provide quantification of the
effects of drought escape. For example, an
early genotype that flowered 20 days after
the onset of terminal-drought stress had
about one-quarter of the yield reduction
(=12% vs. —51%) of a later-flowering geno-
type that flowered only 10 days before the
onset of the same stress (Mahalakshmi et al.,
1987). However, despite the strong effects of
drought escape in pearl millet, the scope for
using this mechanism in crop improvement
under drought conditions still depends upon
the predictability of the occurrence of stress
(Mahalakshmi et al., 1987).

Sorghum

Breeding for earliness has been a tremen-
dous success, especially for increasing the
yield of rainy-season sorghums in India
(Seetharama et al., 1982). Such sorghums are
also more suited for intercropping with
other species. However, this approach also
has some disadvantages. For example,
reduced vegetative growth of early
sorghums results in lower stover yield,
which is critical to most resource-poor
farmers. Earliness also increases susceptibil-
ity to grain moulds, as the grain matures
during the end of the season, when it may
rain frequently in some years. Earliness is
more advantageous during the post-rainy
season, although a crop maturing earlier
than 3 months may not achieve high yields
(Seetharama et al., 1982). In West Africa,
phenotypic plasticity derived from pho-
toperiod sensitivity is also an important
adaptive trait, useful for matching the crop
growth and development with the water-
availability period.
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Chickpea

Short-duration varieties that mature before
the onset of severe terminal drought have
proved successful in increasing yield under
drought-prone conditions in chickpea
(Kumar et al.,, 1996). However, since seed
yield is generally correlated with the length
of crop duration under favourable crop-
growing conditions, any reduction of crop
duration below the optimum would have a
penalty in yield (Saxena, 1987). Depending
upon the water availability, optimum crop
duration for maximum yield would vary.
Thus the selection of varieties needs to be
matched with the maximum length of the
growing period (LGP). Significant progress
has been made in developing improved
chickpea varieties of short duration that
mature in 70-90 days in mild-winter chick-
pea-growing conditions, as prevailing in
peninsular India (Kumar et al., 1996). Even
extra-short-duration  chickpea  varieties,
termed super-early, have now been devel-
oped (Kumar and van Rheenen, 2000). The
development of these new varieties has
expanded options to include chickpea as a
crop in many prevailing and evolving new
production systems, such as rice fallows.

Groundnut

In most of the SAT groundnut-growing
regions, the rainfall distribution is erratic
and the season length is less than 100 days
(Virmani and Singh, 1986). ICRISAT has
made considerable progress in shortening
the crop duration of groundnut without sub-
stantially decreasing the realized yield
(Vasudeva Rao et al., 1992). The short-dura-
tion varieties developed at ICRISAT have
shown 23-411% superior pod yield over
local control varieties in the seventh series of
international trials across several countries
(ICRISAT, unpublished data). However, the
early-maturing genotypes usually have shal-
low root systems, which could make them
more susceptible to intermittent dry spells if
grown as a rainy-season crop and also result
in a reduction of the yield potential.
However, genotypic differences in rooting

depth have been observed in groundnut
(Wright et al., 1991; Nageswara Rao et al.,
1993), suggesting scope for combining early
maturity with an efficient root system.

Pigeonpea

Traditional long- and medium-duration
pigeonpea landraces have evolved under
and have apparently adapted to terminal-
drought-stress conditions. However, studies
in which irrigation has been supplied dur-
ing the reproductive phase indicate that ter-
minal drought usually reduces grain yield
of landraces growing in their typical envi-
ronment (Chauhan et al., 1992). This is more
apparent in the shorter-duration environ-
ments closer to the equator, where evapo-
transpiration is high during the post-rainy
season. Thus, in terms of maximizing grain
yield, the duration of these landraces seems
too long for the common period of soil-
moisture availability. However, a large spec-
trum of genotype duration is now available
(Gupta et al., 1989), and matching genotype
duration with likely period of soil-water
availability is the first line of defence
against terminal-drought stress. Further,
opting for an SDP cultivar rather than for
those traditionally used in a region does not
necessarily mean a sacrifice in yield poten-
tial, as even extra-short-duration pigeonpea
(ESDP) varieties can produce yields above
2.5tha"! (Nam et al., 1993).

Screening Tools and Breeding for
Drought Tolerance

Screening and selection methodologies

In order to identify sources of drought toler-
ance, it is necessary to develop screening
methods that are simple and reproducible
under the target environmental conditions.
Therefore, managing drought-screening
nurseries requires a careful analysis of likely
sources of non-genetic variation among
plots, replications and repeated experiments
and establishment of procedures for mini-
mizing these factors (Bidinger, 2002).
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Several field- and laboratory-screening
methods have been used at ICRISAT to
screen the mandate crops for drought toler-
ance, including line-source-sprinkler irriga-
tion, rain-out shelters and measurement of
the drought-susceptibility index (DSI).

The  line-source-sprinkler  irrigation
method was first developed by Hanks et al.
(1976) and further standardized at ICRISAT
(Nageswara Rao et al., 1985). This system cre-
ates a gradient of drought stress and allows
the evaluation of large numbers of genotypes
at varying intensities of drought in a given
environment. It proved to be useful for
screening pearl millet (Mahalakshmi et al.,
1990), chickpea (Johansen et al, 1994),
groundnut (Nageswara Rao et al., 1985) and
pigeonpea (Chauhan et al., 1998). However,
where response to applied water is linear,
simpler stress/no-stress techniques provide
a more efficient means of conducting prelim-
inary evaluations (Mahalakshmi et al., 1990).

When the yield level obtained under
stress was not related to the number of days
until 50% flowering occurred, the DSI, as
proposed by Fisher and Maurer (1978), was
calculated from yield under rain-fed condi-
tions and the potential yield under irriga-
tion. The lower the DSI, the greater the
drought tolerance of the line. The DSI
method was modified by Bidinger et al.
(1987) to include cases in which yield under
stress was related to drought escape and
yield potential; it was thus used for screen-
ing pearl millet and identifying tolerant
genetic material.

Both line-source and DSI methods have
been found to be very effective in identifying
sources of tolerance to terminal drought in
chickpea. Sources of drought tolerance identi-
fied by the first method (Saxena, 1987) were
further validated by the second (Johansen et
al., 1994). More than 1500 chickpea germplasm
and released varieties were screened for
drought tolerance and evaluated in replicated
trials at ICRISAT. Promising drought-tolerant
germplasm, such as the line ICC 4958, was
used in the drought-improvement programme
(ICRISAT, 1992; Saxena et al., 1993).

ICRISAT adopted a holistic approach in
screening and selecting groundnut geno-
types with superior performance under

mid-season and end-of-season drought con-
ditions. To avoid confounding effects of
drought incidence with phenology of the
crop, the varietal comparisons for drought
sensitivity were made within a given taxo-
nomic group. Genotypes resistant to
drought have been identified by assessing
total dry-matter production and pod yield
under a range of drought intensities
imposed at critical phases, using a line-
source-sprinkler technique. Their ability to
recover from mid-season drought has also
shown significant genotypic variation
(Harris et al., 1988).

The line-source-sprinkler technique was
also used to identify several drought-tolerant
pigeonpea lines during the rainy seasons of
1986 and 1987. In both seasons, long breaks
in rains occurred around the reproductive
stage, which facilitated the imposition of
drought treatments. Thirty SDP and ESDP
advanced breeding lines in the first year and
40 in the second year were sown across a
gradient of moisture. Among the pigeonpea
hybrids tested, ICPH 8 and ICPH 9 were the
most drought-tolerant; a fact which was
further confirmed in multilocation trials
(Chauhan et al., 1998).

The creation of the rain-out shelter facility
at ICRISAT has also significantly improved
the precision of drought screening. Thirty-
two pigeonpea lines were screened for flow-
ering-stage  drought and  substantial
differences were recorded using the DSI. The
line ICPL 88039 showed greater drought tol-
erance in this screening (Chauhan et al.,
1998). Drought screening under the rain-out
shelter, though reliable, has limitations of
space, and pigeonpea cannot be grown year
after year at the same place. To overcome the
latter problem, rain-out shelters that can be
moved to different places have been
designed (Chauhan et al., 1997).

Crop-improvement strategies

Since a strong relationship between the yield
potential and the sensitivity of genotypes to
end-of-season drought was observed for all
ICRISAT mandate crops, a first approach to
minimizing yield losses due to terminal



Management of Drought 135

drought has been to breed for earliness. But
in the case of mid-season drought such a
relationship does not hold, as this requires
specific genetic-enhancement programmes
for drought resistance.

Both conventional and trait-based
approaches have been used at ICRISAT in
the breeding programmes for drought. The
empirical breeding approach is based on the
selection for yield and its components
under a given drought environment. While
such an approach has been partly success-
ful, huge investments in land, labour and
capital are required to screen a large num-
ber of progenies. In addition, there is evi-
dence of increasingly marginal returns from
conventional breeding (Fehr, 1984), suggest-
ing a need to seek more efficient methods
for genetic enhancement of drought resis-
tance. On the other hand, associating
drought responses with the expression of
specific physiological mechanisms can help
greatly in establishing screening protocols,
which allow better management of G x E
interactions. However, it has been argued
that a focus on very basic mechanisms is
likely to be at the cost of the linkages to
final grain yield and increased measure-
ment costs, thereby complicating conven-
tional and molecular breeding for tolerance
(Bidinger, 2001).

For pearl millet, it was assumed that
grain yield can be improved under water-
limited environments if specific traits and
responses associated with drought tolerance
can be identified and incorporated into elite
high-yielding genotypes of appropriate
crop duration (Bidinger et al., 2000; Yadav et
al., 2002). The QTL-mapping approach is
ideal to meet such objectives as it can both
identify individual genetic factors associ-
ated with a specific response and monitor
the incorporation of the identified factors
into the breeding programmes. The objec-
tive of using mapping-population proge-
nies, based on commercially important
hybrid parents, is to improve the drought
tolerance of the parents so that the popular
hybrids produced by them will have greater
tolerance to drought (Yadav ef al., 2002).

An ideotype approach was followed for
genetic improvement of drought tolerance

in chickpea (Saxena and Johansen, 1990).
Using ICC 4958 (drought-tolerant parent),
Annigeri (a high-yielding parent) and ICC
12237 (a wilt- and root-rot-resistant parent),
a three-way cross was made. Following a
diversified bulk method of breeding, gener-
ations were advanced and nine yield- and
root-trait-based selections were made.
Yield-based selections were effective in pro-
ducing varieties with high yield and trait-
based selections in producing varieties with
a greater degree of drought tolerance
(Saxena, 2003). Promising drought-tolerant,
Fusarium-wilt-resistant lines with high
yields are ICCVs 949164, 94916-8, 94920-3,
94924-2 and 94924-3 (Saxena, 2003). A
backcross programme was also initiated at
ICRISAT, with the objective of incorporat-
ing drought-tolerant traits in elite cultivars
and of combining drought-tolerant traits.
Seven varieties that combine the traits of
large roots and fewer pinnules were devel-
oped (ICCV 98901 to ICCV 98907). A few of
these recombinants showed a greater
degree of drought tolerance than and a
yield similar to that of the high-yielding
parent (Saxena, 2003).

The approach followed at ICRISAT for
enhancing drought resistance in groundnut
has been previously described in detail
(Nageswara Rao and Nigam, 2003). An
empirical approach was first followed for
selection among segregating populations
and for evaluation of advanced breeding
lines for their sensitivity to mid-season and
end-of-season droughts, based on pod and
seed yields. While the empirical approach
was partly successful, it was concluded that
a more efficient breeding approach required
the selection of traits associated with
drought resistance. There has been signifi-
cant progress in understanding the physio-
logical basis of genotypic variability of
drought response in groundnut, suggesting
scope for selecting genotypes with traits
contributing to superior performance under
water-limited conditions. For instance, sub-
stantial genetic variation has been observed
in partitioning of dry matter to pods
(Nageswara Rao et al., 1993).

Significant genotypic variation in total
amount of water transpired (T) and transpi-
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ration efficiency (TE) has been shown under
field conditions (Wright et al., 1994). Further
studies have confirmed large cultivar differ-
ences in TE in groundnuts grown in
glasshouse and field conditions (Hubick et
al., 1988; Wright et al., 1994). These studies
made it possible to analyse the yield varia-
tion under drought conditions, using the
physiological framework proposed by
Passioura (1977), where:

pod yield = T x TE x harvest index (HI)

Research has also shown that TE and car-
bon isotope discrimination in leaves (A) are
well correlated in groundnut (Wright et al.,
1988, 1994), suggesting the possibility of
using A as a rapid, non-destructive tool for
selection of TE in groundnut. However, fur-
ther research has shown that specific leaf
area (SLA, cm? g™ 1) is well correlated with A
and TE in groundnut (Wright et al., 1994).
Further studies are currently in progress to
compare the efficiency of the trait-based
selection approach vis-i-vis the empirical
approach.

Breeding programmes on pigeonpea in
recent years have focused on developing
SDP types of 90-150 days of maturity
(Gupta et al., 1989). This has made it possi-
ble to match phenology with periods of soil-
moisture availability, a proven way of
combating terminal drought (Chauhan ef al,
1998). Nevertheless, there is a considerable
yield gap, which is largely due to the
adverse effect of intermittent droughts in
different environments (Nam ef al., 1993).
The SDP and ESDP cultivars are generally
shallow-rooted (Chauhan, 1993), and what
they gain by being able to escape drought
stress they lose by their inability to extract
water from the deeper soil layer. Indeed, it
is observed that these genotypes extract
water from shallower (< 75 cm) layers, com-
pared with unstressed controls (Nam et al.,
2001). In addition, large gaps within the
rainy-season rainfall are not unusual in the
semi-arid regions, when ESDP and SDP
may be forced to grow with limited ability
to extract water, owing to their shallow root
system. Therefore, more work is needed on
screening and selecting pigeonpea cultivars
for intermittent-drought tolerance.

Characterization of drought-resistance traits

Identification of simple-to-observe morpho-
logical and phenological traits reflective of
mechanisms and processes that confer
drought tolerance has been a high-priority
activity in drought research at ICRISAT. An
appropriate screening trait for drought-stress
tolerance should fulfil the following criteria:
(i) a strong link with higher or more stable
grain yield in the target stress environment;
(ii) a high level of heritability; and (iii) an
easily measurable expression of tolerance,
with adequate replication.

The traits associated with some promising
drought-tolerant sources for ICRISAT cereal
and legume mandate crops are listed in Table
8.1. Most of these characteristics that appear
to enhance crop drought resistance are the
manifestation of perhaps several individual
mechanisms and are most probably under
complex genetic control.

The panicle harvest index (PNHI), i.e. the
ratio of grain to total panicle weight, has
been evaluated as a selection criterion for
terminal-stress tolerance in pearl millet in
both variety and hybrid-parent breeding
(Bidinger et al., 2000). It is also currently used
as one of the traits for which QTL are being
identified, from a mapping population made
from parents that differ in the ability to
maintain PNHI under stress. PNHI, how-
ever, is readily and inexpensively measured
in field experiments and can be readily used
as a direct selection criterion. The main
potential benefit in identifying a QTL for
PNHI would be to allow marker-assisted
backcross transfer of improved tolerance of
terminal stress to elite lines and varieties,
without the requirement for extensive field
screening.

In sorghum, delayed senescence or stay-
green is considered as a useful trait for plant
adaptation to postflowering drought stress,
particularly in environments in which the
crop depends largely on stored soil moisture
for grain filling. To identify superior sources
of stay-green, sorghum genotypes have been
recently evaluated for patterns of postflow-
ering leaf senescence in replicated field
experiments during the 1998/99 and
1999/2000 post-rainy seasons at ICRISAT



Table 8.1. Examples of early-maturing genotypes, putative drought-tolerance traits and genetic sources for the ICRISAT mandate crops.

Yield advantage

Crops Trait Source under drought Reference
Pearl millet Phenology: early maturing ICTP 8203, Yes Rai et al., 1990
ICMV 88908 Yes Witcombe et al., 1995
PNHI ICMV 88904 Yes Witcombe et al., 1997
Sorghum Phenology: early maturing S35 Yes Rao, 1983
Stay-green IS 22380, NDa Mahalaksmi and Bidinger, 2002
QL27,QL 10
Chickpea Phenology: extra-short duration ICCV 2 Yes Kumar and van Rheenen, 2000
Large root system ICC 4958 Yes Saxena et al., 1993
Fewer pinnules ICC 5680 Yes Saxena and Johansen, 1990
Small pinnules ICC 10480 Yes Saxena and Johansen, 1990
Groundnut Phenology: short duration ICGV 92029 Yes ICRISAT (unpublished)
Transpiration efficiency ICGS 76 Yes Wright and Nageswara Rao, 1994
Specific leaf area Tifton 8 Yes Wright et al., 1994
Pigeonpea Phenology: extra-short duration ICPL 87, 83015 Yes Nam et al., 1993
Leaf-area maintenance ICPL 87 Yes Lopez et al., 1997
Root and shoot biomass accumulation ICPH 8, ICPH 9 Yes Chauhan et al., 1998
Drought-susceptibility index ICPL 88039 Yes Chauhan et al., 1998

aNot determined.
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(Mahalakshmi and Bidinger, 2002). A collec-
tion of 72 stay-green lines was clustered into
five groups, based on the percentage of
green leaf area at 15, 30 and 45 days after
flowering in the 2 years. This work identified
several tropically adapted sorghum lines
(e.g. IS 22380, QL 27, QL 10, E36 x R16 8/1)
with stay-green expression levels equivalent
to those of the best temperate lines B 35 and
KS 19. The stay-green trait is also currently
used for QTL identification in sorghum.

Two important drought-avoidance traits
have been characterized and widely used for
the genetic enhancement of chickpea: the
large root system, which appears to be useful
in greater extraction of available soil mois-
ture, and the smaller leaf area, which has
been shown to reduce transpirational water
loss (ICRISAT, 1992). The chickpea line ICC
4958 has multiple traits of large root size, a
rapid rate of root development and extrac-
tion of water and a rapid rate of seed devel-
opment related to its large seed size. Lines
ICC 5680 and ICC 10480 have a smaller leaf
area, due to either narrow pinnules (ICC
10480) or fewer pinnules (ICC 5680).
Recombinants with traits of ICC 4958 and
ICC 5680 showed a higher midday leaf rela-
tive water content compared with the par-
ents in field trials conducted at ICRISAT
(Saxena, 2003).

There is large scope for the genetic
improvement of the efficiency of crop water
use in groundnut (Wright and Nageswara
Rao, 1994). Significant genotypic variation in
the total amount of water transpired and TE
(defined as the amount of dry matter pro-
duced per amount of water transpired) have
been found in groundnuts grown in
glasshouse and field conditions (Wright et al.,
1988, 1994). Groundnut lines ICGS 76, ICGS
44, Tifton 8 and Kadiri 3 were identified as
having high TE values (Wright et al., 1994).

Important putative drought-resistance
traits for pigeonpea include early vigour,
leaf-area maintenance, root and shoot
growth rate and development plasticity
(Johansen, 2003). Early growth vigour is an
important factor in drought resistance as it
permits the establishment of a root system
that is more effective in extracting water dur-
ing later drought periods. This is considered

to be the main reason why pigeonpea
hybrids, such as ICPH 8 and ICPH 9, grow
and yield better than the varieties from
which they are derived, under both drought
and well-watered situations. There are con-
siderable differences in early growth vigour
of pigeonpea (Johansen, 2003). Early-matur-
ing genotypes generally show more vigour
than later-maturing ones, with hybrids
showing most vigour, but there are
exploitable differences in this trait within
maturity groups.

While reduction in leaf area under
drought stress would reduce further transpi-
rational losses and thus enhance survival
ability, leaf-area maintenance seems to be an
important consideration for pigeonpea
under drought (Subbarao et al., 1995). Leaf-
area  maintenance under intermittent
drought stress would involve an integration
of several lower-level traits, such as a root
system effective in water extraction, dehy-
dration tolerance, leaf movements, etc. Leaf-
area maintenance is an easily observable
trait, amenable for use in screening segre-
gants of a breeding programme. Pigeonpea
shows large genotypic differences for this
trait (Lopez et al., 1997). The SDP genotype
ICPL 87 performs better than a sister geno-
type, ICPL 151, which correlates with the
greater leaf-area retention in ICPL 87 under
drought than in ICPL 151.

QTL and marker-assisted selection (MAS)
strategies

Most of the physiological traits associated
with drought resistance are quantitative in
nature. Using molecular markers, QTL can
therefore be detected in an appropriate pop-
ulation of plants. A locus for any quantitative
trait can be mapped as long as polymor-
phism is observed in the segregating popula-
tions under analysis and phenotypic
information is available for the lines in the
population. However, for traits as complex
as drought tolerance, the success of the QTL
approach is conditioned by the effectiveness
of the phenotyping procedure in detecting
among recombinant lines repeatable, highly
heritable differences that permit the identifi-
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cation of robust QTL. Therefore, a special
effort is needed for the conceptualization,
design and management of phenotyping
programmes for drought tolerance and to
maximize the chances of identifying QTL
that will be useful in the future improvement
of tolerance in the target crop and in the tar-
get environment.

A QTL-mapping approach is currently
used at ICRISAT to dissect the genetic and
physiological basis and apply marker-
assisted breeding strategies for several traits
linked to drought tolerance, including the
PNHI and yield components of pearl millet

under terminal drought, root drought-
avoidance traits in chickpea and stay-green
in sorghum.

For terminal drought in pearl millet, sev-
eral mapping populations have been devel-
oped using restriction-fragment length
polymorphism (RFLP) skeleton mapping,
trait phenotyping (Hash and Witcombe,
1994) and QTL mapping (Yadav et al., 2002).
Test crosses of mapping-population proge-
nies, derived from inbred pollinators and
from seed parents differing in their response
to drought, were evaluated in a range of
managed terminal-drought-stress environ-
ments to identify individual QTL associated
with drought tolerance. A number of QTL
associated with drought tolerance of grain
yield and its agronomic and physiological
components were identified (Yadav et al.,
2002). Some of the identified QTL were com-
mon across water-stress environments and
genetic backgrounds of the two mapping
populations, while others were specific to a
particular water-stress environment or
genetic background. Interestingly, all the
identified QTL contributed to increased
drought tolerance through their effect on
either increased maintenance of growth or
harvest index or both in terminal-drought-
stress  environments. Programmes for
marker-assisted backcross transfer of the
identified QTL into the elite parent of these
mapping populations have been initiated for
the improvement of pearl-millet productivity
in water-limited environments (Yadav et al.,
2002). The development of near-isogenic
lines will also provide an ideal opportunity
to further test the effect of the identified QTL

and to dissect the associated physiological
mechanisms involved in terminal drought.

Phenotyping for chickpea root traits
involved in drought avoidance has been car-
ried out in recombinant inbred lines (RILs) of
a cross (ICC 4958 x Annigeri) and a wide
cross (ICC 4958 x Cicer reticulatum) (Saxena
and Kumar, 2000). Currently, identification
of QTL for the large root system of ICC 4958
for developing the MAS technique is in
progress.

Compared with other crops, cultivated
groundnut with currently available DNA
markers shows limited polymorphic varia-
tion, which has made it difficult to construct
a genetic map for cultivated groundnut.
However, polymorphic variation in DNA has
recently been detected in  selected
germplasm of cultivated groundnut, using
molecular markers (He and Prakash, 1997;
Subramanian et al., 2000). On the other hand,
there is still limited information on the bio-
chemical and molecular basis for variation
among genotypes for drought resistance
(Nageswara Rao and Nigam, 2003). Further
research is necessary to develop linkages
between the drought-resistance traits and the
molecular markers so that MAS tools can be
applied in drought-resistance breeding.

Material dissemination and impact

Most of ICRISAT’s genetic-enhancement
programmes for the past three decades have
focused on increased crop productivity and
adaptation in the target semi-arid environ-
ments. The overall crop-improvement strate-
gies pursued have, therefore, directly and
indirectly contributed to increasing the
selection pressure for better adaptation to
water-limited conditions. With more than
400 varieties released in 170 countries,
ICRISAT’s research has contributed signifi-
cantly to increasing crop productivity and
food security in smallholder farming across
the SAT. Early-maturing varieties have gen-
erally resulted in a reduced risk of crop fail-
ure, linked to plants’ escape from end-of
season drought.

Improvements in  pearl-millet and
sorghum productivity under water-limited
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conditions are critical for both national and
household food securities in the SAT, espe-
cially in sub-Saharan Africa. Two successful
examples of the impact of genetic enhance-
ment of crop yield under rain-fed conditions
are the releases of pearl-millet variety
Okashana 1 in Namibia and the sorghum
variety S 35 in Chad and Cameroon.

The pearl-millet variety Okashana 1,
developed by ICRISAT and identified for use
by the Namibian national programme, is
grown on almost 50% of the national pearl-
millet area, where the main limitations to
crop yield are low rainfall, frequent drought
and poor crop management (Rohrbach et al.,
1999). Okashana 1 is early maturing, has
good terminal-drought tolerance and is gen-
erally adapted to marginal environments.
The development and dissemination of this
variety resulted in a high value of internal
rate of return in Namibia.

The S 35 sorghum variety has been
described as a non-photoperiod-sensitive,
high-yielding, early-maturing and drought-
tolerant pure line; it originated from
ICRISAT’s breeding programme in India and
was later advanced and promoted in
Cameroon and Chad (Yapi et al.,, 1999). Its
introduction into drought-prone areas of
Chad has been very successful, resulting in
an estimated yield advantage of about 51%
over farmers’ local varieties and conse-
quently in a very high internal rate of return
(Yapi et al., 1999).

For chickpea, extra-early kabuli geno-
types were developed at ICRISAT through
the introgression of desi-kabuli, which
matured in less than 3 months. Among
these lines, the variety ICCV 2 was released
in India as ‘Swetha” and in Sudan as ‘Wad
Hamid’ (http://grep.icrisat.org/archives/
kabuli.htm). This variety has performed
well in Egypt, Tanzania and Ethiopia. ICCV
2 is currently the world’s shortest-duration
kabuli chickpea, able to grow fast on the
conserved receding soil moisture and to
mature before the moisture is depleted from
the deeper soil layers. However, being an
extra-short-duration variety, ICCV 2 has a
limited yield potential, lower than the tradi-
tional desi types (Kumar and van Rheenen,
2000).

The chickpea line ICC 4958 was con-
firmed as a drought-tolerant source in
many field trials, both at ICRISAT and by
the Indian national agricultural research
system (NARS) partners (Saxena, 2003). It
also proved to be the most drought-tolerant
in spring-planted chickpea in
Mediterranean types of climate. Seven
other varieties (ICCV 98901 to ICCV 98907)
were developed in order to incorporate
drought-tolerant traits in agronomically
superior cultivars. Additional promising
drought-tolerant, Fusarium-wilt-resistant
lines developed with high yield are ICCVs
949164, 94916-8, 94920-3, 94924-2 and
94924-3 (Saxena, 2003).

Groundnut research on drought in
ICRISAT has been mainly targeted on south
Asia and West Africa. As the growing sea-
son is becoming short, particularly in West
Africa, drought-escape and early-maturing
genotypes have significantly contributed to
maintaining crop productivity under termi-
nal drought. Examples of groundnut vari-
eties released in India are ICGS 11 and ICGS
37, which are tolerant to end-of-season
drought. Other cultivars released with toler-
ance to mid-season drought in India include
ICGS 44, ICGS 76 and ICG(FDRS) 10.

In pigeonpea, the adoption of the SDP
cultivar ICPL 87 in southern India led to
93% yield gains, in addition to improved
soil fertility and reduced production costs
(Bantilan and Parthasarathy, 1999). Line
UPAS 120, another SDP cultivar, released in
northern India, has also shown great
drought-tolerant levels (Chauhan et al.,
1998). In addition to the short-term eco-
nomic impact of its cultivation as a second
crop in the post-rainy season, the wide-
spread adoption of SDP improves long-
term  yield stability and  system
sustainability through the improvement of
soil fertility.

Future Thrust
Integrated strategies for crop genetic improve-

ment in drought-prone environments have
recently been reviewed (CIMMYT, 2000). A
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framework for their specific application to
ICRISAT mandate crops is outlined in Fig. 8.3.

A systematic characterization of the SAT
drought environments where the mandate
crops are grown is still to be done, in order
to enable adequate targeting of drought-
resistant traits, using historical climatic
series, GIS tools, water balance and crop-
simulation models.

With improved knowledge of probable
soil-moisture availability over time, it
becomes easier to further exploit the
drought-escape option, considering the spec-
trum of crop durations and germplasm
available for all mandate crops.

The ideotype approach for incorporating
the relevant drought-resistance  traits
requires a better knowledge of the physio-
logical mechanisms involved in drought
resistance and their genetic control. Simple
mechanistic models that can reliably simu-
late crop growth and yield in different envi-
ronments can also be used for the assessment

Historical climatic series
Simulation models

Target environment

of the putative drought-tolerant traits in a
wide range of target environments.

Despite the methodological difficulties,
genetic enhancement of root systems for
more effective water extraction would seem
a high-priority effort for rain-fed chickpea
and ESDP. Dissection of root traits and
development of a screening system relevant
to field conditions are therefore needed, in
parallel with extensive genotyping and the
search for molecular markers. Other
promising integrated traits for improving
drought resistance and crop water produc-
tivity include the PNHI in pearl millet,
stay-green in sorghum and transpiration-
use efficiency in groundnut. There seems to
be much scope for improving such charac-
ters, using QTL and molecular breeding
techniques, aided by physiological charac-
terization and conventional breeding, in
order to significantly improve the ability of
the mandate crops to withstand drought
stress in defined target environments.

Germplasm and breeding lines

Physiological basis of genetic variation

Phenology
Rooting depth
Water use
Growth rate

Traits

Biomass partitioning

Molecular markers
QTL, MAS

Screening, selection
and evaluation

GY=TRxTE xHI

Fig. 8.3. Framework of an integrated strategy for genetic enhancement of crop grain yield (GY) and its
components under water-limited conditions at ICRISAT. TR, total plant water transpired; TE, transpiration

efficiency; HI, harvest index.
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Abstract

Considering the persistently growing pressure on finite freshwater and soil resources, it becomes increas-
ingly clear that the challenge of feeding tomorrow’s world population is, to a large extent, about
improved water productivity within present land use.

Rain-fed agriculture plays a critical role in this respect. Eighty per cent of the agricultural land world-
wide is under rain-fed agriculture, with generally low yield levels and high on-farm water losses. This
suggests a significant window of opportunity for improvements. Ninety-five per cent of current popula-
tion growth occurs in developing countries and a significant proportion of these people still depend on a
predominantly rain-fed-based rural economy.

This chapter presents the agrohydrological rationale for focusing on water productivity in rain-fed
agriculture, identifies key management challenges in attempts to upgrade rain-fed agriculture and pre-
sents a set of field experiences on system options for increased water productivity in smallholder farm-
ing in drought-prone environments. Implications for watershed management are discussed, and the
links between water productivity for food and securing an adequate flow of water to sustain ecosystem
services are briefly analysed. The focus is on sub-Saharan Africa, which faces the largest food-deficit and
water-scarcity challenges.

The chapter shows that there are no agrohydrological limitations to doubling or even quadrupling on-
farm staple-food yields, even in drought-prone environments, by producing more ‘crop per drop’ of rain.
Field evidence is presented suggesting that meteorological dry spells are an important cause of low yield
levels. It is hypothesized that these dry spells constitute a core driving force behind farmers’ risk-aver-
sion strategies. Risk aversion also contributes to the urgent soil-fertility deficits resulting from insignifi-
cant investments in fertilizers. For many smallholder farmers in the semi-arid tropics, it is simply not

*The field research in Burkina Faso and Kenya was financed through grants from the Research
Department (Sarec) of the Swedish International Development and Cooperation Agency (Sida), and was
carried out in collaboration with IRD (Institut de Recherche pour le Dévéloppement) and INERA (Institut
National de I'Environnement et de la Recherche Agricole) in Burkina Faso, and in collaboration with
KARI (Kenyan Agricultural Research Institute) and the Regional Land Management Unit (RELMA) of
Sida in Kenya. We appreciate the use of statistical software INSTAT (v. 6.5), which was provided free of
charge by the Statistical Service Centre, University of Reading, UK.
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worth investing in fertilizers (and other external inputs) so long as the risk for crop failure remains a real-
ity every fifth year and the risk of yield reductions every second year. These high risks are associated
with periodic water scarcity during the growing season (i.e. not necessarily cumulative water scarcity).

Results are presented from on-farm agrohydrological field research with innovations in water harvest-
ing and conservation tillage among smallholder farmers in semi-arid rain-fed farming systems. These
results indicate that upgrading rain-fed production systems through supplemental irrigation during
short dry spells can lead to large increases in water productivity. Downstream implications of increased
upstream withdrawals of water for upgrading of rain-fed food production are discussed.

Finally, it is argued that some of the most exciting opportunities for water-productivity enhancements
in rain-fed agriculture are found in the realm of integrating components of irrigation management within
the context of rain-fed farming, e.g. supplemental or microirrigation for mitigating the effects of dry spells.
Combining such practices with management strategies that enhance soil infiltration and improving water-
holding capacity and the potential of water uptake of plants can have a strong impact on agricultural
water productivity. This suggests that it is probably time to abandon the largely obsolete distinction

between irrigated and rain-fed agriculture, and instead focus on integrated rainwater management.

Introduction: a Broadened Water-
management Approach

The sheer magnitude of future food needs,
to be met by production systems depending
on a finite freshwater resource, indicates the
necessity to focus on water productivity in
both irrigated and rain-fed agriculture.
However, there are several reasons why spe-
cial attention should be given to rain-fed
agriculture. Almost all population growth
(95%) takes place in tropical developing
countries, and it is also there that the bulk of
present undernutrition occurs. In sub-
Saharan Africa, over 60% of the population
depends on rain-based rural economies,
generating in the range of 30-40% of the
countries’ gross domestic product (GDP)
(World Bank, 1997). Rain-fed agriculture
worldwide is practised on approximately
80% of the agricultural land (the remaining
20% is under irrigated agriculture). This
proportion varies substantially between
tropical regions, from approximately 95% in
sub-Saharan Africa to 65% in Asia (FAO-
STAT, 1999). Rain-fed agriculture will
remain the dominant source of food produc-
tion during the foreseeable future (Parr et al.,
1990). Yields from rain-fed agriculture are
often low, generally around 1t ha™! in semi-
arid tropical agroecosystems (Rockstrom,
2001), and this fact explains why rain-fed
agriculture is estimated to contribute only
some 60% of the world crop production

(FAO, 2002). There is ample evidence to sug-
gest that the low productivity in rain-fed
agriculture is due more to suboptimal per-
formance related to management aspects
rather than to low physical potential
(Agarwal and Narain, 1997; Benites ef al.,
1998; Rockstrom and Falkenmark, 2000;
SIWI, 2001). This means that in the develop-
ing countries with the most rapid popula-
tion growth, dependence on rain-fed
agriculture operating at suboptimal level is
high. Furthermore, it has been estimated
that there is limited new land to be put
under agriculture (McCalla, 1994; Young,
1999), contrary to the last three decades,
when the bulk of increased food production
in, for example, sub-Saharan Africa came
from expansion of agricultural land. There is
thus a growing pressure to increase agricul-
tural productivity through raised yields per
unit soil and unit water.

In this chapter, water productivity (WP)
broadly signifies the efficiency of water use at
the production system or farm level. At this
scale, the production of more economic bio-
mass per unit of water is expressed both in
terms of more crop per unit evapotranspira-
tion (ET) (which includes a shift from non-
productive  evaporation to  productive
transpiration without external hydrological
implications) and in terms of more crop per
unit rainfall or even per unit harvested water
(e.g. rain plus harvested run-on surface flow).
The latter involves soil and water manage-
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ment with possible implications for down-
stream accessibility of water. Downstream
access to water as a result of increased water
withdrawals upstream is an issue of concern,
but it is assumed here that there are overall
gains and synergies to be made by maximiz-
ing the efficient use of every raindrop where
it falls. In other words, WP improvements
should be in focus for all water flowing
through the landscape, from upstream to
downstream, and not as is generally the case
once the water has reached a perennial river
downstream, usually after an erosive journey.
This rationale is in line with Evanari et al.
(1971), who showed that a larger effective vol-
ume of water in a catchment can be generated
for productive agricultural use through
numerous small water-harvesting structures
collecting local surface runoff than by one
large storage structure located downstream.
Similarly, using the rationale of Seckler et al.,
(1998) (see also Seckler et al., Chapter 3, this
volume), on the erroneous view that all water
applied in irrigation is consumed (i.e. a large
proportion of the flow can be reused else-
where), a unit of efficiently used local rainwa-
ter does not necessarily mean a unit lost for
downstream use. For example, many water-
harvesting systems have as both a direct and
indirect objective the changing of the parti-
tioning of flow, e.g. from surface to subsurface
runoff, rather than increasing consumptive
use (Scott and Flores-Lopez, 2003).

This chapter presents the agrohydrologi-
cal rationale to focus on WP in rain-fed agri-
culture, and identifies key management
challenges in the attempt to upgrade rain-fed
agriculture. It presents some field experi-
ences on system options for increased WP in
smallholder farming in drought-prone envi-
ronments. Implications for watershed man-
agement are discussed, and the links
between WP for food and securing an ade-
quate water flow to sustain ecosystem ser-
vices are briefly analysed. The focus is on
semi-arid and dry subhumid tropical agro-
ecosystems, where the increase in WP is
most important. Most of the research exam-
ples are taken from sub-Saharan Africa,
which faces the largest food-deficit and
water-scarcity challenges today.

Rainwater Management: the Rationale

A broad approach to WP in land manage-
ment that covers both irrigated and rain-fed
agriculture has implications for water-
resources management. Conventionally, the
focus of attention regarding global, regional
and national freshwater resources and with-
drawals has been on the stable and accessi-
ble surface and subsurface flow of water in
rivers, lakes and groundwater, the so-called
blue-water branch in the hydrological cycle
(UN, 1997; Cosgrove and Rijsberman, 2000).
Blue water is withdrawn not only as direct
blue (liquid)-water uses in households, for
municipalities, livestock and industry but
also as direct withdrawals for irrigated agri-
culture (of which the consumptive propor-
tion eventually returns to the atmosphere as
green vapour or ET flow). Regionally, there
are signs of present or predicted near-future
physical  scarcity of ‘blue’-freshwater
resources.  The  International = Water
Management Institute (IWMI, 2000) esti-
mated that by 2025 30% of the world popula-
tion might live in regions subject to physical
water scarcity (read ‘blue’-water scarcity).
The fear of rapidly growing water-
scarcity problems, especially in arid and
semi-arid tropical regions of the world, is
based on analyses comparing blue-water
availability with actual blue-water with-
drawals, and projections of future with-
drawals based on general per capita water
requirements. This approach has recently
been criticized as it does not include the
contribution of rain-fed agriculture in terms
of fresh water to cover human water
requirements. This has significant implica-
tions for water-resources assessments, given
the important role of rain-fed food produc-
tion and that 90% or 1600 m® per capita
year~! of human freshwater needs are water
for food (Rockstrom and Falkenmark, 2000;
Rockstrom, 2001). However, conventional
water-resources assessments highlight the
limited possibilities of expansion of direct
blue-water withdrawals. Globally, human-
kind withdraws approximately 4000 Gm3
year~! (Shiklomanov, 2000), which is pro-
jected to reach 5250 Gm?® year ! in 2025, as a
result of population growth and socio-
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economic development. This is a serious
problem in light of the global availability of
blue-freshwater flow estimated at 12,500
Gm?® year™! (Postel et al., 1996). Furthermore,
de Fraiture et al. (2001) considered that at
least 30% of the blue-water flow must be
secured as an environmental flow to avoid
environmental hazards, such as salt and pol-
lutant build-up and groundwater decline,
leaving a utilizable ceiling of 8700 km3
year~!. The increased pressure on finite
blue-freshwater resources would suggest
limitations in the opportunities to expand
the area under irrigation.

This brings our attention to the green-
flow branch in the hydrological cycle. Of the
global estimated average of 113,000 Gm?®
year™! of precipitation over land areas,
41,000 Gm? year™! forms the blue-runoff
branch and the remaining 72,000 Gm? year™!
forms the return flow of green water as ET.
Green-water flow sustains rain-fed agricul-
ture, as well as all other water-dependent
ecosystems, such as forests, woodlands,
grazing lands, grasslands and wetlands.

Partitioning of rainfall in rain-fed agricul-
ture and the biophysical dynamics of green-
water flow at plant and production-system

level have recently been studied. However,
relatively less attention (compared with irri-
gation efficiency) has been paid to the oppor-
tunities at hand to improve agricultural WP
within the large (relative to blue-water flow)
component of green-water flow in the on-
farm water balance and the hydrological
cycle at catchment, basin and global levels.
In a first global estimate, Rockstrom ef al.
(1999) calculated global withdrawals of
green water to sustain rain-fed agriculture at
4500 Gm?® year™!, compared with some 2500
Gm? year™! estimated for irrigated agricul-
ture (Shiklomanov, 2000).

Figure 9.1 shows the geographical distrib-
ution of green (rain-fed)- and blue (irri-
gated)-water ~ withdrawals to produce
cereals. Data on blue-water withdrawals for
irrigation, as well as data on areas under
rain-fed agriculture and estimated grain
yields in irrigated and rain-fed farming sys-
tems, are taken from IWMI (2000). The
green-water withdrawals were calculated
assuming a global water productivity in
rain-fed grain production of 3000 m3 t!
grain (ET flow). As seen from Fig. 9.1, the
majority of countries (79%) of the world
depend predominantly on the return flow of

Fig. 9.1. Predominant source of water flow — green or blue — to produce cereals (grain) at country level.[]:
Countries with > 80% green-water dependence, i.e. > 80% of water used to produce cereal foods originates
from rain-fed agriculture. Ill: countries where 60-80% originates from green water. Bll: countries with
> 80% blue-water dependence, i.e. where > 80% of water withdrawals for cereal-food production originates
from blue water.[lll: countries where 60—80% originates from blue water. E=: countries with 40—60%
green-water dependence. Countries where some component of source data was lacking are marked in

white.
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green water in rain-fed agriculture to pro-
duce cereals. Not surprisingly, the countries
(predominantly in North Africa and the
Middle East) that depend primarily on blue-
water withdrawals for irrigated grain pro-
duction correspond to the countries that, in
conventional water assessment, are pre-
dicted to be facing the most severe water-
scarcity problems.

Like all global assessments, the country-
scale analysis gives little guidance on chal-
lenges and opportunities at the local scale.
However, it suggests that there are opportu-
nities to produce more food per drop of
water if the focus is changed from the down-
stream blue-runoff-water resource to the
upstream position, where the rainfall enters
the soil-plant system. Such a shift towards
rainwater management forms a rational
entry point for integrated agricultural water
management that encompasses both green-
rain-fed withdrawals and blue-irrigation
withdrawals. Moreover, the shift towards an
upstream focus is crucial, especially in
respect of resource-poor smallholder farm-
ers, as it opens up the possibility of a kind of
water management that will benefit from
unutilized gravitational energy.

Upgrading Rain-fed Agriculture:
Challenges and Opportunities

Hydroclimatic challenges

Water-related problems in rain-fed agricul-
ture in the water-scarce tropics are often
related to high-intensity rainfall with large
spatial and temporal variability, rather than
to low cumulative volumes of rainfall
(Sivakumar and Wallace, 1991; Rockstrom et
al., 1998; Mahoo et al., 1999). Coefficients of
variation range from 20 to 40%, increasing as
seasonal rainfall averages decrease. The over-
all result of unpredictable spatial and tempo-
ral rainfall patterns indicates a very high risk
for meteorological droughts and intrasea-
sonal dry spells. The annual (seasonal) varia-
tion in rainfall can typically range from a low
of one-third of the long-term average to a
high of approximately double the average,
meaning that a high-rainfall year can have

some six times higher rainfall than a dry year.
Generally, the hydroclimatic focus in semi-
arid and dry subhumid tropics is on the
occurrence of meteorological droughts. Their
impact on rain-fed agriculture is complete
crop failure, which statistically, for semi-arid
lands, occurs about once every 10 years
(Stewart, 1988).

Research from several semi-arid tropical
regions show that the occurrence of dry
spells, i.e. short periods of 2-4 weeks with no
rainfall, by far exceeds that of droughts.
Stewart (1988), based on research in East
Africa, indicated that severe yield reductions
due to dry spells occur once or twice in 5
years, and Sivakumar (1992) showed that the
frequency of seasonal dry spells lasting 10-15
days was independent of long-term seasonal
averages, which range from 200 to 1200 mm
in West Africa. Barron et al. (2003), studying
the frequency of dry spells in semi-arid loca-
tions in Kenya and Tanzania, showed a mini-
mum probability (based on statistical rainfall
analysis) of 0.2-0.3 for a dry spell lasting
more than 10 days at any time of the growing
season of a crop, and a probability of 0.7 for
such a dry spell to occur during the sensitive
flowering stage (maize).

Figure 9.2 shows the probability of dry-
spell occurrences based on 21 years of rainfall
data (1977-1998) for a site in the semi-arid
Machakos district in Kenya. Rainfall is
bimodal, with the onset of the long rains in
mid-March (day number 75 in Fig. 9.2) and the
onset of the short rains in mid-October (day
number 288 in Fig. 9.2). The average planting
date occurs within the onset windows in Fig.
9.2: on day number 86 (26 March) for the long
rains and on day number 304 (30 October)
during the short rains. Dry-spell occurrence
was also analysed for the same locations,
based on water-balance modelling, to assess
actual crop water availability. It showed that
the maize crop experienced a dry spell exceed-
ing 10 days during 67-80% of the rainy sea-
sons (1977-1998) on a clay soil and during
90-100% of the rainy seasons for a sandy soil.

Obviously, mitigation of intraseasonal dry
spells is a key to improving WP in rain-fed
agriculture in semi-arid and dry subhumid
tropical environments. There are three major
avenues to achieve this:
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Probability

1 31 61 91 121 151 181 211 241 271 301 331 361
Day number
- >10days > 15 days

| [ onset window —— >5days

Fig. 9.2. Probability of dry spell exceeding 5, 10 or 15 days. The analysis is based on rainfall data for the
period 1977—1998 at Chief Mbiuni Camp, Machakos district, Kenya. Window of planting date for long
rains was from day numbers 72 to 100 (12/3 to 11/4) and similarly for short rains from day numbers 291 to

317 (17/10 to 12/11).

® Maximize plant water availability (maxi-
mize infiltration of rainfall, minimize
unproductive water losses (evaporation),
increase soil water-holding capacity and
maximize root depth).

® Maximize water-uptake capacity of plants
(timeliness of operations, crop manage-
ment and soil-fertility management).

® Dry-spell mitigation using supplemental
irrigation.

Hydroclimatic opportunities

The on-farm water balance can also be
analysed for opportunities to improve WP.
Despite a general gap in detailed knowledge
on rainfall partitioning in rain-fed tropical
agriculture, there are several examples of
local research, often focusing on specific flow
parameters (Sivakumar ef al., 1991; Goutorbe
et al., 1997; Stephens et al., 1999). Figure 9.3
gives a synthesized overview of the parti-
tioning of rainfall in semi-arid rain-fed agri-
culture, based on research experiences in
sub-Saharan Africa. Soil evaporation gener-
ally accounts for 30-50% of rainfall (Cooper
et al., 1987, Wallace, 1991), a value that can
exceed 50% in sparsely cropped farming sys-

tems in semi-arid regions (Allen, 1990).
Surface runoff is often reported to account
for 10-25% of rainfall (Penning de Vries and
Dijiteye, 1991; Casenave and Valentin, 1992).
Large and intensive rainfall events falling on
soils with low water-holding capacities
result in significant drainage, amounting to
some 10-30% of a rainfall (Klaij and
Vachaud, 1992). The result is that productive
green-water flow as T is in general reported
to account for merely 15-30% of rainfall (J.S.
Wallace, Institute of Hydrology, Wallingford,
UK, personal communication).

Between 70 and 85% of rainfall can be
considered ‘lost’ to the cropping system as
non-productive green-water flow (as soil
evaporation) and as blue-water flow (deep
percolation and surface runoff). Figure 9.3
thus indicates that there is a high seasonal
risk of soil-water scarcity in crop production,
in addition to spatial and temporal rainfall
variability.

In terms of WP can crop yields in rain-fed
agriculture be increased? Rockstrom and
Falkenmark (2000) developed an analytical
tool to assess the options available to improve
crop yields in semi-arid tropics from a hydro-
logical perspective. In Fig. 9.4, the case of
maize cultivated in a semi-arid tropical savan-
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Fig. 9.3. General overview of rainfall partitioning in farming systems in the semi-arid tropics of sub-Saharan
Africa. S, soil; R, rainfall; T, transpiration; E, evaporation; Roff, runoff; D, drainage.
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Fig. 9.4. Analysis of the effects of rainfall
partitioning and plant water-uptake capacity on
maize grain yields under semi-arid conditions. The
larger shaded area shows the range of yields
experienced on average in sub-Saharan Africa, using
the rainfall partitioning range in Fig. 9.3. The smaller
shaded area shows the yield range on farmers’
degraded fields (Rockstrom and Falkenmark, 2000).

nah is presented (growing period of 120 days,
daily PET = 8 mm day !, seasonal rainfall =
550 mm). Transpiration water productivity

(WP,) (kg ha ' mm™1!) was set at 12.5 kg ha™!
mm~! (Falkenmark and Rockstrom, 1993).
The x axis in Fig. 9.4 shows the ratio (%) of
productive green water to total green water
(ratio of T to ET flow), and is an indicator of
the impact of crop management on grain
yield (soil fertility, crop species, timing of
operations, pest management). The y axis
shows the percentage of crop water require-
ment (CWR) available in the root zone, and
is an indicator of the impact of land manage-
ment on crop yields (basically the percentage
of rainfall that infiltrates into the soil and is
accessible to the crop).

The concave lines are isolines of equal
grain yield (t ha™!), with the lowest-yield line
in the lower left corner and the maximum-
yield isolines in the upper right-hand corner.
The grey border area shows the upper
boundary conditions of the model. The
attainable yield level in this semi-arid case
amounts to 5 t ha™! grain yield. Actual
observed yield levels, based on the rainfall
partitioning data in Fig. 9.3, are shown by the
large square. Poor rainfall partitioning (a ver-
tical drop along the y axis) reduces the possi-
ble yields with 1-2.5 t ha™! and poor plant



152 J. Rockstrom et al.

water-uptake capacity reduces yields with
1.5-3 t ha~!. The average actual yield level
ranges from 1.5 to 2 t ha™'. The common on-
farm reality is shown by the smaller square,
with an actual yield range of 0.5-1 t ha™l. In
the on-farm case, only 35-55% of the CWR is
available in the root zone (due to high runoff,
a weak root system and deep percolation)
and productive green water amounts to only
15-25% of the total green-water flow (indicat-
ing large evaporation losses).

The analysis suggests a large scope for
improving yield levels within the available
water balance in rain-fed farming systems. It
seems that there are no agrohydrological
limitations to enabling even a large and sta-
ble yield increase from, for example, 0.5 t
ha~!to 2 t ha™! (i.e. a quadrupling of yields)
in semi-arid environments. The challenges
are to maximize infiltration (move up along
the y axis), to mitigate dry spells (increase
the amount of water available in relation to
CWR over time) and to improve, primarily,
soil-fertility management in order to increase
the productive green-water ratio (push the
system to the right along the x axis).

A note on water productivity

The focus in this chapter is to improve sys-
tem WP by reducing losses in the on-farm
water balance in favour of productive T flow.
This is in line with Gregory (1989), who sug-
gested that, because runoff, deep percolation
and evaporation can constitute large flows in
the water balance, water-use efficiency in
semi-arid tropics should be studied in terms
of yield per unit rainfall, whereby considera-
tion is given to the impact of management
on all water flows. Rainfall water productiv-
ity (WPp) represents a valuable parameter for
assessing productivity in semi-arid tropical
farming systems (Bennie and Hensley, 2001)
as it indicates the extent by which green- and
blue-water losses are minimized in favour of
productive T flow. Also, management can
easily improve WPp. In contrast, WP, which
is essentially affected by the atmospheric
demand for water and the photosynthetic
pathway, i.e. directly linked to the character-
istics of the crop species, is relatively difficult

to influence within a given cropping system
(Sinclair et al., 1984). Instead, from a green-
water perspective, WP can more easily be
improved by increasing the ratio of evapora-
tion losses from the crop to the evaporation
losses from the soil (E_/E)). Another option
is to convert soil evaporation to plant T, i.e.
by increasing yield per unit ET (WPg,).

Water Productivity: System
Opportunities

Supplemental irrigation for dry-spell
mitigation

An interesting option to increase WP at pro-
duction-system level is to bridge dry spells
through supplemental irrigation of rain-fed
crops (Oweis et al, 1999; SIWI, 2001).
Supplemental irrigation in smallholder
farming systems can be achieved with
water-harvesting systems that collect local
surface runoff (sheet, rill and gully flow) in
small storage structures (100-1000 m?).
Water harvesting, broadly defined as the
concentration of surface runoff for produc-
tive purposes, has ancient roots and still
forms an integral part of many farming sys-
tems worldwide (Evanari et al., 1971;
Agarwal and Narain, 1997). However, in situ
systems that aim at water conservation (i.e.
maximizing soil infiltration and water-hold-
ing capacity) dominate, while storage sys-
tems for supplemental irrigation are less
common, especially in sub-Saharan Africa
(SIWI, 2001).

On-farm research in semi-arid locations in
Kenya (Machakos district) and Burkina Faso
(Ouagouya) during 1998-2000 indicates a sig-
nificant scope for improving WP in rain-fed
farming through supplemental irrigation,
especially if combined with soil-fertility man-
agement (Barron ef al, 1999; Fox and
Rockstrom, 1999). Surface runoff from small
catchments (1-2 ha) was harvested and stored
in manually dug farm ponds (100-250 m?
storage capacity). Simple gravity-fed furrow
irrigation was used. During the experimental
phase (1998-2000), covering three rainy sea-
sons in Burkina Faso (monomodal rain pat-
tern) and five in Kenya (bimodal rain
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pattern), supplemental irrigation amounted,
on average, to 70 mm per growing season,
with a range of 20-220 mm. Seasonal rainfall
ranged from 196 to 557 mm in Kenya and
from 418 to 667 mm in Burkina Faso. In
Kenya, one rainy season was classified as a
meteorological drought (short rains of
1998/99), resulting in complete crop failure.
One season at each site (long rains 2000 in
Kenya and the rainy season 2000 in Burkina
Faso) resulted in complete crop failure for
most neighbouring farmers, while the water-

(@)

harvesting system enabled a harvest of an
above-average yield (> 1t ha™'). The seasonal
long-term average yield in both areas is
approximately 0.5 t ha~!. Grain yields and
rain-use efficiencies (kg dry-matter grain per
mm rainfall) for the studied water-harvesting
system are shown for sorghum in Burkina
Faso (Fig. 9.5a) and for maize in Kenya (Fig.
9.5b). Each point represents an average com-
bination of five replicates of water harvest-
ing/fertilizer application for any rainy
season. In Burkina Faso, on shallow soil with

s 3.5
=
t 3 O
£ O
225
a A Control
z 2 AN O WH
g 1
5 U O WH + FERT
=)
g A
= 05 AO
[0]
=
) . . .
0 500 1000 1500 2000
Grain yield (kg ha-1)
)
T 9
<~
T 8
§ o
) 7 A A A Control
=6 7 Ou?-‘— O WH
z 5 XUA S A Low FERT
z 4 Sy . A High FERT
B e <& WH + low FERT
S 3 7Ay
3 o O WH + high FERT
5 2 A
g 1
©
; 0"!Q T T T
0 1000 2000 3000 4000

Grain yield (kg ha-1)

Fig. 9.5. System water productivity (WP) (kg grain per unit rainfall + supplemental irrigation) for sorghum in
Burkina Faso (a) and for maize in Kenya (b). Control, traditional farmers’ practice with no fertilizer
application; WH, supplemental irrigation using water harvesting; FERT, fertilizer application (30 kg ha™' N
in Burkina Faso, and two levels in Kenya with low 30 kg N ha=" and high 80 kg N ha™").
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low water-holding capacity, supplemental
irrigation alone improved water-use effi-
ciency (rainfall + irrigation) by 37% on aver-
age (from 0.9 to 1.2 kg ha~! mm™') compared
with the control (traditional rain-fed practice
with manure but no fertilizer). The corre-
sponding ratio for the Kenyan case, on deep
soil with high water-holding capacity, was
38% (from 2.2 to 3.1 kg ha ' mm ™).

The largest improvement in yield and
WP was achieved by a combination of sup-
plemental irrigation and fertilizer applica-
tion. Interestingly, for both locations,
fertilizer application alone (in Kenya with
low application of 30 kg N ha™! and high
application of 80 kg N ha™') resulted in a
higher average yield and WP than supple-
mental irrigation alone during years with
gentle dry spells. For seasons with severe
dry spells, e.g. long rains of 2000 in Kenya,
non-irrigated crops failed completely, inde-
pendent of fertilizer level. Nevertheless, the
field data indicate that full benefits of water
harvesting for supplemental irrigation can
only be met by simultaneously addressing
soil-fertility management.

An interesting aspect of the observed
WP improvements is that WP increases in
pace with yield. Assuming a linear relation-
ship between crop yield and T (which is
generally the case for a given system), then
the WP increase with yield in Figs 9.5a and
9.5b originates from ‘crop per drop’
improvements as a result of reduction in

water losses (evaporation, drainage and
runoff). Similar findings of a win-win rela-
tionship between WP and yield increase are
found by analysing the data of Pandey et al.
(2000) on maize in the Sahel and of Zhang
and Oweis (1999) for wheat in the
Mediterranean region. However, the water-
use and yield results of Norwood (2000) for
limited irrigation of dryland maize do not
suggest a linear relation between WPy and
grain yield. The conditions under which
WP improvements are achieved as a result
of system improvements need further
investigation.

The relative contribution to system pro-
ductivity of supplemental irrigation is
assessed by calculating the incremental WP
for supplementally irrigated treatments (kg
additional grain produced per mm of sup-
plemental irrigation). As seen in Table 9.1
the incremental WP is substantially higher
than the seasonal WP (ranging from 2.5 to
7.6 kg ha™! mm™! compared with an overall
WP of 0.9-1.2 kg ha™! mm™!). The situation
is more complex on soil with greater water-
holding capacity and therefore better able to
cope with dry spells, as illustrated by the
Kenyan case (Table 9.2). Incremental WP
improvements are only achieved during
rainy seasons with severe dry spells, while
during rainy seasons with adequate rain of
good distribution (short rains 1999/2000
and 2000/01) the incremental value can be
negative.

Table 9.1. Incremental water productivity of supplemental irrigation (Burkina Faso).

1998 1999 2000
Fertilizer application (kg ha=' mm~1) (kg ha=' mm~1) (kg ha=' mm~1)
Non-fertilized 4.9 25 3.6
Fertilized 4.6 5.4 7.6
Table 9.2. Incremental water productivity of supplemental irrigation (Kenya).
Fertilizer SR 1998/99 LR 1999 SR 1999/2000 LR 2000 SR 2000/01
application (kg ha=' mm~") (kg ha=* mm~"') (kgha='mm~") (kgha='mm~") (kgha=!' mm~1)
OF 6.0 6.3 -9.3 4.2 19.9
30F 3.5 4.8 32.7 5.5 -17.2
80 F 2.8 4.4 —19.1 7.0 -8.1
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Water harvesting for microirrigation

For resource-poor smallholder farmers in
water-scarce areas, even small volumes of
stored water for supplemental irrigation can
significantly improve the household econ-
omy. In the Gansu Province in China, small
10-60 m? (on average 30 m?) subsurface stor-
age tanks are promoted on a large scale.
These tanks collect surface runoff from
small, often treated, catchments (e.g. with
asphalt or concrete). Research using these
subsurface tanks for supplemental irrigation
of wheat in several counties in the Gansu
Province (Li et al., 2000) indicates a 20%
increase in WP (rain amounting to 420 mm +
supplemental irrigation ranging from 35 to
105 mm). WP increased, on average, from 8.7
kg ha™! mm™! for rain-fed wheat to 10.3 kg
ha~! mm™! for wheat receiving supplemental
irrigation. Incremental WP ranged from 17 to
30 kg ha™!mm™!, indicating the large relative
added value of supplemental irrigation.
Similar results were observed on maize, with
yield increases of 20-88% and incremental
WP ranging from 15 to 62 kg ha~! mm™! of
supplemental irrigation (Li ef al., 2000).

The irrigable land from these subsurface
tanks is limited to 400-800 m? In many
farming communities the tanks are probably
only of interest for irrigation of high-value
cash crops. A survey in Kenya among small-
holder farmers, shows that farmers would
rarely consider supplemental irrigation of
food crops and would rather use stored
water to irrigate cash crops (Jurdell and
Svensson, 1998). Inspired by the Chinese
subsurface tanks, similar systems are at pre-
sent being developed and promoted in
Kenya and  Ethiopia (G.  Shone,
RELMA/Sida, Nairobi, Kenya, personal
communication). In Kenya (Machakos dis-
trict) these tanks are used to irrigate kitchen
gardens, and they enable farmers to diver-
sify sources of income from the land. The
microirrigation schemes are promoted
together with commercially available low-
pressure drip-irrigation systems. Cheap drip
kits (e.g. the Chapin bucket kit) save water
and labour and are increasingly being
adopted by farmers in, for example, Kenya.
Combining water harvesting with drip irri-

gation can result in very significant WP
improvements (Ngigi et al., 2000).

Conservation tillage

There is ample evidence indicating that the
conventional farming system in the tropics,
based on soil inversion using plough and
hoe, contributes to soil erosion and soil desic-
cation. Plough pans impede soil infiltration
and root penetration, and frequent soil inver-
sion results in accelerated oxidation of
organic matter and soil erosion by wind and
rain (Benites et al., 1998). Conservation tillage
(CT) covers a spectrum of non-inversion
practices from zero-tillage to reduced tillage;
it aims to maximize soil infiltration and soil
productivity and minimize water losses,

while conserving energy and labour
Although CT is not a new concept, the rela-
tively recent successes, e.g. in Brazil

(Derpsch, 1998), have inspired research and
development efforts in sub-Saharan Africa
and Asia. Examples of successful CT systems,
where crop yields have been significantly
increased, soil erosion reduced and conserva-
tion of water improved, can be found in sev-
eral countries in sub-Saharan Africa, e.g.
Ghana, Nigeria, Zimbabwe, Tanzania, South
Africa and Zambia (Elwell, 1993; Oldreive,
1993). However, these successes are mostly
confined to commercial farmers.

CT has several attractive effects on WP.
Traditionally, conservation in agriculture
has focused on soil conservation (even
though labelled soil and water conserva-
tion), with the aim of reducing soil erosion.
Even success stories, like the Fanya juu ter-
racing in the Machakos district, Kenya
(Tiffen et al., 1994), show little or no evi-
dence of actual improvements of WP in
agriculture. The recently raised questions of
‘what to do between the terraces’ in order to
increase crop yields and ‘how to increase
crop per drop of rain” have shifted the focus
towards CT, which also enables improved
timing of operations, which is crucial in
semi-arid rain-fed farming and which has
(compared, for example, with storage-water
harvesting) the attraction of being applica-
ble on most farmlands.
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Table 9.3. Rainwater productivity (kg ha=! mm~") showing variation (sp) and statistical T-test analyses
(comparing CT practices with conventional ploughing with or without fertilizer application).

Comparative analysis

C — FERT C + FERT
WP, SD
Statistical Statistical

Treatment (kgha=' mm~1)  significance? Multiplier significance? Multiplier
Ripper 10.1 4.9 e 2.8 * 1.4
Ripper + CC 10.6 5.8 e 2.9 ** 1.5
Ripper — FERT 8.4 3.7 e 24 NS 1.2
Pitting 8.2 41 e 23 * 1.2
C + FERT 7.0 4.4 e 2.0
C — FERT 3.6 2.2

aStatistical significance at the 0.001 (***), 0.01 (**) and 0.05 (*) levels of probability.

NS, not significant; Ripper, Magoye ripper; Ripper + CC, Magoye ripper + cover crop (Dolichos lablab);
Ripper — FERT, Magoye ripper without fertilizer application; C + FERT, conventional mouldboard plough
with fertilizer application; C — FERT, ploughing without fertilizer application.

There are several examples of WP
improvements using CT in rain-fed farming.
Zero-tillage research using planting drills on
wheat in Pakistan show water savings of
15-20% (on average, an estimated 100 mm
ha™!) through reduced evaporation, runoff
and deep percolation, while increasing yields
and saving on fuel (Hobbs et al., 2000).

Over the last decade, promotion of ani-
mal- and tractor-drawn CT using rippers
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Fig. 9.6. Development of WP of rain (kg DM grain
ha="mm~") of maize in the Babati district,
Tanzania, before the introduction of conservation
tillage (mid-1980s to 1990/91) compared with after
introduction of conservation tillage (1991/92
onwards). DM, dry matter.

and subsoilers among smallholder farmers
in the semi-arid Babati district, Tanzania, has
resulted in significant WP increases. As seen
from Fig. 9.6, the WP of rain was estimated
at approximately 1.5 kg ha™! mm™! in the
mid-1980s under conventional disc-plough
agriculture, compared with a progressively
increasing trend from 2 to 4 kg ha ! mm™!
during the 1990s after the introduction of
mechanized subsoiling (Rockstrém and
Jonsson, 1999).

On-farm trials on animal-drawn and
manually based CT systems (Magoye ripper
and Palabana subsoiler from Zambia devel-
oped by IMAG-DLO) in Arusha and
Arumeru districts, Tanzania, show similar
improvements in WP: WPy increased when
shifting from a mouldboard-plough-based
system (C = control) to various CT practices
(Table 9.3). The data originate from 2 years
(long rains, 1999 and 2000) with six to eight
farmers and two replicates per farm. The
improved WP is attributed primarily to
improved timing of planting, root penetra-
tion and soil infiltration.

Watershed management

Upgrading rain-fed agriculture in semi-arid
tropical environments will require planning
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of land management at the watershed scale,
rather than having the conventional focus on
farm or field level. A shift is needed from the
‘soil conservation’ approach, where surface
runoff entering a farm is seen as a threat to be
disposed of (e.g. with graded cut-off drains),
to a ‘productivity’ approach, where surface
runoff generated in one part of a watershed
is collected and used as a resource for both
agricultural and domestic purposes. Such
planning is complex among smallholder
farmers, since even a small runoff-
collecting system will involve multiple
landowners. At present, there is little or no
attention given to ownership of locally pro-
duced surface runoff, but one may expect this
to become an issue of importance if runoff is
to be successfully managed on a larger scale
for local production purposes. That this sce-
nario is not just hypothetical is shown by a
recent example from India. Small-scale farm-
ers in the region of Rajastan installed a water-
harvesting structure for water retention (a
so-called Johad) as a strategy to reduce the
degradation and livelihood deterioration
caused by 3 consecutive years of drought. The
Rajastan irrigation district, fearing that the
water-harvesting structure would threaten
water supply to a dam located downstream,
judged the structure illegal (as all rain in the
basin is under the authority of the Irrigation
Department) and ordered (June 2001) the
immediate destruction of the structure (Down
to Earth, 2001). Many countries lack policies
and legislation to manage local initiatives of
rainwater management, especially for agricul-
tural purposes (Hartung and Patschull, 2001).
As shown by several hydrological studies
at watershed and basin scale, upstream shifts
in water-flow partitioning may result in com-
plex and unexpected downstream effects, both
negative and positive, in terms of quantity and
quality of water (Vertessy et al., 1996). In gen-
eral, though, increasing the residence time of
runoff flow in a watershed, e.g. through prac-
tices such as water harvesting and CT, may
have positive environmental, as well as hydro-
logical, implications downstream. The hydro-
logical implications at watershed and
river-basin level of scaling up system innova-
tions, such as water harvesting, are still
unknown and require further research.

System Implications: Balancing Water for
Food and Nature

It is estimated that most of the global green-
water flow (88%) is at present used to sustain
biomass growth in the world’s biomes
(Rockstrom et al., 1999). While agriculture
(rain-fed and irrigated) accounts for an esti-
mated 7000 Gm? year~!, forests and wood-
lands require an estimated average
green-water flow of 40,000 Gm® year™!,
grasslands an estimated 15,100 Gm® year™!
and wetlands an estimated 1100 Gm?3 year™".
A doubling of food production over the next
25 years would (without considering WP
increases) result in roughly a doubling of
water utilization in agriculture. Increased
withdrawals of water in rain-fed and irri-
gated agriculture may have negative impli-
cations for water availability to sustain direct
human withdrawals and indirect with-
drawals to sustain ecosystem services. The
expected shifts in water flows in the water
balance would affect both nature and eco-
nomic sectors depending on direct water
withdrawals. As suggested in this chapter, a
promising avenue for upgrading rain-fed
agriculture is through water harvesting,
which enables mitigation of dry spells. Such
measures would involve the addition of a
blue-water component, through storage of
surface or subsurface runoff, to the rain-fed
system, i.e. developing rain-fed farming into
a mixed system with an irrigation compo-
nent. Carried out on a large scale (e.g. at
basin level), water-harvesting promotion
may have an impact on downstream blue-
water availability. These effects are bound to
be site-specific and need to be studied fur-
ther. However, it is not certain that an
increase in ET in rain-fed agriculture
upstream automatically results in reduced
water availability downstream. Surface
runoff generated at the farm level may be
lost during its journey through the catch-
ment as evaporation or as blue water of lim-
ited use in saline rivers, before reaching a
stable surface or subsurface freshwater
source. Furthermore, there are large varia-
tions in green-water-flow estimates in agri-
culture, as both rainfall and green-water
flow exhibit large spatial and temporal vari-
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ability. On average, grain crop WP (WPpg,)
ranges between 3.5 and 10 kg ha™! mm™!
(1000-3000 m® t ') for tropical grains.
However, as WPy is affected by biophysical
factors as well as management, the actual
range is much wider, with WP, values as
low as 1.5 kg ha™! mm~! (60007000 m? t~1)
for degraded and poorly managed systems
not being uncommon in rain-fed drylands
(Rockstrom et al., 1998).

Conclusions and Discussion

There is no doubt that the immense challenge
of doubling food production over the next 25
years in order to keep pace with population
growth requires focus on WP in both rain-fed
and irrigated agriculture. As shown in this
chapter, even in water-scarce tropical agro-
ecosystems, there appear to be no hydrologi-
cal limitations to doubling or, in many
instances, even quadrupling yields of staple
food crops in rain-fed smallholder agricul-
ture. Furthermore, evidence suggests that
there are several appropriate technologies and
methodologies to hand to enable develop-
ment towards improved soil productivity and
WP. In a broad overview of recent projects
regarding sustainable agricultural practices
and technologies in 52 countries, Pretty and
Hine (2001) showed that yield increases as a
result of introducing practices such as water-
harvesting, CT and drip irrigation amounted
to 50-100% on average (with examples of up
to 700% increases). The challenge, as pointed
out by Pretty and Hine (2001), is to learn from
these examples and establish policies that
enable their proliferation.

Interestingly, even when focusing on WP
in semi-arid rain-fed farming systems,
where water is considered a major limiting
factor for crop growth, factors other than
water are shown to be at least as (if not
even more) critical for productivity
improvements. The experience with water
harvesting for supplemental irrigation in
Burkina Faso and Kenya clearly shows that
soil-fertility management plays as impor-
tant a role as water management. In both
cases, fertilizer application alone resulted,
on average, in higher WP and yields than

supplemental irrigation alone. Similarly, for
in situ water harvesting using CT in
Tanzania, water conservation on its own
(e.g. ripping and subsoiling) resulted in
yields and WP similar to those obtained
with improved soil fertility alone in con-
ventionally ploughed systems. However,
the water-harvesting studies in Burkina
Faso showed that integrated soil-nutrient
and water management increased yields
threefold, compared with a yield increase
of 1.5-2 times over traditional yield levels
when either water conservation or better
soil fertility was introduced.

Despite these biophysical facts, farmers’
investment decisions are strongly influenced
by their risk perceptions. Risk of reduced or
no return on invested capital in rain-fed semi-
arid farming is directly related to the unreli-
able rainfall distribution. Therefore, as long as
farmers ‘live at the mercy of rainfall’, one
should not be surprised at the extremely low
level of investments in fertilizers (less than 20
kg ha™! year ! in sub-Saharan Africa), in
improved crop varieties and in pest manage-
ment. To manage water, especially by provid-
ing farmers with the means to bridge
recurrent dry spells, e.g. through small-scale
water harvesting, may be the most sustain-
able entry point for the improvement of farm-
ing systems in general. This form of upgraded
rain-fed farming may stimulate further capital
and time investment in smallholder rain-fed
farming. All evidence suggests that if only
crop water access is secured, investments in
soil fertility, crop and timing of operations
will pay off in terms of substantially increased
soil productivity and WP.

This chapter has not considered the social
and economic viability of water-harvesting
structures for supplemental irrigation among
resource-poor farmers. Tentative assessments
of manually dug farm ponds and subsurface
tanks indicate that the economic viability
depends to a large extent on the opportunity
cost of labour. With low-value labour (which
is often the case during dry seasons in
remote rural areas) and considering the dra-
matic difference a water-harvesting/storage
system can play during years of severe dry
spells (the difference between total crop fail-
ure and having a crop), it is likely that the
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investment can be readily afforded and
quickly recovered. However, there is a need
for more detailed studies, which take into
account the local environmental, institu-
tional and socio-economic conditions.

The most interesting opportunities for
upgrading smallholder rain-fed agriculture
may be found in the realm of sectoral and eco-
nomic system integration and diversification.
Reduced risk of crop failures through supple-
mental irrigation implies the development of a
mixed farming system with components of
both rain-fed and irrigated agriculture. The
time may be ripe for abandoning the sectoral
distinction between irrigated and rain-fed
agriculture. The implications of such a reform
would be substantial. Professionally, there is
still a divide between irrigation engineers
dealing with irrigation management and
agronomists focusing on rain-fed agriculture.
Irrigation and rain-fed agriculture generally
fall under different ministries (irrigation under
‘blue’-water resources ministries and rain-fed
agriculture under ‘green’ ministries of agricul-
ture, natural resources or environment).
Integrating the two may result in interesting
management and technological advances in
the grey zone between the purely blue and
purely green food-producing sectors.

Blended upgrading also opens the door
to the diversification of farming systems. A

smallholder farmer’s investment in sup-
plemental irrigation will be an entrepre-
neurial business step, which will most
probably result in a broadened basket of
crops produced at farm level. This will
reduce farmers’ vulnerability to external
climatic factors, but will also put increased
pressure on the need for functioning mar-
kets and infrastructure. Diversification in
favour of cash crops with a relatively
lower proportion of staple food crops can
have interesting virtual water implications.
A shift from a staple food crop to a cash
crop with similar WP but with a different
market value can give rise to virtual water
gains. If the same amount of water can be
used to generate a higher market price,
then the economic gain can be used to buy
food grain. This implies a flow of virtual
water from regions with a relatively
greater (hydrological) comparative advan-
tage for the production of staple foods. In
summary, in spite of the wide range of
complex biophysical and socio-economic
factors affecting WP in rain-fed farming
systems in dry subhumid to semi-arid
tropics, reducing the risk of crop failure
due to water stress may provide the trigger
for a much-needed positive spiral of agri-
cultural development in the smallholder
sector.
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Abstract

Water productivity is generally defined as crop yield per cubic metre of water consumption, including
‘green’ water (effective rainfall) for rain-fed areas and both ‘green’ water and ‘blue’ water (diverted
water from water systems) for irrigated areas. Water productivity defined as above varies from region to
region and from field to field, depending on many factors, such as crop patterns and climate patterns (if
rainfall fits crop growth), irrigation technology and field water management, land and infrastructure,
and input, including labour, fertilizer and machinery. In this chapter, we analyse water productivity at
the global and regional levels through a holistic modelling framework, IMPACT-WATER, an integrated
water and food model developed at the International Food Policy Research Institute (IFPRI). Scenario
analysis is undertaken to explore the impact of technology and management improvement and invest-
ment on water productivity and to search for potentials in improving food security through enhancing
water productivity. It is found that the water productivity of rice ranged from 0.15 to 0.60 kg m 3, while
that of other cereals ranged from 0.2 to 2.4 kg m™~3 in 1995. From 1995 to 2025, water productivity will
increase. The global average water productivity of rice and other cereals will increase from 0.39 kg m~3to
0.52 kg m~2 and from 0.67 kg m~3 to 1.01 kg m™3, respectively. Both the increase in crop yield and
improvement in basin efficiency contribute to the increase in water productivity, but the major contribu-
tion comes from increase in the crop yield. Moreover, water productivity of irrigated crops, although
higher than that of rain-fed crops in developing countries, is lower in developed countries.

Introduction

Producing enough food and generating
adequate income in the developing world to
better feed the poor and reduce the number
of those suffering will be a great challenge.
This challenge is likely to intensify, with a
global population that is projected to
increase to 7.8 billion in 2025, putting even
greater pressure on world food security,
especially in developing countries, where

more than 80% of the population increase is
expected to occur. Irrigated agriculture has
been an important contributor to the expan-
sion of national and world food supplies
since the 1960s and is expected to play a
major role in feeding the growing world
population. However, irrigation accounts
for about 72% of global and 90% of develop-
ing-country water withdrawals; and water
availability for irrigation may have to be
reduced in many regions in favour of

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) 163
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rapidly increasing non-agricultural water
uses in industry and households, as well as
for environmental purposes. With growing
irrigation-water demand and increasing
competition across water-using sectors, the
world now faces a challenge to produce
more food with less water. This goal will be
realistic only if appropriate strategies are
found for water savings and for more effi-
cient water uses in agriculture.

One important strategy is to increase the
productivity of water (Molden, 1997; Molden
et al., 2001). Water productivity (WP) is
defined as the physical or economic output
per unit of water application. In this chapter,
using a holistic water-food model, IMPACT-
WATER, developed at the International Food
Policy Research Institute (IFPRI), we assess
the value of WP at both the regional and the
global scale in a base year (1995), and project
productivity to 2025 wunder plausible
assumptions on food demand and supply
and water demand and supply. Food pro-
duction and consumption are examined
simultaneously. The purpose of this chapter
is to show how much increase of WP should
be achieved between 1995 and 2025 in order
to meet demand, and how the increase can
be achieved.

Methodology, Data and Assumptions

WP is defined as crop yield per cubic metre
of water consumption (WC), including
‘green” water (effective rainfall) for rain-fed
areas and both ‘green’ water and ‘blue’
water (diverted water from water systems)
for irrigated areas. WC includes beneficial
water consumption (BWC) and non-benefi-
cial water consumption (NBWC). BWC
directly contributes to crop growth at the
river-basin scale, and NBWC includes distri-
bution and conveyance losses to evapora-
tion and sinks, which are not economically
reusable. BWC is characterized by water-use
efficiency in agriculture. We use effective
efficiency at the river-basin scale (Keller et
al., 1996) to represent water-use efficiency,
which is the ratio of BWC to WC (in the fol-
lowing it is called basin efficiency, BE, and P
is crop production):

P (kg)
WP (kg m~3) = —— (10.1)
WC (m?)
WC =BWC + NBWC = BWC (10.2)

WP defined as above varies from region
to region and from field to field, depending
on many factors, such as crop patterns, cli-
mate patterns (if rainfall fits crop growth),
irrigation technology and field water man-
agement, land and infrastructure, and input,
including labour, fertilizer and machinery.
WP can be increased by either increasing
crop yield (i.e. increasing the numerator in
Equation 10.1 through other inputs while
maintaining a constant water-use level) or
reducing WC and maintaining the yield level
(i.e. decreasing the denominator), or by both.
In this chapter, we compute crop yield and
WC through IMPACT-WATER, a modelling
framework developed at IFPRI, and then
compute WP as crop yield (kg) per cubic
metre of WC.

IMPACT-WATER combines an extension
of IFPRI’'s International Model for Policy
Analysis of Agricultural Commodities and
Trade IMPACT) to include water in the agri-
cultural supply functions with a newly
developed water simulation model (WSM).
IMPACT simulates food demand, supply
and trade in the global scope (for a detailed
description, see Rosegrant et al., 2001a). Crop
area and yield are functions of BWC for crop
growth under the condition of crop evapo-
transpiration requirement, as well as of
investment in crop and input prices in agri-
cultural research.

P=AXY (10.3)
A=A BWCIETC, crop

prices, irrigation investment) (10.4)
Y =Y (BWCIETC, crop prices,

input prices, agricultural research
investment) (10.5)

where A is the crop harvested area, Y is the
crop yield and ETC is the crop evapotranspi-
ration requirement.

Beneficial crop WC depends on effective
water availability, including effective rainfall
and effective irrigation-water  supply.
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Effective rainfall is calculated based on total
rainfall, crop evapotranspiration require-
ment and soil characteristics (USDA, 1967).
Effective irrigation-water supply is simu-
lated by WSM, taking into account total
renewable water, non-agricultural water
demand, water-supply infrastructure and
economic and environmental policies at the
basin, country or regional levels (Fig. 10.1). A
detailed description of effective irrigation-
water supply within the model can be found
in Rosegrant and Cai (2001).
IMPACT-WATER allows an exploration of
the relationships between water availability
and food production at various spatial scales,
from river basins, countries or regions to the
global level, over a 30-year time horizon (e.g.
1995-2025). Water availability is treated as a
stochastic variable with observable probabil-
ity distributions, in order to examine the
impact of droughts on food supply, demand
and prices. China, India and the USA, which
together account for about 60% of global
grain production, have been disaggregated
into several basins. Other countries and
regions are aggregated in 33 spatial units. In
each unit, eight food crops are considered in
detail: rice, wheat, maize, other coarse grains,
soybean, potato, sweet potato, and cassava
and other roots and tubers. Irrigation require-
ments for all other crops are also projected.
The starting-point for the analysis is a
baseline scenario that incorporates our best

Climate and hydrological
parameters

* Precipitation

» Evapotranspiration

* Runoff

* Groundwater recharge

Effective
water supply for
irrigation (EWIR)

estimates of the policy, investment, techno-
logical and behavioural parameters driving
the food and water sectors. On the food side,
total cereal demand is projected to grow by
758 million t between 1995 and 2025, of
which 84% of the projected increase will be in
developing countries. Expansion in area will
contribute very little to future production
growth, with a total increase in cereal crop
area of only 54 million ha by 2021-2025, from
688 million ha in 1995. The slow growth in
crop area places the burden of meeting future
cereal demand on growth in crop yield.
Although yield growth will vary consider-
ably by commodity and country, in the aggre-
gate and in most countries it will continue to
slow down. The global growth rate of yield
for all cereals is expected to decline from
1.5% year~! during 1982-1995 to 1.0% year™!
during 1995-2020; and, in developing coun-
tries, average growth of crop yield will
decline from 1.9% year ™! to 1.2% year .

In the water component, the model uti-
lizes hydrological data (precipitation, evapo-
transpiration and runoff) that re-create the
hydrological regime of 1961-1991 (Alcamo,
2000). Non-irrigation water uses, including
domestic, industrial and livestock water
uses, are projected to grow rapidly. Total
non-irrigation water consumption in the
world is projected to increase from 370 km?
in 1995 to 620 km?® in 2025, an increase of
68%. The largest increase of about 85% is

Infrastructure

* Reservoir storage

» Withdrawal facility

* Water distribution and
use systems

Water policies

» Water allocation among sectors
e Committed flow for environment
e Interbasin (nation) water share
* Investment on infrastructure

Water pollution

e Industrial pollution

¢ Agricultural pollution
(salinization, pesticides, etc.)

Fig. 10.1. Processes involved in simulating effective water supply for irrigation.
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projected  for  developing  countries.
Moreover, in-stream and environmental
water demand is accounted as committed
flow that is unavailable for other uses, and
ranges from 15% to 50% of the runoff,
depending on runoff availability and relative
demands of the in-stream uses in different
basins. Irrigation-water demand is estimated
and projected, based on crop evapotranspira-
tion and effective rainfall (estimated on a
monthly basis), irrigated area and water-use
efficiency. Globally, irrigated harvested area
for cereals is estimated to be 21 million ha in
1995, and growth is projected to be slow,
with a total increase of 24 million ha for irri-
gated cereals by 2025. The global potential
irrigation-water demand is 1758 billion m? in
1995 and 1992 billion m3 in 2021-2025,
increasing by 13.4%. The developing world
is projected to have much higher growth in
potential irrigation-water demand than the
developed world between 1995 and
2021-2025, with potential consumptive
demand in the developing world rising from
1445 billion m? in 1995 to 1673 billion m3
(average) in 2021-2025, or 15.8%. However,
as will be seen below, the effective increase
in consumptive use of water for irrigation
worldwide is only 3.9%, considerably lower
than the growth in potential demand, due to
constraints in water supply.

We assume moderate increases in water-
withdrawal capacity, reservoir storage and
water-management efficiency, based on esti-
mates of current investment plans and the
pace of water-management reform. The water
outcomes are briefly summarized below:

® Total maximum allowed water withdrawals.
The total global water withdrawals were
3722 km?® in 1995, representing 7.8% of
global renewable water resources. Water
withdrawals for the base year 1995 are
estimated as 2795 km® in developing
countries and 926 km® in developed coun-
tries. Groundwater pumping in 1995 is up
from 817 km?3 (21.9% of total water with-
drawals). Total global water withdrawals
are projected to increase to 23% between
1995 and 2025. Projected withdrawals
increase by 28% in developing countries.
Global consumptive use of water will

increase by 16%, and the vast majority of
the increase will be in developing coun-
tries, where consumptive use across all
sectors will increase by 18%.

® Reservoir storage. The total global reservoir
storage for irrigation and water supply is
estimated at 3428 km® in 1995 (47% of
total reservoir storage for all purposes),
and is projected to reach 4118 km?® by
2025, representing a net increase of 690
km?3 over the next 25 years.

® [Effective rainfall use. It is assumed that
effective rainfall use for rain-fed crops will
increase by 3-5% in the baseline scenario,
due to improvements in water harvesting
and on-farm water management and vari-
etal improvement that shifts crop growth
periods to better utilize rainfall. This is
approximately the equivalent of increas-
ing crop evapotranspiration by 150 km3.

® BE. The average BE for the base year 1995
is assessed at 0.56 globally (0.53 in devel-
oping countries and 0.64 in developed
countries). Relatively large increases in BE
are assumed under the baseline scenario
for developed and developing countries
where renewable water-supply infrastruc-
ture is highly developed (e.g. India,
China, and west Asia and North Africa
(WANA)). For other regions, such as in
sub-Saharan Africa and South-East Asia,
where water supply facilities are still
fairly underdeveloped, only smaller
increases in BE are projected. Based on
the above assumptions, the average BE is
projected to reach 0.61 worldwide, 0.59 in
developing countries and 0.69 in devel-
oped countries by 2025. On a global basis,
with the improvement in water-use effi-
ciency in the baseline scenario, the global
WC demand is 8% lower by 2025 relative
to what it would be if effective efficiency
remained constant.

Results

Although WP as defined above can be calcu-
lated for each of the crops in each spatial
unit considered in IMPACT-WATER, without
loss of generality, this chapter will focus on
the results for rice and total cereals except for
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rice, mostly at an aggregated spatial scale,
i.e. the developing world and the developed
world, with some results shown at the region
or basin level too. Results from two alterna-
tive scenarios are also presented, showing
the impact of water-use efficiency and envi-
ronmental water conservation.

Water productivity in 1995

Figure 10.2 shows a global map of WP of irri-
gated rice and Fig. 10.3 a similar map of total
irrigated cereals excluding rice. The basic
elements of these maps are the 36 countries
and aggregated regions used in IMPACT
(Rosegrant et al., 2001a). Since rice usually
consumes more water than other crops, the
WP of rice is significantly lower than that of
other cereals. Figures 10.2 and 10.3 show that
the WP of rice ranges from 0.15 to 0.60 kg
m 3, while that of other cereals ranges from
0.2 to 2.4 kg m3. For both rice and other
cereals, WP in sub-Saharan Africa is the low-
est in the world. The WP of rice is 0.10-0.25
kg m~3 in this region, with an average yield

of 1.4t ha~ ! and WC ha!is close to 9500 m?.
For other cereals in sub-Saharan Africa, the
average yield is 2.4 t ha™!, the WC is 7700 m®
ha~! and the average WP is 0.3 kg m 3 (rang-
ing from 0.1 to 0.6 kg m~3). Among develop-
ing countries, China and some South-East
Asian countries have a higher WP of rice,
ranging from 0.4 to 0.6 kg m~3; however, the
average of the developed world, 0.47 kg m™3
(yield, 4.7 t ha™!; WC 10,000 m® ha™), is
higher than the 0.39 kg m™3 of the develop-
ing world (yield, 3.3 t ha™!; WC 8600 m?3).
For other cereals, WP is lower than 0.4 kg
m~3in south Asia, central Asia, northern and
central sub-Saharan Africa; it is 1.0-1.7 kg
m~23 in China, the USA and Brazil; and
1.7-2.4 kg m~% in Western European coun-
tries. The average WP of other cereals in the
developed world is 1.0 kg m™2 (yield, 44 t
ha~1; WC 4500 m® ha™1); in the developing
world it is 0.56 kg m~3 (yield, 3.2 t ha™!; WC,
5600 m> ha1).

It should be noted that, because of the
level of aggregation, the values shown on
these maps do not show the variation of
WP within individual countries. Within

Water productivity of rice (kg m=3)
77 0.1-0.14
] 0.14-02
NI 0.2-0.26

B 0.31-0.36
[ ] 0.36-0.41
0.41-0.44
B 04406

Fig. 10.2. Water productivity of rice in 1995.
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Water productivity of
other cereals (kg m=3)
B 0.1-0.22
B 0.22-0.32
[ 0.32-0.41
M 0.41-0.55
0.55-0.67
HH 0.67-0.81
[]0.81-0.95
B 0.95-1.71
B 171245

Fig. 10.3. Water productivity of total cereals, excluding rice, in 1995.

some large countries, WP varies signifi-
cantly. Figure 10.4 shows the WP of total
cereal excluding rice in major river basins
in China, India and the USA. In China, WP
for non-rice cereals ranges from 0.4 to 1.4
kg m~3, with higher WP in the Yangtze
River basin and north-east China (the Song-
Liao river basin). Crop yields in these areas
are relatively higher and water availability
is relatively less restricted. However, in
India, where non-rice cereal productivity
ranges from 0.2 to 0.7 kg m~3, higher WP
occurs in northern India (0.4-0.7 kg m™3),
where crop yield is higher but water avail-
ability is more restricted than in other
areas. In the USA, WP ranges from 0.9 to
1.9 kg m~3, with higher values in the north
than in the south and the highest in the
north-western regions.

Changes in water productivity between 1995
and 2025

IMPACT-WATER simulates crop production
and water use from 1995 to 2025, based on
which WP year by year is calculated during
the period. Figure 10.5 shows a projection of
WP of irrigated rice in developing coun-
tries, developed countries and the world,
from 1995 to 2025, and Fig. 10.6 shows the
curves for other cereals. First, we can see

that WPs vary from year to year due to vari-
ability in climate, which shows that the lat-
ter affects water availability and then WP.
Secondly, based on our assumption on area
and yield growth and on water supply
enhancement, WPs are going to increase
significantly between 1995 and 2025. For
example, WP of other cereals will increase
from 1.0 to 1.4 kg m~3 in developed coun-
tries, from 0.6 to 1.0 kg m™3 in developing
countries and from 0.7 to 1.1 kg m~3 in the
world. Figures 10.7 and 10.8 further com-
pare WPs in several regions between 1995
and the average of 2021-2025, for rice and
other cereals, respectively.

What is the major reason for the increase
in WP from 1995 to 2025, the increase in yield
or improvement in water efficiency that
decreases WC per hectare? Figure 10.9 com-
pares crop yield and WC for rice between
1995 and the average of 2021-2025. Figure
10.10 shows the same comparisons for other
cereals. As can be seen, crop yield increases
and WC per hectare decreases, except for a
slight increase in WC for other cereals in sub-
Saharan Africa. WC per hectare depends on
the change of total consumption and the
change of crop area. IMPACT-WATER pro-
jects a relatively small increase in irrigated
cereal crop area, only 24 million ha or 10%
from 1995 to 2025 for total irrigated cereals in
the world. On the other hand, total realized
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Fig. 10.4. Water productivity of total cereals, excluding rice, in 1995 in river basins in (a) India, (b) China
and (c) the USA.
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Fig. 10.5. Water productivity of irrigated rice.

crop WC is further determined by the change consumption requirements, as well as the
of water-withdrawal capacity, BE, the change amount of water taken by the non-irrigation
of rainfall harvest and the change of the crop  sectors. Under the baseline scenario, total
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Fig. 10.6. Water productivity of irrigated other cereals.
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Fig. 10.7. Water productivity of rice in several regions in 1995 and 2021-2025. SS, Sub-Saharan.

global water withdrawals are projected to
increase by 23% from 1995 to 2025, with the
increase mainly used for non-irrigation sec-
tors (increasing by 62% worldwide from 1995
to 2025). These will increase the total con-
sumption. However, WC can be reduced,
because the projected increase in effective
river-basin water-use efficiency will decrease
the crop consumption demand. All of these
factors result in a 3.9% increase in consump-
tive use of water for irrigation worldwide.
Overall, as can be seen in Figs 10.9 and 10.10,
the change of WC per hectare is small com-
pared with the change of crop yield. The
increase in WP mainly results from the
increase in crop yield.

What about the WP of rain-fed crops? Is
it comparable to the WP of irrigated crops?
Figures 10.11 and 10.12 show WP of rice and
other cereals, respectively, from 1996 to 2025
in developing countries. WP for irrigated
crops is higher than that of rain-fed crops, at
a level of 0.15-0.2 kg m ™3 for rice and 0.1-0.4
kg m™3 for other cereals. The difference
becomes larger from 1996 to 2025, due to the
higher rate of increase in irrigated yield and
the increase in water-use efficiency over
time. However, WP of irrigated crops is not
higher than that of rain-fed crops every-
where in the world. This can be seen from
Figs 10.13 and 10.14, which show the WP of
rice and other cereals, respectively, from
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Fig. 10.8. Water productivity of other cereals in several regions in 1995 and 2021-2025. SS, Sub-Saharan.
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Fig. 10.10. Crop yield (a) and water consumption per hectare (b) of other cereals in several regions in 1995
and 2021-2025. SS, Sub-Saharan.
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Fig. 10.11. Water productivity of irrigated and rain-fed rice in developing countries.
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Fig. 10.12. Water productivity of irrigated and rain-fed other cereals in developing countries.
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Fig. 10.13. Water productivity of irrigated and rain-fed rice in developed countries.
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Fig. 10.14. Water productivity of irrigated and rain-fed other cereals in developed countries.
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1996 to 2025 in developed countries. The
curve of irrigated crops is below the curve of
rain-fed crops. This indicates the relatively
favourable rainfall conditions for crop
growth and high rain-fed crop yields associ-
ated with infrastructure and other inputs to
rain-fed crops in developed countries, com-
pared with those in developing countries.

Alternative Scenarios

For irrigated crops, water-use efficiency is a
key factor in WP. In one scenario, we assume
higher basin efficiency (HBE) around the
world in the next 25 years, and assess the
impact of this on WP. An alternative scenario
is defined, based on the increasing concern
for environmental reservation of water in the
world. This scenario tests the possibility of
maintaining the baseline food outputs with
larger improvement in effective agricultural
water-use efficiency (the same as assumed in
the first scenario), but with lower water with-
drawal (HBE-LW) so that more water is left
for environmental purposes. Assumptions
under the two alternatives and the baseline
are illustrated in Table 10.1, showing BE,
water withdrawal and irrigation consump-
tion under the three scenarios. The two alter-
native scenarios have HBE and lower water
withdrawal and irrigation consumption in

both developed and developing countries in
2021-2025. For example, compared with the
baseline, HBE-LW results in 443 km? or 13%
lower withdrawal in developing countries,
and 94 km?® or 7% lower withdrawal in
developed countries; and 231 km? or 19%
less irrigation consumption in developing
countries, and 47 km? or 17% less irrigation
consumption in developed countries.

Table 10.2 compares the WP of rice and
other cereals under the three scenarios.
Compared with the baseline, higher WPs
result from the two alternative scenarios. The
highest WP occurs under HBE-LW, which
implies that, with HBE, restricting water with-
drawals even more will lead to still higher WP.
Water use per hectare decreases correspond-
ingly under HBE, and HBE-LW. For example,
compared with the baseline, water use per
hectare of other cereals is reduced by 4% and
10% under HBE and HBE-LW, respectively, in
developing countries, and 6% and 12% under
HBE and HBE-LW, respectively, in developed
countries. For developing countries, Figs 10.15
and 10.16 show water productivity of rice and
other cereals, respectively, during 1996-2025
under the three scenarios. Figures 10.17 and
10.18 show water consumption per hectare of
rice and other cereals, respectively, during
19962025 under the three scenarios. These
curves show that the difference between the
baseline and the alternative scenarios contin-

Table 10.1. Estimated and projected values of basin efficiency, water withdrawal and irrigation

consumptive use.

Projected, 2021-2025 average

High basin
efficiency
Estimated High basin and low
1995 Baseline efficiency withdrawal
Basin efficiency (%)
Developing countries 0.54 0.59 0.77 0.77
Developed countries 0.64 0.69 0.81 0.81
Water withdrawal (kmq)
Developing countries 2764 3486 3347 3043
Developed countries 1144 1277 1228 1183
Irrigation consumptive use (km?3)
Developing countries 1162 1214 1135 983
Developed countries 268 274 250 227
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Table 10.2. Estimated and projected values of water productivity and water use for rice and other cereals.

Projected, 2021-2025 average

High basin
efficiency
Estimated High basin and low
1995 Baseline efficiency withdrawal
Rice
Water productivity (kg m~3)
Developing countries 0.39 0.53 0.56 0.58
Developed countries 0.47 0.57 0.61 0.63
Water use ha=! (m3 ha™")
Developing countries 8,580 8,445 8,040 7,510
Developed countries 10,200 9,730 9,100 8,710
Other cereals
Water productivity (kg m~3)
Developing countries 0.56 0.94 1.01 1.03
Developed countries 1.00 1.32 1.45 1.5
Water use ha=! (m3 ha™")
Developing countries 5,720 5,260 5,040 4,760
Developed countries 4,430 4,530 4,275 3,980
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Fig. 10.15. Water productivity of rice under three scenarios.

ues to grow with time, corresponding to
higher growth rate of BE and lower growth
rate of water withdrawal.

HBE results in significantly higher crop
yields and irrigation production during
2021-2025 than in the baseline scenario (except
for rice yield in developed countries), which
reduces the world price of rice by 15% for rice
and 12% for other cereals, and reduces
imports of cereals for developing countries
from 235 to 213 million tons (Table 10.4). It
should be noted that rice yield in developed

countries under HBE declines slightly due to
less economic incentives (crop prices), since
lower prices tend to reduce crop yield. This
effect for rice yield in developed countries is
stronger than the impact of higher basin effi-
ciency. As designed, HBE-LW compensates for
the effect of lower water withdrawal by using
larger improvements in BE, so that the base-
line food production and demand balance will
be maintained and the results come out as
expected. Crop yield and production and crop
prices under HBE-LW are close to those under
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Fig. 10.16. Water productivity of other cereals under three scenarios.
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Fig. 10.17. Water consumed per hectare of irrigated rice under three scenarios.
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Fig. 10.18. Water consumed per hectare of irrigated other cereals under three scenarios.
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Table 10.3. Estimated and projected values of rice and other cereal yields, and irrigated cereal production.

Projected, 2021-2025 average

High basin
efficiency
Estimated High basin and low
1995 Baseline efficiency withdrawal
Rice
Crop yield (kg ha~")
Developing countries 3310 4330 4530 4360
Developed countries 4790 5520 5505 5455
Other cereals
Crop yield (kg ha™")
Developing countries 3185 4670 5165 4835
Developed countries 4410 6000 6180 5980
Irrigated cereal production
(million t)
Developing countries 557 867 938 880
Developed countries 186 269 274 267

Table 10.4. Estimated and projected world price of rice and other cereals, and developing-country cereal

imports.

Projected, 2021-2025 average

High basin
efficiency
Estimated High basin and low
1995 Baseline efficiency withdrawal
World price (US$ t~1)
Rice 285 236 201 239
Other cereals 114 108 95 110
Cereal imports (million t)
by developing countries 107 235 213 220
the baseline scenario. A small switch occurs Conclusions

between developed and developing countries:
crop yields under HBE-LW are slightly lower
than those under the baseline scenario in
developed countries, while the opposite is true
in the developing countries. This results in
slightly lower cereal import to developing
countries, as shown in Table 10.4. The reason
behind the switch is a relatively more restric-
tive water-withdrawal condition for devel-
oped countries than for developing countries
under the baseline scenario. Thus, the further
restriction of water-withdrawal under HBE-
LW results in a larger effect on irrigated crop
production in developed countries.

WP is defined as crop yield per unit of WC
(kg m™3) and is computed through an inte-
grated water and food modelling frame-
work, IMPACT-WATER, for individual
crops in each spatial unit (individual or
aggregated basins) in the global scope dur-
ing a period of 30 years (1995-2025). It was
found that WP of rice ranged from 0.15 to
0.60 kg m~3, while that of other cereals
ranged from 0.2 to 2.4 kg m~3 in 1995. WP is
relatively low in sub-Saharan Africa and
high in developed countries. China and
South-East Asian countries have higher WP
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for rice than other countries, mainly because
of higher crop yields. WP will increase from
1995 to 2025: the global average WP of rice
will increase from 0.39 kg m~3to 0.52 kg
m~3, and the global average WP of other
cereals will increase from 0.67 to 1.01 kg
m~3. Both the increase in crop yield and
reduction in WC through improvement in
BE contribute to the increase in WP, but the
major contribution comes from the increase
in crop yield. Therefore, investments in agri-
cultural infrastructure and agricultural
research might have higher pay-offs than
investments in new irrigation, in order to
increase WP and ensure food security in the
next 25 years (see also Fan et al., 1999). This
conclusion is based on our assumption that
water supply is becoming more and more
restricted due to source availability and

environmental and financial constraints.
However, as shown by the HBE alternative,
large improvements in BE would signifi-
cantly increase WP and reduce water-with-
drawal constraints (alternative scenario
HBE-LW). The technical and financial feasi-
bility for greatly improving BE needs more
research (Cai et al., 2001).

We also find that WP of irrigated crops is
higher than that of rain-fed crops in develop-
ing countries, but lower in developed coun-
tries. This shows that, in developing
countries, irrigated agriculture is more effi-
cient in resource utilization and food pro-
duction than rain-fed agriculture; but this
also points to the untapped potential to
increase WP of rain-fed crops through
research and infrastructural investment
(Rosegrant et al., 2001Db).
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Abstract

In the dry areas, water, not land, is the limiting factor in improving agricultural production. Maximizing
water productivity, and not yield per unit of land, is therefore a better strategy for on-farm water man-
agement under such conditions.

This chapter highlights the major research findings at the International Center for Agricultural Research
in the Dry Areas (ICARDA) regarding improving the water productivity of its mandate crops of wheat,
barley, lentils, chickpea and faba bean. It is shown that substantial and sustainable improvements in water
productivity can only be achieved through integrated farm-resources management. On-farm water-pro-
ductive techniques, if coupled with improved irrigation-management options, better crop selection and
appropriate cultural practices, improved genetic make-up and timely socio-economic interventions, will
help to achieve this objective. Conventional water-management guidelines, designed to maximize yield
per unit area, need to be revised for achieving maximum water productivity instead. A case study from
Syria shows the applicability of this option. It illustrates that, when water is scarce, higher farm incomes

may be obtained by maximizing water productivity than by maximizing land productivity.

Introduction

In the dry areas, agriculture accounts for
about 80% of the total consumption of water.
Water is rapidly becoming scarcer in west
Asia and North Africa (WANA) and the
competition for its use is growing more
intense. In these areas, water is the factor
that limits agricultural production. Most of
the conventional sources of fresh water in
the region have already been developed and
the tendency to overexploit the natural
resources is growing. Therefore, the only
option left, in addition to developing some
non-conventional sources, is to feed the ever-

increasing population of the region using the
same amount (or less) of water. Hence, the
efficiency of water use in agriculture needs
to increase in a sustainable manner, i.e. food
production (quantitatively and qualitatively)
per unit of water used has to be raised.

The International Center for Agricultural
Research in the Dry Areas (ICARDA) aims to
contribute to poverty alleviation in the dry
areas by productivity improvement through
sustainable natural-resources management.
The ultimate goal is to improve the welfare
of people in the dry areas of the developing
world by increasing productivity and nutri-
tion, while preserving and enhancing the

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) 179
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natural-resources base of water, land and
biodiversity. The challenge is to coordinate
water and land management with the use of
improved cultivars in viable cropping sys-
tems to increase water productivity (WP)
and economic output. If agricultural produc-
tion and livelihoods in the dry areas are to be
sustained, even at current levels, greater pri-
ority must be given to improving WP and
enhancing the efficiency of water use.
Options potentially available for coping
with the consequences of water scarcity in
agriculture in the dry areas include the devel-
opment of additional sources of water and
improving the management of all water uses.

Development of additional sources of water

Desalination

Desalination is gaining more importance as
advances in the technologies are made.
However, it is still an expensive process and
hence is currently mainly used in areas
where an affordable energy source is avail-
able, as in the oil-producing countries. Part
of the desalinized water is used for irriga-
tion. Breakthroughs in the cost of desalina-
tion would open up great opportunities for
several countries of the region.

Marginal-quality water

Marginal-quality water offers good opportu-
nities in many water-scarce areas. Potential
sources include natural brackish water, agri-
cultural drainage water and treated effluent.
Research shows that substantial amounts of
brackish water exist in dry areas, which can
be either utilized directly in agriculture or
desalinated at low cost for human and indus-
trial consumption. Treated sewage effluent is
an important source of water for agriculture
in areas of extreme scarcity, such as Jordan
and Tunisia. It is, however, a great environ-
mental issue in other countries. The proper
reuse of drainage water in agricultural pro-
duction is also becoming attractive in many
countries. By treating the marginal water as a
resource rather than as a waste, it is possible
to help the growers as well as to contribute to

the alleviation of water scarcity and the sus-
tainability of agricultural production systems.

Water transfers

Water transfers between water basins and
across national borders have been exten-
sively discussed in the region over the last
two decades. Importation of water is under
active consideration in the Middle East. The
two most relevant options are to transport
water by pipeline (Turkey’s proposed peace
pipeline) and by ship or barrage (big tanks
or ‘Medusa’ bags). Both suggestions are sub-
ject to economic, political and environmental
considerations, which are yet to be exam-
ined. Attempts to transfer water by balloons
and tankers have been made but the cost is
still high for agricultural purposes.

A project to transfer water by pipelines
from Turkey to the Middle East countries
was unsuccessful for economic and political
reasons. Potential for such projects can only
be realized with good regional cooperation
and trust between the various parties.

Effective water management

Improved farm water management could
have the greatest impact on water availability
in dry areas. It is, however, a complex matter
and also involves social, economic, organiza-
tional and policy issues, in addition to the
technical ones. Research has demonstrated
that proper management can more than dou-
ble the return from water (Oweis, 1997). The
major areas contributing to improved water
management are discussed here.

Cost recovery of water

Although water is extremely valuable and
essential in this region, it is generally sup-
plied free or at low and highly subsidized
cost. It is widely accepted that water pricing
would improve efficiency and ensure better
investment levels in water projects. However,
the concept is seriously challenged in many
countries of the region. The reasons are
mostly sociopolitical and one cannot ignore
these concerns as they are real and culturally
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determined. Innovative solutions are needed
to put a real value on water for improving
the efficiency of its use, while at the same
time finding ways from within the local cul-
ture to protect the right of people to access
water for their basic needs (El Beltagy, 2000).

Existing improved technologies

If properly applied, these technologies may
at least double the amount of food produced
from present water resources. Implementing
precision irrigation, such as trickle and
sprinkler systems, laser levelling and other
techniques  contribute to  substantial
improvement in water application and distri-
bution efficiency. Although water lost during
conveyance and on-farm application may
not be a real loss from the basin perspective,
its quality is likely to deteriorate and its
recovery comes at a cost. To recapture and
reuse water lost in this way is easier in large
irrigation systems, but their construction
comes at a high cost. There is a need to pro-
vide farmers with economic alternatives to
current practices that are leading to wastage
of water, and with incentives that can bring
about the needed change.

Improved water productivity

Supplemental irrigation with a limited
amount of water, if applied to rain-fed crops
during critical stages, can result in substantial
improvement in yield and WP. Application of
water to satisfy less than the full water
requirement of crops was found to increase
WP and spare water for irrigating new lands.
It has now been widely recognized that opti-
mum WP is achieved by under-irrigating the
crop. Adoption of this strategy requires an
immediate adjustment to the conventional
guidelines on irrigation in the region.
Optimizing agronomic practices and
inputs, such as appropriate cropping pat-
terns and fertilization, can also increase WP.
Using both Mendelian breeding tech-
niques and modern genetic engineering, new
crop varieties that can increase water-use
efficiency while maintaining or even increas-
ing yield levels can be developed. However,
more work is needed to integrate all the

above-mentioned approaches in practical
packages to achieve the largest return from
the limited water available.

Participation of all concerned in the man-
agement of scarce water resources is the key to
successfully implementing more effective
measures of water management. Players
include the public and private sectors but,
most importantly, representatives of the water
users, particularly farmers and pastoralists,
should be involved in the decision-making on
water-management issues. Without appropri-
ate policies, users cannot achieve the objec-
tives of effective water management, but the
inadequacy of current policies is the main con-
straint on improved water use in the region.

Water Scarcity and Mismanagement in
the Dry Areas

The extent of the scarcity problem

The dry areas of WANA are characterized by
low rainfall with limited renewable water
resources. The average annual per capita
renewable supplies of water in WANA coun-
tries are now below 1500 m3, well below the
world average of about 7000 m?. This level
has fallen from 3500 m® in 1960 and is
expected to fall to less than 700 m® by the
year 2025. In 1990, only eight of the 23
WANA countries had per capita water avail-
ability of more than 1000 m?, the threshold
for the water-poverty level. In fact, the 1000
m? level looks ample for countries like
Jordan, where the annual per capita share has
dropped to less than 200 m® (Margat and
Vallae, 1999). Mining groundwater is now a
common practice in the region, risking both
water reserves and quality. In many coun-
tries, securing basic human water needs for
domestic use is becoming an issue of concern,
let alone the needs for agriculture, industry
and the environment.

The current water supplies will not be
sufficient for economic growth in all the
countries of the region, except Turkey and
Iran. Water scarcity has already hampered
development in all countries of the Arabian
Peninsula, Jordan, Palestine, Egypt, Tunisia
and Morocco. Other countries of the region,
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such as Syria, Iraq, Algeria and Lebanon, are
also increasingly affected as scarcity contin-
ues to get worse.

It is estimated that nearly one billion peo-
ple live in the dry areas. About half of the
workforce earns its living from agriculture,
and water scarcity adds to their misery. At pre-
sent, the average income of an estimated 690
million people is less than US$2.00 day~'; the
average income of 142 million of the 690 mil-
lion is less than US$1.00 day ! (Rodriguez and
Thomas, 1999). Rural women and children
suffer the most from poverty and its social and
physical deprivations, which include malnu-
trition and high rates of infant mortality.

For most countries of WANA, almost half
the crops of this dry region are grown under
irrigation, and agriculture accounts for over
75% of the total consumption of water. With
rapid industrialization, urbanization and pop-
ulation growth (double the world average),
economic realities seem certain to reallocate
water increasingly away from agriculture to
other sectors. Moreover, opportunities for
large captures of new water are few, if any.
Most river systems suitable for large-scale
irrigation have already been developed. It is
becoming increasingly difficult to avoid unac-
ceptable depletion of the flow to downstream
users. Likewise, few major resources of
renewable groundwater remain untapped.
The tendency is now to overexploit existing
sources, which, of course, is unsustainable.

The scarcity of water in some countries of
the WANA region has reached the point
where freshwater supplies are sufficient only
for domestic and industrial use, which have
priority. Very soon, the only water available
for agriculture in these countries will be either
saline or sewage effluent. This situation pre-
vails already in the Gulf countries and will
reach other countries, such as Jordan, in the
next decade. Nevertheless, despite its scarcity,
water continues to be misused. New tech-
nologies have made it possible for farmers to
deplete aquifers to exhaustion. Desertification
or land degradation is another challenge in
the WANA region, closely related to water.
Several international conferences and conven-
tions, most recently the Convention to
Combat Desertification, have brought these
issues to the forefront of global concerns.

Climatic variation and change, mainly as a
result of human activities, are leading to
depletion of the vegetative cover, loss of bio-
physical and economic productivity through
exposure of the soil surface to wind erosion
and shifting sands, water erosion, salinization
of land and waterlogging. Although these are
global problems, they are especially severe in
the dry areas of WANA.

Compounding these problems is the
expanding population. Population growth
rates in WANA range up to 3.6%. The total
population in WANA is expected to more
than double, approaching 930 million by
2020. This will affect food supplies: the grain
gap is projected to increase from 51 million t
in 1995 to 109 million t by 2020 in the 23
countries of the region (Nordblom and
Shomo, 1995). This is a conservative esti-
mate that assumes no growth in per capita
consumption. Assuming grain would con-
tinue to be priced at around US$130 t !,
importing 109 million t of grain would cost
US$14.2 billion!

It is projected that the vast majority of the
23 WANA countries will reach severe water
poverty by the year 2025; ten of them are
already below that level (Seckler et al., 1999).
The increasing pressure on water resources
will, unless seriously tackled, escalate con-
flicts and seriously damage an already frag-
ile environment. This is particularly relevant
in respect of countries with shared water
resources. In WANA about one-third of the
renewable water supplies are provided by
rivers flowing from outside the region
(Ahmad, 1996). Under the prevailing condi-
tions, regionally integrated water-resources
management is obviously the best way to
manage the shared water at the basin level.
However, considering the importance
attached to national sovereignty and the fact
that international laws on shared water
resources are still inadequate, conflicts
between several countries of the region will
continue to occur.

The concept of water productivity

Seckler et al. (Chapter 3, this volume) have
discussed the various concepts of water-use
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efficiency and/or WP as used in the litera-
ture on irrigated agriculture and, therefore, it
is unnecessary to repeat them here. WP is
shown in Fig. 11.1 in its dependence on crop
yield (Y), transpiration (T), evaporation (E),
evapotranspiration (ET) and irrigation water
(D). From the diagram, transpiration WP
(WPp) and evapotranspiration WP (WPpg;)
are defined as:

WP, =Y/T
WPy, = Y/(T +E)

It is evident that WP < WP,. However, if E
= 0, then WP, = WP.. In this chapter, refer-
ence to WP is to WP;. Furthermore, the irri-
gation water productivity, WP, is defined as
follows:

WP, = AY /AET

in which AY and AET are the increase in
yield and evapotranspiration due to irriga-
tion, respectively.

Integrated approach to on-farm water
management
Newly developed water-resources manage-

ment strategies have become more inte-
grated in the sense of considering all aspects

max [

Yield

of water scarcity simultaneously. Current
policies of water-resources management look
at the whole set of technical, institutional,
managerial, legal and operational activities
required to plan, develop, operate and man-
age the water-resources system at all scales,
i.e. farm, project, basin and national scale,
while considering all sectors of the economy
that depend on water. Sustainability is a
major objective of these policies, wherein it is
stipulated that the utilization of resources by
future generations should in no way be lim-
ited by the use of current generations.

Fundamental to the successful integration
of water-resources development and man-
agement is the involvement of all stakehold-
ers to the greatest possible extent in the
various management activities. Decisions
regarding the best use of water must be
made by evaluating the economic, social and
environmental costs and benefits of alterna-
tives. Integrated water-resources develop-
ment also means looking at the impacts of
policies on the social, economic and environ-
mental aspects of the system.

Economic constraints are particularly
important in developing sustainable water-
management options. A sustainable-develop-
ment path can only be secured if
development policies consider economic
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Fig. 11.1. A diagram for water-productivity terms and components: transpiration (T), evaporation (E),
irrigation (1), evapotranspiration (ET), drainage (D) (deep percolation) and runoff (R).
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aspects, such as costs and benefits to the
society and individuals. This means that sus-
tainable development and use of water
resources should be compatible with the
principles of sustainable economic activities.
That is why many past irrigation schemes
have failed or were much less successful
than expected at the planning stage.

The strategy of any integrated approach
for natural-resources management in the dry
areas considers water as the central issue and
water is accorded the highest priority.
Utilization of soil and vegetation is closely
linked to water and subject to climatic condi-
tions. This strategy responds to the urgent
need for improved productivity using less
water by doing research on improved and
sustainable WP at the farm level. Research in
central and west Asia and North Africa
(CWANA), which is the mandate dry region
of ICARDA, focuses on the following five
areas:

1. In rain-fed areas, optimizing supplemen-
tal irrigation, using the limited water avail-
able from renewable resources.

2. In drier environments (steppe), promoting
efficient water harvesting for improved
farmer income and environment.

3. In fully irrigated areas, developing on-
farm packages for increased WP and soil and
water quality.

4. In all the environments, developing
strategies, methods and techniques for the
safe and sustainable use of marginal water
and treated sewage effluent in agriculture.

5. Developing strategies for the conservation
and sustainable utilization of renewable
groundwater resources.

Improving crop WP requires exploiting
the genetic diversity of landraces and wild
relatives  for  developing  improved
germplasm suited for stress-inducing envi-
ronments. Germplasm improvement includes
any of the following: increasing crop yield,
disease resistance, heat and drought toler-
ance and, most importantly, the efficiency
with which the crop uses water. The follow-
ing two main strategies are pursued:

1. Selection for increased performance and
WP by improving cultivars while maintaining

current management conditions and water
availability. This is done through improving
crop cultivars adapted to marginal conditions
through selection for performance, mainly
yield and WP, directly in the target environ-
ment (Ceccarelli ef al., 1998). This is increas-
ingly done through participatory plant
breeding, involving farmers, to maximize the
selection response. This strategy also focuses
on the identification of morphological, physi-
ological and agronomic criteria or traits that
are related to increased performance under
dry conditions. Such traits may then form the
basis for indirect selection for yield and water
productivity in dry environments. A new
method involves employing marker-assisted
selection for quantitative trait loci to identify
breeding material with improved perfor-
mance under dry conditions and higher water

productivity.
2. Changing both management practices and
crop cultivars  concurrently.  Different

approaches in plant breeding and the
numerous aspects of crop management are
combined and integrated to develop viable
strategies and sets of recommendations for
productive, efficient and sustainable produc-
tion systems. This combination of improved
management practices and the crop plants or
varieties themselves yields the greatest
improvement in crop WP and can result in a
quantum jump in both crop productivity and
WP (Duivenbooden et al., 1999).

To ensure generalization and transferabil-
ity of the research results among dry regions,
the concept of ‘integrated research sites” was
implemented together with work on agro-
ecological characterization and modelling. A
number of carefully selected integrated
research sites was identified. Scientists from
all disciplines work together on the most
important issues in dry-area agriculture —
that is, the need for more efficient, sustain-
able and water-efficient production systems.
The strategies and technology packages
developed and tested in these integrated
research sites are then transferred or
extended to other or larger areas, using bio-
economic modelling to adapt them to the
specific sites and situations with their specific
biophysical and socio-economic conditions.
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Major Research Achievements
Water-use-efficient techniques

In dry areas, moisture availability to the
growing crops is the most significant single
factor limiting production. Accordingly, this
production factor must receive high priority.
Technologies for improving yield, stabilizing
production and providing conditions suit-
able for using higher technology are impor-
tant, not only for improved yields but also
for better WP.

Supplemental irrigation for rain-fed farming

The rain-fed areas play an important role in
the production of food in many countries of
the region and the world. They cover more
than 80% of the land area used for cropping
throughout the world and produce some
60% of the total production (Harris, 1991). In
the Mediterranean-type climate, rainfall is
characterized by its variability in both space
and time. In general, rainfall amounts in this
zone are lower than seasonal crop water
requirements; moreover, its distribution is
rarely in a pattern that satisfies the crop
needs for water. Periods of severe moisture
stress are very common and, in most of the
locations, these coincide with the growth
stages that are most sensitive to moisture
stress. Soil-moisture shortages at some stages
result in very low yields. Average wheat-
grain yields in WANA range between 0.6
and 1.5 t ha™!, depending on the amount and
distribution of seasonal precipitation.

It was found, however, that yields and
WP are greatly enhanced by the conjunctive
use of rainfall and limited irrigation water.
Research results from ICARDA and others,
as well as harvests from farmers, showed
substantial increases in crop yield in
response to the application of relatively
small amounts of supplemental irrigation
(SD). This increase occurs in areas having low
as well as high annual rainfall. Table 11.1
shows substantial increases in wheat-grain
yields under low, average and high rainfall
in northern Syria with application of limited
amounts of SI. Applying 212, 150 and 75 mm
of additional water to rain-fed crops
increased yields by 350, 140 and 30% over
that of rain-fed crops receiving an annual
rainfall of 234, 316 and 504 mm, respectively.
In addition to yield increases, SI also stabi-
lized wheat production from one year to the
next. The coefficient of variation was
reduced from 100% to 20% in rain-fed fields
that received SI.

The impact of SI is not only on yield but
also, more importantly, on WP. The produc-
tivity of both irrigation water and rainwater
is improved when they are used conjunc-
tively. The average rainwater productivity of
wheat grains in the dry areas is about 0.35 kg
m 3. However, it may increase to as much as
1.0 kg m~3 with improved management and
favourable rainfall distribution. It was found
that 1 m? of water applied as SI at the proper
time might produce more than 2.0 kg of
wheat grain over that using only rainfall.
Data  from a  5-year  experiment
(1991/92-1995/96) at ICARDA’s research
station in northern Syria (Table 11.2) show

Table 11.1. Yield and water productivity for wheat grains under rain-fed and supplemental irrigation (Sl)
in dry, average and wet seasons at Tel Hadya, northern Syria (from Oweis, 1997).

Yield
Rain-fed Rainfall Irrigation Total increase
Season/annual yield WP amount yield due to SI WPg2
rainfall (mm) (tha™") (kg m~3) (mm) (tha™") (tha™") (kg m~3)
Dry (234) 0.74 0.32 212 3.38 3.10 1.46
Average (316) 2.30 0.73 150 5.60 3.30 2.20
Wet  (504) 5.00 0.99 75 6.44 1.44 1.92

aNo surface runoff and drainage occur in the field.
WP, irrigation water productivity.
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Table 11.2. Rainwater productivity (WPg), combined rain- and irrigation-water productivity
(WPg, ) and irrigation-water productivity (WP,) of bread-wheat grains in northern Syria.

Rain WP, SI WP, ,, WP,
Year (mm) (kg m~3) (mm) (kg m~3) (kg m~3)
1991/92 351 1.04 165 1.16 1.46
1992/93 287 0.70 203 1.23 212
1993/94 358 1.08 175 1.17 1.43
1994/95 318 1.09 238 1.08 1.06
1995/96 395 0.91 100 0.90 0.73
Mean water productivity 0.96 1.1 1.36

such an improvement in WP. The amount of
water added by Sl is not sufficient on its own
to support any crop production. However,
when supplementing rainfall by irrigation,
the rainwater productivity (WPp) increased
in most of the years, particularly in the driest
year (1992/93). On average, it increased from
0.96 to 1.11 kg m3. The last column in the
table presents marginal irrigation WP (ratio
of increase in yield to increase in evapotran-
spiration due to irrigation) with an average
value of 1.36 kg m 3.

The high WP of SI water is mainly attrib-
uted to alleviating moisture stress during the
most sensitive stages of crop growth.
Moisture stress during wheat flowering and
grain filling usually causes a collapse in the
crop seed filling and reduces the yields sub-
stantially. When SI water is applied before
the occurrence of stresses, the plant may pro-
duce its potential yield.

Furthermore, using irrigation water con-
junctively with rainwater was found to pro-
duce more wheat per unit of water than if
used alone in fully irrigated areas where
rainfall is negligible. In fully irrigated areas,
wheat yield under improved management is
about 6.0 t ha, using about 800 m® ha™! of
irrigation water. Thus, WP will be about 0.75
kg m~3, one-third of that achieved with SI.
This difference should encourage allocation
of limited water resources to the more effi-
cient practice (Oweis, 1997).

Unlike in full (or conventional) irrigation,
the time of SI application cannot be deter-
mined in advance. When possible, and for
rational allocation of limited water supplies,
SI should be scheduled at the moisture-sensi-

tive stages of plant growth. For example, for
rain-fed cereals in the WANA region, the
three most sensitive growth stages are
seedling, anthesis and grain filling.
Scheduling of SI should coincide with these
sensitive periods to make certain that root-
zone moisture does not limit growth.

Rainwater harvesting for the drier
environments

The drier environments of WANA, the so-
called badia or steppe, cover most of this
region. The steppe receives inadequate
annual rainfall for economic dry-farming
production. The timing of precipitation in
these areas is highly erratic. Most of this
limited rainfall comes in sporadic, intense
and unpredictable storms, usually on
crusted soils with low infiltration rates,
resulting in surface runoff and uncontrolled
rill and gully water flow. Thus, the land is
deprived of its share of rainfall and the
growing crops endure severe moisture-
stress periods, which significantly reduce
yield, if any is produced. Therefore, a large
part of the rainfall evaporates directly from
the soil surface. Even some of the rain that
infiltrates the soil to a shallow depth evapo-
rates again. The rain that runs off usually
joins streams and, if not intercepted, flows
into a depression and loses its good quality
and evaporates. The overall result is that
the vast majority of precipitation water is
lost as evaporation to the atmosphere with-
out benefits; in other words, rainwater pro-
ductivity is extremely low. Intervention in
these areas is needed.
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Water harvesting is one option for making
rainwater more available to the crops in dry
areas. It increases the amount of water per unit
cropped area, reduces the severity of droughts
and increases the productivity of rainwater.

Throughout history, water harvesting has
shown good potential for increasing the effi-
ciency of rainwater by concentrating it on a
smaller area and thus ensuring enough
moisture in the root zone of the plants.
Indigenous systems, such as jessour and
meskat in Tunisia, tabia in Libya, cisterns in
north Egypt, hafaer in Jordan, Syria and
Sudan and many other techniques, are still
in use (Oweis et al., 2001). Unfavourable
socio-economic conditions over the last
decades have caused a decline in the use of
these systems, but recently increased water
scarcity in the dry areas is favouring the
revival of these systems.

Small basin microcatchments in the
Muaqgqar area of Jordan (mean annual rain-
fall of 125 mm) have supported almond-trees
now for over 15 years without irrigation,
despite several years of drought in which
annual rainfall dropped below 60 mm. In the
same area, small farm reservoirs were able to
collect water every year with sufficient
amounts to justify profitable agricultural
development (Oweis and Taimeh, 1996). In
the Mehasseh steppe of Syria (120 mm
annual rainfall), rain-fed shrubs have a less
than 10% survival rate, while those grown
under microcatchments had an over 90%
survival rate (Table 11.3). Shrub survival rate
can be improved from 10 to 90% with the
introduction of water-harvesting interven-
tions (semicircular bunds), even during 3
drought years after 1 relatively normal year.

In north-west Egypt (130 mm annual rain-
fall), small water-harvesting basins with 200
m? catchment support olive trees, and har-
vesting rainwater from the roofs of green-
houses provided about 50% of the water
required by the vegetables grown within
them (Oweis et al., 2001).

These experiences and many others show
that the productivity of rain in the drier envi-
ronments can be substantially increased when
a proper water-harvesting technique is imple-
mented. In large-scale areas, methodologies
for using remotely sensed data and ground
information in a geographic information sys-
tem (GIS) framework are often used to iden-
tify suitable areas and appropriate methods
for water harvesting (Oweis et al., 1998b). It
was estimated that 30-50% of the rain in these
environments might be utilized if water har-
vesting is practised, thus improving current
rainwater productivity several-fold.

Successfully and sustainably integrating
water-harvesting techniques within the agri-
cultural systems in the dry areas is not an
easy task. Several limitations exist, including
socio-economic, technical and policy-related
ones. Unclear landownership and lack of
capacity of the farmers to implement these
techniques are among the most important
constraints.

Efficient on-farm water management

Optimum scheduling of irrigation is by far
the most important means for improving
crop WP and the key questions in irrigation
scheduling are when to irrigate and how
much water to apply.

Table 11.3. Shrub survival rate (%) in the Mehasseh steppe (120 mm annual rainfall),
Syria, under semicircular microcatchment water harvesting with different sizes.

Diameter of the semicircle (m)

Rainfall Without
Year (mm) water harvesting 2 4 6
1997/98 174 20 96 98 97
1998/99 36 7 92 95 93
1999/00 42 2 92 93 89
Mean 9.7 93.3 95.3 93.0
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Deficit irrigation

Deficit irrigation is an optimizing strategy
under which crops are deliberately allowed
to sustain some degree of water deficit and
yield reduction (English et al., 1990). The
adoption of deficit irrigation implies appro-
priate knowledge of crop water use and
responses to water deficits, including the
identification of critical crop growth periods
and of the economic impacts of yield-reduc-
tion strategies. Figure 11.2 shows typical
results on wheat, obtained from field trials
conducted in a Mediterranean climate in
northern Syria. The results show significant
improvement in SI WP at lower application
rates than at full irrigation. The highest WP
of applied water was obtained at rates
between one-third and two-thirds of full SI
requirements, in addition to rainfall. The
application of nitrogen improved WP, but,
with deficit SI, lower nitrogen levels were
needed (Fig. 11.2). This shows that, under
deficit-irrigation  practice, other cultural
practices may also need to be adjusted.
Planting dates, for example, interact signifi-
cantly with the level of irrigation applied.
Optimum levels of irrigation to maximize
WP need to consider all these factors (Oweis
et al., 1998a).

WP is a good indicator for identifying the
best irrigation-scheduling strategies with
deficit SI of cereals (Zhang and Oweis, 1999),
in analysing the water-saving performance of
irrigation systems and management practices
(Ayars et al., 1999) and to compare different
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irrigation systems, including deficit irriga-
tion. Experience from Syria showed that
applying only 50% of the SI requirement to
rain-fed wheat reduces full SI yield by less
than 15% only (Oweis et al. 2000).

Strategies for optimal deficit SI in rain-
fed areas require knowledge of rainfall
amounts and distribution, in addition to
the sensitivity to moisture stress during the
various crop growth stages. Zhang and
Oweis (1998) developed and used a qua-
dratic wheat-production function to deter-
mine the levels of irrigation water for
maximum yield and net profit. They also
determined the yields for several levels of
under-irrigation that would not reduce the
farmer’s income below that which the
farmer would earn with full irrigation and
limited water resources. For sustainable
utilization of limited water resources and
higher WP, the analysis indicates that a
sound strategy would involve maximizing
profit.

Analysis of 4 years’ data (1996-2000) of
SI with winter-sown food legumes on
ICARDA’s experimental fields, northern
Syria, has shown similar trends in water-
management options. Table 11.4 shows that,
for chickpea, the optimal water manage-
ment is to under-irrigate the crop by sup-
plying one-third of its full water
requirements. For lentil, deficit irrigation
with two-thirds of its full water require-
ment seems to be the best choice. It can be
seen that lentil and faba bean are more
responsive to irrigation than chickpea.

@ Dry matter

Rain-fed 1/3 Sl

2/3 Sl Full SI

Management option

Fig. 11.2. Water productivity of wheat as affected by the amount of supplemental irrigation in northern Syria.
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Table 11.4. Mean values of water productivity of four seasons (1996—2000) of lentil, faba bean and
chickpea under rain-fed and supplemental irrigation at Tel Hadya, Aleppo, Syria.
Water productivity (production/water (kg m~3))

Water- Grain Biomass
management
option WP, WP, ., WP, WP, WPg ., WP,
Lentil

Rain-fed 0.57 2.14

One-third SI 0.61 1.13 2.25 3.08

Two-thirds SI 0.69 1.34 2.44 3.56

Full SI 0.71 1.36 2.46 2.70
Chickpea

Rain-fed 0.61 1.52

One-third Sl 0.68 1.23 1.77 2.70

Two-thirds SI 0.68 0.75 1.53 2.20

Full SI 0.55 0.34 1.48 1.60
Faba bean

Rain-fed 0.51 1.40

One-third SI 0.58 1.16 1.40 1.80

Two-thirds SI 0.62 1.53 1.53 2.40

Full SI 0.65 0.98 1.69 1.80

WPy, rainwater productivity; WP, , |, combined rain- and irrigation-water productivity; WP,, irrigation-

water productivity.

The decision on optimal strategies under
varying conditions is a complex one, espe-
cially in rain-fed areas where year-to-year
amount and distribution vary much. For
example, it was found that sowing of rain-
fed wheat spread out over the 3 months,
November—January, substantially reduces
the peak water demand during the critical SI
period in the spring (Oweis and Hachum,
2001). This reduction is even greater when
deficit irrigation is applied. The analysis was
conducted using the simplified optimization
model mentioned above. The results
showed that a multisowing-date strategy
reduced the peak farm water-demand rate
by more than 20% thus potentially allowing
a reduction in irrigation-system capacity
and/or size. Also, the water demand of a
larger area can be met with the same water
supply. However, optimal sowing dates that
minimize farm water demand do not always
maximize total farm production and/or WP.
The outcome depends on the crop water
requirements and yield for each sowing
date. Furthermore, selection of the optimal
strategy is greatly influenced by the level of
water scarcity.

The relationship between yield and water
deficit has to be well known when planning
deficit irrigation. The existing literature on
this subject does not provide firm and ready-
to-use information and, hence, there is a great
need for research in this area. To determine
when to irrigate and how much water to
apply, suitable water-stress indicators should
be used. These indicators may refer to the
depletion of soil water, soil water potential
and plant water potential or canopy tempera-
ture. For practical reasons, the most widely
used indicators are soil water content and
soil water potential. However, the spatial
variability of the soil and irrigation depth
gives rise to highly variable soil water con-
tent and/or potential data when these are
obtained as point measurements.

There are different ways to manage deficit
irrigation. The irrigator can reduce the irriga-
tion depth, refilling only part of the root-zone
soil-water capacity, or reduce the irrigation
frequency by increasing the time interval
between successive irrigations. In surface irri-
gation, wetting furrows alternately or placing
them further apart is one way to implement
deficit irrigation.
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Cropping pattern and cultural practices

Among the management factors of the more
productive farming systems are the use of
suitable crop varieties, improved crop rota-
tion, sowing dates, crop density, soil-fertility
management, weed control, pests and dis-
eases control, water-conservation measures,
irrigation scheduling, water-quality monitor-
ing and drainage. Integration of livestock
into the farming system is important for
nutrient cycling and fertilization of the soil.
The challenge in WANA is to devise relevant
practical solutions to the very low yield and
WP in the region and implement them in the
context of both local biophysical and socio-
economic constraints.

The identification of appropriate crops
and cultivars with optimum physiology,
morphology and phenology to suit local
environmental conditions is one of the
important areas of research within cropping-
system management for improved WP. Plant
breeders aim at well-adapted cultivars with
higher yield potential, tailored to the specific
agroclimatic conditions. The breeding pro-
gramme seeks improvement of crops so that
they are tolerant to cold, drought and heat
and resistant to diseases and insects and
have vigorous early growth to reduce evapo-
ration losses from the soil surface (Zhang et
al., 1998). A seasonal shifting, i.e. develop-
ment of crop varieties that can be grown or
sown in winter (instead of spring) under a
lower evaporative demand, represents an
additional challenge for breeders aiming at
using scarce water more efficiently.
However, traits such as winter-hardiness and
disease resistance of the cultivars have to be
improved. The development of crop varieties
for early-growth vigour has been a major
concern of ICARDA’s winter-cereal breeders
for many years.

In the winter-rainfall environment of the
WANA region, despite temperature limita-
tions on growth, it pays to sow early (late
autumn) so that as much as possible of the
crop’s growth cycle is completed within the
cool, rainy winter and early spring period.
Delaying the sowing date prevents crop ger-
mination and the establishment of seedlings,
because of the rapid drop in air temperature

starting generally in November. In the low-
lands of the Mediterranean region, where
continuous cropping of pure cereal or
cereal-legume  rotations prevail, mid-
November was found to be the optimum
sowing time for cereals. Every week’s delay
after this time results in a yield decrease of
200-250 kg ha~!. If the onset of seasonal rain
is delayed, early sowing can be realized by SI.

Soil fertility is another critical factor in
WP in WANA’s agriculture. Water plays a
significant role in fertilizer-use efficiency.
Improved fertility improves WP and can
therefore stabilize production and enable
crops to exploit favourable rainfall in good
years. Given the inherent low fertility of
many dry-area soils, judicious use of fertil-
izer is particularly important. Under rain-fed
conditions, the application rate of N fertilizer
is not high. In northern Syria, 50 kg N ha™! is
sufficient under rain-fed conditions.
However, with water applied by SI, the crop
responds to nitrogen up to 100 kg N ha™!,
after which no benefit is obtained. This rate
of N greatly improves WP. It is also impor-
tant that there is adequate available phos-
phorus in the soil so that the response to N
and applied irrigation is not constrained
(Ryan, 2000). Cereal-fallow and continuous
cereal cropping are the predominant crop
rotations in WANA. The poor productivity
and deterioration of the natural-resources
base of such cropping systems are obvious.
Including legumes (for human food and/or
animal feed) in the rotation has proved to be
beneficial for sustainable crop production.
The major beneficial effect of legumes is gen-
erally attributed to their addition of fixed N
to cropping systems. However, other effects,
such as increased cereal yield, improved WP
and soil conditions and interruption of dis-
ease and pest cycles, are also important.

Among the major soil factors affecting WP
are depth, texture, structure and crusting,
salinity and fertility. Tillage (form, depth, fre-
quency and timing) and soil-surface manage-
ment play important roles in enhancing WP,
particularly in dry areas. Calcareous soils,
formed from limestone residuum, predomi-
nate in the WANA region, with variable tex-
tures, depths and slopes. Organic-matter
content is generally low.
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Most documented research on WP is on
single crops, in which the performance of
each crop is studied separately. To obtain the
optimum output of crop production per unit
input of water, the monocrop WP should be
extended to a multicrop WP in which more
than one crop is sharing the use of the unit of
input. WP of a multicrop system is usually
expressed in economic terms, such as profit
or revenue. While economic considerations
are important, they are not adequate as indi-
cators of sustainability, environmental degra-
dation and natural-resources conservation.
What may appear to be economically viable
in the short run may be disastrous in the
long run.

Good soil- and crop-management prac-
tices can considerably increase the efficiency
with which water available from precipita-
tion and irrigation can be used. Improved
WP can be achieved if the crops are well
established and adequately fertilized, weeds
are controlled and appropriate crop rotations
are used (Pala and Studer, 1999). These activ-
ities should also be considered together with
the proper management of the soil if produc-
tivity is to be sustained and resources are to
be conserved in the long term. As mentioned
before, soils of the WANA region are pre-
dominantly calcareous, frequently deficient
in phosphates, with variable depths and tex-
tures governing the maximum amount of
water that can be stored and, hence, the

effective length of the growing seasons.
Maximizing the use of water available for
crop growth is mainly done through increas-
ing the water supply to crops, increasing
their transpiration and decreasing evapora-
tion from the soil surface (Gregory, 1991).
The suggested technology packages vary
with agroecological conditions and farmers’
objectives.

Many dry-area soils are inherently low
in fertility, as was pointed out before, and
the correct application of fertilizers is there-
fore essential. Extensive work in Syria (Pala
et al., 1996) demonstrated the benefits of
appropriate fertilization for WP and there-
fore for production and yield stability,
especially of wheat and barley, in WANA.
In deficient soils, seedbed phosphate (usu-
ally together with a small dose of nitrogen)
enhances the rate of leaf expansion, tailor-
ing, root growth and phenological develop-
ment, ensuring faster ground cover and
canopy closure, and earlier completion of
the growth cycle before rising temperatures
increase the atmospheric demand (Gregory,
1991).

An example of the interaction between
fertilizer application and WP is presented in
Fig. 11.3 (Oweis, 1997). The data show that
an additional 50 kg N ha™! may double the
WP of SI. However, the optimum level of N
is site-specific and dependent on the irriga-
tion depth.
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Fig. 11.3. Water productivity of wheat as affected by the rate of nitrogen application under rain-fed and
supplemental irrigation in northern Syria (from Oweis, 1997).
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More efficient crop varieties

Among ICARDA'’s research outputs are
technologies designed to increase produc-
tivity while conserving and enhancing
the natural-resources base. Germplasm-
improvement programmes focused on
increasing the productivity of barley, durum
and bread wheat and food and forage
legumes, along with integrated pest man-
agement in cereal- and legume-based crop-
ping system. ICARDA-improved varieties
cover about 90% of spring bread wheat in
WANA, with a remarkable increase in yield
for the benefit of resource-poor farm house-
holds. This programme operates in close
partnership with national agricultural
research systems (NARS) and other sister
centres and advanced research institutions.
The application of decentralized breeding
and farmer participatory methods has
increased the efficiency of variety develop-
ment by enabling researchers to work
directly with farmers in assessing varieties
for specific adaptation.

Exploitation of the interaction of genotype
and management

The identification of crops and cultivars with
the optimum physiology, morphology and
phenology for local environmental condi-
tions and especially for the pattern of water
availability is an important area of research.
For example, the selection for improved
response to irrigation has been conducted in
lentil and chickpea (Hamdi et al., 1992).
Breeding and selection for improved WP and
the use of genotypes best adapted to specific
conditions can improve soil water use and
increase WP (Studer and Erskine, 1999).

As was mentioned before, combining
more appropriate cultivars with improved
management practices results in major
improvements in crop yield and WP. The
following two case histories illustrate this
simultaneous change in both genotype and
management, with the first involving early
sowing in the food legume chickpea and the
second describing the use of SI in wheat
production.

Early sowing of chickpea

In the Mediterranean region, rain falls pre-
dominantly in the cool winter months of
November to March. Traditionally, chick-
pea is sown in late February and early
March. From March onwards, the crop
experiences increasingly strong radiation
and a rapid rise in temperature, which
cause an increase in the rate of leaf-area
development, with consequent high evapo-
transpiration. This period of high evapora-
tive demand occurs at the end of the
rainfall period, when the residual soil mois-
ture is inadequate to meet the evaporative
demand. Therefore, the crop experiences
drought stress during the late vegetative
growth and reproductive growth and pro-
duces a low yield. Changing from the tradi-
tional spring sowing to winter sowing is
possible but only with cultivars possessing
cold tolerance and resistance to key fungal
diseases (Singh et al., 1997; Studer and
Erskine, 1999).

The average gains in seed yield from
early-sowing chickpea over three sites and
ten seasons is 70% or 690 kg ha~!, which
translates into an increase in WP of 70%
(Fig. 11.4; Erskine and Malhotra, 1997). In
30 on-farm trials comparing winter with
spring chickpea in northern Syria, the mean
benefit of winter sowing in seed yield and
WP was 31% (Pala and Mazid, 1992).
Currently, an estimated 150,000 ha of chick-
pea is winter-sown in the WANA region
(Singh and Saxena, 1996).

Improved wheat cultivars under supplemental
irrigation

The use of SI is another example of a con-
current change in both management prac-
tice and water-responsive cultivars to
increase WP. This example demonstrates
the need to combine changes in manage-
ment with the use of adapted varieties in SI
of wheat. SI requires varieties that are
adapted to or suitable for varying amounts
of water application. Appropriate varieties
need first to manifest a strong response to
limited water applications, which means
that they should have a relatively high
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Fig. 11.4. Rainwater productivity of winter- and spring-sown chickpea grains in north Syria (from Erskine

and Malhotra, 1997).

yield potential. At the same time, they
should maintain some degree of drought
resistance and hence express a good plastic-
ity. In addition, the varieties should
respond to the higher fertilization rates that
are generally required under SI (Oweis,
1997; Oweis et al., 1999) and should resist
lodging, which can occur in traditional
varieties under irrigation and fertilization.
Figure 11.5 shows the variations in the
response of two durum- and two bread-
wheat varieties to various water-manage-
ment options.

Water productivity versus land productivity

The case of wheat

In WANA, where water is more limiting than
land, the objective of irrigated agriculture
should be to maximize the return per unit of
water and not per unit of land. This should
yield higher overall production, since the
saved water can be used to irrigate new land
with higher production. Higher WP is linked
with higher yields. This parallel increase in
yields and WP, however, does not continue
all the way. At some high level of yield (pro-
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Fig. 11.5. Four-year averages of rain and supplemental irrigation water productivity for wheat varieties
grown in northern Syria (from T. Oweis 2001, unpublished data). CHAM1 and LAHN are durum.
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duction per unit of land), incremental yield
increase requires higher amounts of water.
This means that WP starts to decline as yield
per unit land increases above certain levels.
Figure 11.6 shows the relation between yield
increase and WP increase for durum wheat
under SI in Syria.

It is clear that the amount of water
required to produce the same amount of
wheat at yield levels beyond 5 t ha™! is much
higher than the water requirement at lower
levels. It would be more economical to pro-
duce only 5 t ha! and then use the saved
water to irrigate new land than to produce
maximum yield with excessive amounts of
water at low WP. This, of course, applies
only when water, and not land, is limiting
and without sufficient water to irrigate all
the available land. When the curvilinear rela-
tionship of Fig. 11.6 applies, which is not
always the case, maximum WP occurs at less
than the maximum yield level per unit area.

The association of high WP values with
high yields has important implications for
crop management for achieving efficient use
of water resources in water-scarce areas
(Oweis et al., 1998a). For example, attaining
higher yields with increased WP is only eco-

nomical when the increased gains in crop
yield are not offset by increased costs of other
inputs. The curvilinear WP-yield relationship
makes clear the importance of attaining rela-
tively high yields for efficient use of water.
Policies for maximizing yield and/or net
profit should be considered carefully before
they are applied under water-scarce condi-
tions. For example, guidelines for recommend-
ing irrigation schedules under normal water
availability (Allen ef al., 1998) may need to be
revised when applied in water-scarce areas.

The Syrian case-study

As earlier reported, research has shown that
applying only 50% of full SI requirements
(over that of rainfall) causes a yield reduc-
tion of only 10-15%. This finding, in light of
the increasing water scarcity in Syria,
encouraged ICARDA and the Extension
Department of the Ministry of Agriculture to
further test deficit SI strategies at farmers’
fields. The hypothesis was that applying 50%
of SI requirements to the whole field, while
maximizing WP, will be more beneficial to
the farmer than applying 100% of wheat irri-
gation requirements to half of the field, while
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Fig. 11.6. Relationship between crop water productivity and crop grain yield for durum wheat under
supplemental irrigation in Syria (from Zhang and Oweis, 1999). WUE, water-use efficiency.
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leaving the other half rain-fed. The demon-
strations were conducted on farmers’ fields
and managed collectively by the farmers, the
researchers and the extension officials.

The farmer-managed demonstration plots
were established over 6 years in the rain-fed
areas with annual rainfall ranging from 250
to 450 mm. Rain-fed wheat yields in this area
are generally low (less than 2 t ha™!) and
variable from one year to the next
Supplemental irrigation is practised in the
area and has shown good potential to
increase and stabilize production. However,
it was observed that farmers tended to over-
irrigate and the groundwater in the region
had been continuously depleted.

Each farmer’s land was divided into four
1 ha parts: the first was left rain-fed, the sec-
ond was irrigated in the usual manner by the
farmer, but water amounts were measured,
the third part was irrigated such that no
moisture stress occurred and the fourth part
was irrigated with 50% of the full irrigation
requirements. Water requirements were
determined using evaporation from class A
pans installed in the field, using appropriate
pan and crop coefficients. Rain was also
measured at the farm. Irrigation water was
given from wells or public canals and mea-
sured by calibrating the flow rate and deter-
mining the time needed to apply the
required amount. At the end of the season,
the crop yields were measured and other
data were collected. The farmers used
improved wheat cultivars and recommended
inputs and cultural practices at each site.

When there is not enough water to pro-
vide full irrigation for the whole farm, the
farmer has two options: to irrigate part of
the farm with full irrigation, leaving the
other part rain-fed, or to apply deficit SI to
the whole farm. Assuming that, under a
limited water resource, only 50% of the full
irrigation required by the farm would be
available, the option of deficit irrigation
was compared with other options. The
results are summarized in Table 11.5. They
show that, under the rainfall conditions pre-
vailing in Syria during the years 1994-2000,
a farmer with a 4 ha farm would, on aver-
age, produce 33% more grain from his/her
farm if he/she adopted deficit irrigation
than if full irrigation was applied. The
advantage of applying deficit irrigation
increased the benefit by over 50% compared
with that of the farmer’s usual practice of
over-irrigation. Thus, the application of
deficit SI, when water resources are limited,
could potentially double the land area
under irrigation. The results of this pro-
gramme point to the possibility of produc-
ing more food with less water.

Present Needs and Future Directions

In rain-fed areas, water-conservation mea-
sures are of primary importance. As dis-
cussed above, they include such practices as
fallow management, control of runoff and
water harvesting. Integrated with these prac-
tices are the selection or development of

Table 11.5. Wheat-grain production scenarios for 4 ha farms with various strategies of supplemental

irrigation in Syria.

Rain-fed Farmer’s Full Deficit
Management strategy (8342 mm) practice Sl Sl
Total water applied (m3) 2980 2220 1110
Grain yield (t ha™) 1.8 418 4.46 4.15
Water productivity (kg m=3) 0.53 0.70 1.06 1.85
Possible 4 ha farm production (t) 7.2 16.7 17.8 16.6
if water is not limiting
Possible 4-ha farm production (t) 7.2 10.8 12,5 16.6

under limited water (50% of full
irrigation requirement is
assumed to be available)
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high-yielding, drought-tolerant crop vari-
eties, efficient use of fertilizers, combating
pests and diseases, crop rotation and optimal
planting dates to maximize the probability of
rainfall use during critical periods of crop
growth. The collective effects of such prac-
tices are complex when integrated with rain-
fed farming systems and yet they are even
more pronounced under irrigated agricul-
ture.

Until recently, large irrigation projects
have been given high priority, while small-
scale water development for agriculture has
received inadequate attention. It becomes
evident now that small-scale irrigation,
including SI for rain-fed agriculture, and a
variety of water-harvesting techniques have
considerable potential to meet agricultural
and domestic water needs and to improve
WP. Small-scale water-development pro-
grammes can fulfil many local water needs
and have considerable global potential for
the achievement of sustainable agricultural
development. In a small-scale water-devel-
opment scheme, individual farmers or com-
munities develop and operate most project
activities. However, technical assistance is
often necessary during survey, design, con-
struction and maintenance. Such undertak-
ings can often contribute to both
development and conservation, while
enhancing local involvement in environmen-
tal management, promoting equity, improv-
ing the standard of living and thus helping
to slow or prevent migration to urban areas.

Modern irrigation technologies in devel-
oped countries are very sophisticated and
expensive. They are automated and comput-
erized, equipped with such components as
sensing devices, pressure regulators, filters
and sensors. All this is helpful because it
saves labour, which is usually expensive in
industrial countries, but irrigation technolo-
gies do not need to be so complicated and
expensive in developing countries. It is possi-
ble to simplify these technologies and adapt
them to the needs of the resource-poor farm-
ers of developing countries. Irrigation can be
made a small-scale operation for poor farm-
ers or communities, who have a need for the
most efficient irrigation system to produce
enough food for themselves and others.

The problem is how to use water more effi-
ciently, while preventing environmental dam-
age, in order to get a better return for the cost
involved in making water available and in
applying it. Applying too much water to the
land causes a host of adverse effects, such as
salinity build-up if drainage is poor, decline in
crop yield due to aeration problems and loss
of nutrients and energy and water wastage.
We should remember that salinization was a
major factor in the failure of past civilizations
in many parts of the world.

Major Research Issues in Water-scarce
Areas

There is no doubt that improving the pro-
ductivity of water in dry areas will continue
to be a priority. Efforts to direct new research
and the transfer of available technologies to
overcome water shortages are very much
needed. Coordination of these efforts within
an agreed-upon framework may enhance
their impact. Elements of the research and
technology framework would include:

1. The development of alternative land-use
systems and cropping patterns for improved
water use that are economically competitive
and that respond to changing markets and
demands in various agroecologies and socio-
economic situations.

2. The development and transfer of alterna-
tive irrigation technologies with high water
productivity and suitable for irrigation in
these alternative land-use systems.

3. Developing new guidelines for irrigation
scheduling under water-scarce conditions.
Conventional guidelines are suitable only
under normal water supply.

4. Developing methodologies for the assess-
ment of water use at basin level of represen-
tative areas for evaluating the amounts of
depleted and recoverable water and the eco-
nomic returns.

5. Improving crop materials (germplasm) for
higher WP in addition to the conventional
target of high yield.

6. Evaluating the environmental conse-
quences of conservative management of scarce
water and ways to mitigate adverse effects.
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7. Maintaining a balance between water 8. Providing socio-economic incentives for
allocation for food and for the environment improved water management at the farm level
under dry conditions. and development of appropriate policies.
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Abstract

Rainwater is the main source of water for agriculture but its current use efficiency for crop production
ranges between only 30 and 45%. Annually, 300-800 mm of seasonal rainfall are not used productively,
as the rainfall becomes surface runoff or deep drainage. The International Crops Research Institute for
the Semi-Arid Tropics (ICRISAT)’s long experience, in partnership with national agricultural research
systems, in integrated watershed management has clearly demonstrated that areas with good soils in
the semi-arid tropics (SAT) in Asia can support double-cropping, while surplus rainwater could
recharge the groundwater. In the integrated watershed approach, the emphasis is on in situ conserva-
tion of rainwater at farm level, with the excess water being taken out of the fields safely through com-
munity drainage channels and stored in suitable low-cost structures. The stored water is used as
surface irrigation or for recharging groundwater. Following conservation of the rainwater, its efficient
use is achieved through choosing appropriate crops, improved varieties, cropping systems and nutri-
ent and pest-management options for increasing productivity and conserving natural resources. Long-
term, on-station watershed experiments have demonstrated that Vertisols with a rainfall of 800 mm
have the capacity to feed 18 persons ha™! (4.7 t of food grains ha™!) compared with their current pro-
ductivity of 0.9 t ha~! supporting four persons ha™!. This increased productivity can be achieved if the
productivity of rainwater is doubled (from 30% to 67%) and the soil loss is reduced by 75% compared
with the loss under traditional methods of cultivation. By adopting such a holistic approach to the
management of rainwater in partnership with the communities, crop productivity in the watersheds is
substantially increased (up to 250%), groundwater levels improved and soil loss minimized. Results
from such on-farm integrated watersheds are discussed. Conditions for success in the improved man-
agement of rainwater are: community participation, capacity building at local level through appropri-
ate technical guidance and the use of new scientific tools to manage the watersheds efficiently. To
sustain agricultural productivity in the SAT, this holistic approach of watershed management needs to
be scaled up through appropriate policy and institutional support and its on-site and off-site impacts
need to be studied.

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) 199
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Introduction

Water is the primary constraint in the semi-
arid tropics (SAT) and its scarcity con-
founds the sustainability of agriculture in
the SAT. If not managed properly, water
adversely affects crop productivity and
causes land degradation through runoff and
associated soil loss. The SAT cover parts of
55 developing countries; they are the home
of over 1.4 billion people, of whom 550 mil-
lion are below the poverty line. Seventy per
cent of all the poor people live in rural
areas, where the key occupation is agricul-
ture. The SAT are characterized by high
water demand, with a mean annual temper-
ature greater than 18°C. Rainfall exceeds
evapotranspiration for only 2—4.5 months in
the dry SAT and for 4.5-7 months in the
wet—dry SAT (Troll, 1965). The coefficient of
variation of annual rainfall ranges between
20 and 30% in these dry regions.

The rising demand for water for non-
agricultural uses is proportionally reducing
the water availability for agriculture. Thus
efficient management of rainwater through
water harvesting and improved water-use
technologies helps increase productivity,
reduces poverty and maintains the natural-
resources base in the SAT.

Watershed as a Unit for Efficient
Management

The watershed is a logical unit for the efficient
management of rainwater in the dry regions.
Along with water, other natural resources,
such as soil, vegetation and biota, can also be
managed efficiently by adopting an inte-
grated watershed-management approach.

Based on impressive successes, with on-
station watersheds using new technologies
for double-cropping on Vertisols, researchers
expected that this approach could be ‘trans-
ferred’ to farmers’ fields, thereby enhancing
the productivity of rain-fed systems. The
whole process evolved around the ‘demon-
stration” of the technology package and of its
possible benefits under farmers’ conditions.
The two basic assumptions were that:

® All Vertisols faced the same degree of
waterlogging, which could be alleviated
by the adoption of broad bed and furrow
(BBF).

® Farmers would adopt the technology
once its benefits were demonstrated to the
farmers under their specific conditions.

The Tadannapally village, Medak district
in Andhra Pradesh, India, served as a test
area for on-farm watershed trials by scien-
tists of the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT)
in collaboration with Andhra Pradesh
Agricultural Department officials. The
Vertisol technology package was demon-
strated in the village watershed. It included
land smoothing, drain construction, the
introduction of the BBF system, use of a
bullock-drawn Tropicultor, summer cultiva-
tions, dry seeding and the use of appropri-
ate nutrient and pest-management options
along with improved high-yielding crop
varieties. Yields in the improved watershed
were compared with those in the traditional
farmers’ system. The trials performed dur-
ing 1981/82 confirmed that on-farm yields
could be similar to those from operational
research watersheds. Of the latter, the
improved productivity system with a
sorghum + pigeonpea intercrop produced
higher grain yields (1.9 t ha™!) and net
returns of Rs 3838 ha™! year ! compared
with those from the traditional farmers’
fields, which recorded 0.55 t ha™! of grain
yield and net returns of Rs 1234 ha™!
year~!. Similar on-farm evaluations were
done at several locations in Maharashtra,
Gujarat, Madhya Pradesh, Karnataka and
Andhra Pradesh.

However, subsequent evaluation of these
watersheds after 15 years revealed that, in
most of them, the farmers went back to their
normal practices and that only selected prac-
tices were continued. As part of the water-
shed evaluation exercise, hundreds of
farmers were interviewed and a multidisci-
plinary team of scientists analysed the
process, farmers’ interviews and possible
reasons for the low adoption of the technol-

ogy package.
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Lessons Learned

Many lessons were learned from these stud-
ies, which need to be carefully applied in
order to sustain the existing agricultural pro-
duction systems in the SAT. Joshi et al. (1999)
list the following:

® Components of Vertisol watershed tech-
nology, such as placement of seeds and
fertilizers, improved varieties, use of fer-
tilizers and summer cultivation, were
already known and widely adopted by
the farmers. However, their adoption
increased after demonstration on the
farmers’ fields.

® The technology was found to be biased
towards large farmers.

The whole technology package was not
adopted by the farmers, but different compo-
nents were. Several constraints affected the
adoption of technology and higher adoption
rates were observed in assured high-rainfall
Vertisol areas.

ICRISAT's scientists have articulated the
following additional lessons learned from
years of working with watershed technolo-
gies (Wani et al., 2001):

® Efficient technical options are needed to
manage natural resources for sustaining
systems.

® Mere on-farm demonstration of technolo-
gies by the scientists does not guarantee
their adoption by the farmers.

® The contractual mode of farmers’ partici-
pation adopted during Vertisol technol-
ogy evaluation did not achieve the
expected results. There is a need to have a
higher degree of farmers’ participation
through a consultative to cooperative
mode, from the planning stage up to the
evaluation stage.

® Appropriate technology applications to
address region-specific constraints need
to be identified and simple broad recom-
mendations do not help, e.g. Vertisols
and BBFE.

® Developmental projects lacked technical
support so technical guidance is essen-
tial. No single organization can provide
answers to all the problems in a water-

shed; thus, a consortium of organizations
is needed for technical guidance.

® The process of partnership selection for
each watershed has to be undertaken care-
fully and a generalized formula-based
selection does not guarantee success.

® Technical change is intimately bound up
with the broader institutional context of
the watershed and the role of institutions
and different players varies from location
to location.

® Individual farmers should first realize
tangible economic profits from the water-
sheds; it is only then that they come for-
ward to participate in community-based
activities in the watershed.

® A holistic-systems approach through the
convergence of different activities is
needed and it should improve farmers’
livelihoods and not merely conserve soil
and water in the watershed.

® Technological packages as such are not
adopted and farmers adopted specific
components that they found beneficial.

® There is no beginning or end to water-
shed inventions, and capacity building is
critical for all the stakeholders. It is a con-
tinuous learning process.

e Women and youth groups play an
important role in decision-making in the
families.

New Integrated Watershed-management
Model for Efficient Management of
Natural Resources

A new model for efficient management of
natural resources in the SAT has emerged
from the lessons learned from extensive
watershed-based research. The important
components of the new integrated water-
shed-management model are as follows:

® The farmers’ participatory approach
through the cooperation model and not
through the contractual model.

® The use of new science tools for manage-
ment and monitoring of watersheds.

® Linking of on-station and on-farm water-
sheds.
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® A holistic system’s approach to improve
livelihoods of people and not merely con-
servation of soil and water.

® A consortium of institutions for technical
guidance on the on-farm watersheds.

® A microwatershed within the watershed,
where farmers conduct strategic research
with technical guidance from the scientists.
Minimize free supply of inputs for under-
taking the evaluation of technologies.

® Low-cost soil- and water-conservation
measures and structures.

® The amalgamation of traditional knowl-
edge and new knowledge for efficient
management of natural resources.

® Emphasis on individual farmer-based
conservation measures for increasing pro-
ductivity of individual farms along with
community-based soil- and water-conser-
vation measures.

® Continuous monitoring and evaluation
by the stakeholders.

® Empowerment of the community of indi-
viduals and strengthening of village insti-
tutions for managing natural watersheds.

Since 1999, using the new integrated
water-management model, we have initiated
new on-farm benchmark watersheds in
India, Thailand and Vietnam. Five on-farm
and three on-station watersheds in different
agroecological, socio-economic and techno-
logical situations have been selected and
work is ongoing in India, Thailand and
Vietnam. As a case study, one on-farm water-
shed, the Adarsha watershed at Kothapally,
Ranga Reddy district, in Andhra Pradesh,
India, is described here. In addition, as illus-
trations of specific components of the new
model, examples from other benchmark
watersheds are also presented.

Use of New Science Tools for Managing
and Monitoring Watersheds

Water budgeting using simulation models

For prioritization and selection of target
regions for watershed development, first-order
water budgeting using a geographic informa-
tion system (GIS)-linked water-balance model
is employed. Such a simulation model, used

with monthly rainfall and soil data, generates
output that can be used effectively to priori-
tize the regions and strategies for improved
management of rainwater (Fig. 12.1). Once
the target region is selected, then, for selection
of appropriate benchmark sites, second-order
water-budgeting studies using simulation
models are applied For selected sites in the
SAT of India, the WATBAL model (Keig and
McAlpine, 1974) and weekly rainfall data of
the past 30 years allowed the analysis of vari-
ous soil-water availability and runoff (water
surplus) scenarios. This is shown in Fig. 12.2
for four sites. High-rainfall locations selected
were Bhopal, Nagpur, Indore and Adilabad,
with annual rainfall ranging from 1000 to
1200 mm. The soils have a high water-holding
capacity (= 200 mm). For these locations, the
mean water surplus ranged from 270 to
508 mm during the season. Water surplus in
70% of the years (at the 30th percentile)
ranged from > 130 to > 270 mm across loca-
tions. In 50% of the years it was > 230 to >
475 mm, indicating a tremendous opportunity
to harvest rainfall in surface ponds or to
recharge the groundwater.

At the medium rainfall (> 700 mm) loca-
tions, such as Hyderabad, Solapur,
Aurangabad and Bangalore, the mean water
surplus ranged from 66 to 187 mm annually.
The soils in this region are Alfisols, Vertic
Inceptisols and Vertisols, ranging in water-
holding capacity from 100 to 200 mm in the
root zone. Considering the depth of the
soils at Hyderabad and Solapur, the oppor-
tunity for water harvesting exists for 50% of
the years or less. However, on low water-
holding capacity soils, such as Alfisols, it
will be possible to harvest water in at least
70% of the years. At Aurangabad and
Bangalore, the opportunities for water har-
vesting are greater, as the soils are shal-
lower and of lower water-holding capacity.
This analysis of the water balance indicates
the opportunities for water harvesting and
improved water management in different
regions of the SAT, India, which would raise
crop production from the existing low lev-
els. It also provides information for select-
ing appropriate technologies, such as water
harvesting or in situ water-conservation
methods, which would be cost-effective and
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Fig. 12.1. Excess water available for harvesting as runoff in the states of the semi-arid tropics, India

(June—October).

more impact-oriented about representative
benchmark sites in the target ecoregion.

The CERES family of models has proved
to be effective in simulating the water bal-
ance of soils with vertical drainage, which is
often an unrealistic assumption. Runoff pro-
duced by such models is only from a point in
space and no account is taken of water accu-
mulation over space and time. In partnership
with the Michigan State University (MSU),
USA, through a US linkage grant to ICRISAT
and with funding support from the Asian
Development Bank, we have attempted to

integrate the topographic features of the
watershed in the hydrological models. The
automation of terrain analysis and the use of
digital elevation models (DEMs) have made
it possible to quantify the topographic attrib-
utes of the landscape for hydrological mod-
els. These topographic models, commonly
called digital terrain models (DTMs), parti-
tion the landscape into a series of intercon-
nected elements, based on the topographic
characteristics of the landscape, and are usu-
ally coupled to a mechanistic soil-water-
balance model. The partitioning between
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Fig. 12.2. Rainfall (RF) and pan-evaporation (PE) analysis for selected sites in the SAT, India.
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vertical and lateral movement at a field-scale
level helps to predict the complete soil-water
balance and consequently the available
water for the plants over space and time.

The data generated in the Black Watershed
(BW) 7 on-station watershed at ICRISAT was
used for validating the model developed at
MSU. This partnership research led to the
development of SALUS-TERRAE, a DTM for
predicting the spatial and temporal variability
of soil-water-balances. A regular grid DEM
provided the elevation data for SALUS-TER-
RAE. We have successfully applied the
SALUS-TERRAE, which has a functional spa-
tial soil-water balance model, at a field scale
to simulate the spatial soil-water-balance and
identify how the terrain affects the water rout-
ing across the landscape. The model provided
excellent results when compared with the
field-measured soil-water content.

Feasibility studies for providing harvested
water for crop production
For the Akola region, the simulated probabili-
ties of getting 40, 60, 80 and 100 mm of water
for supplemental irrigation from the runoff-

harvesting structure are shown in Fig. 12.3.
The probabilities of getting water for irrigation

100 -

80

60 -

40

Probability (%)

20 A

from the tank are high for most of the growing
season. However, the high probability of get-
ting 100 mm of irrigation water was limited to
only 3 months, namely September, October
and November. High runoff and low seepage
loss are the main reasons for adequate avail-
ability of water in a harvesting structure. The
10 years of mean cumulative water-outflow
data from the runoff-harvesting structure indi-
cate that the structure could be enlarged, since
approximately 2200 m® runoff water over-
flows from the structure every year. Overall,
the analysis indicates a good prospect of
runoff-water harvesting in the Akola region.

Crop simulation models for identifying the
constraints and yield-gap analysis

We have validated the Decision Support
System for Agricultural Technology (DSSAT)
model for CROPGRO soybean and CROP-
GRO chickpea using the data sets generated
from an on-station watershed at Patancheru.
The validated models were used for estimat-
ing the potential soybean—chickpea system’s
yields in the target ecoregion, using the his-
torical weather data for estimating the yield
gaps. The soybean model and weather
records of the past 22 years from Patancheru
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Fig. 12.3. Probabilities of obtaining 40, 60, 80 and 100 mm of water for irrigation from a tank at Akola

(based on 10 years’ simulated data).
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were successfully used to evaluate the effect
of soil depth on soybean yields. From the
non-linear  yield-soil-depth  relationship
obtained, it was observed that at Patancheru
— even during a normal rainfall year — soy-
bean cannot be grown in a soil with a depth
of less than 37.5cm. The analysis also
revealed that, in 70% of the years, the soy-
bean—chickpea system’s yield at Patancheru
could be 3.5 t ha™! on medium-depth soil and
3.0 t ha™! on shallow-depth soil (< 50 cm).
Crop simulation models, using a scenario
analysis for yield-gap and constraint identifi-
cation, simulate the crop yields in a given cli-
mate and soil environment. ICRISAT
researchers have adopted DSSAT version 3.0,
a soybean crop-growth model, to simulate the
potential soybean yield in Vertisols at different
benchmark locations (Tsuji et al., 1994). The
mean simulated yield was compared with the
mean observed yield of the last 5 years to cal-
culate the yield gap. The results (shown in
Table 12.1) indicate that there is a considerable
potential to bridge the yield gap between the
actual and potential yield through the adop-
tion of improved resource-management tech-

nologies. Such a scenario analysis helps the
researchers to identify the high-potential areas
where large yield gaps exist and considerable
gains in productivity can be achieved.

Economic evaluation of tank irrigation
systems

The economic evaluation of tank irrigation
for high-rainfall Vertisol areas has been car-
ried out using a simulation model (Pandey,
1986). The model consisted of several com-
ponent modules for rainfall, runoff, soil
moisture and yield response to irrigation and
tank-water balance. Simulations were run for
three different seepage rates, namely, 0, 10,
20 mm day~!, for a test site on a Vertisol in
central India (Madhya Pradesh). Results
obtained from the simulation indicate that,
as the seepage rate increases, the optimal
tank size also increases, while the optimal
size of the command area and other factors,
such as runoff volume and availability of
irrigable land, become constraints. It was
found that tanks are quite attractive for the

Table 12.1. Simulated soybean yields and yield gap for selected locations in India.

Simulated yields

Mean Mean (tha~1) Mean Yield
sowing harvest observed gap
Location date date Mean SD yield@ (tha=') (tha™")
Primary zone
Raisen 22 June 11 Oct. 3.05 1.28 - -
Betul 19 June 8 Oct. 2.37 0.64 0.86 1.51
Guna 30 June 14 Oct. 1.69 1.96 0.84 0.85
Bhopal 16 June 8 Oct. 2.31 0.61 1.00 1.31
Indore 22 June 10 Oct. 2.30 0.98 1.12 1.18
Kota 3 July 16 Oct. 1.24 0.98 1.01 0.23
Wardha 17 June 6 Oct. 3.00 0.65 1.04 1.95
Secondary zone
Jabalpur 23 June 11 Oct. 2.24 0.48 0.90 1.35
Amaravathi 18 June 8 Oct. 1.62 0.74 0.94 0.68
Belgaum 17 June 30 Sept. 1.99 0.66 0.57 1.42
Tertiary zone
Hyderabad 20 June 5 Oct. 2.70 0.69 - -
(shallow soil)
Hyderabad 20 June 5 Oct. 2.66 0.70 - -

(medium-deep soil)

aMean of reported yields of last 5 years.
sp, standard deviation.
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soybean-wheat cropping pattern, the most
common in the region, even at seepage rates
as high as 20 mm day~'. With the soybean +
pigeonpea intercrop, the tank is profitable at
seepage rates of less than 10 mm day !

Linking On-station Strategic Research
with On-farm Watersheds

The operational-scale watersheds at ICRISAT,
used since 1976 and aimed at increasing pro-
ductivity and improving soil quality through
an integrated watershed approach, were a
logical choice to study rainwater harvesting
for increased productivity and groundwater
recharge. The technology package developed
by ICRISAT for enhancing productivity on
Vertisols consists of summer cultivation, BBF
for draining excess rainwater safely out of the
field, dry planting, grassed waterways, use of
an improved bullock-drawn Tropicultor for
field operations, improved stress-tolerant
crop varieties and appropriate nutrient and
pest-management options. This package has
shown promising results.

Improved vs. conventional systems — Vertisol
watershed

In an improved system with all the options
mentioned above, the average productivity
was 4.7 t ha™!, which indicates a carrying
capacity of 18 persons ha™! year™!, whereas
the traditional system with farmer-adopted
practices yielded only about 0.9 t ha™! and
had a carrying capacity of only four persons
ha! year ! (Fig. 12.4). Along with this
higher productivity, the improved system
could also sequester more carbon (0.335 t
ha~! year™!) and improve soil quality (Wani
et al., 2000). Most importantly, in the
improved system, 67% of the rainfall was
used by the crops, while 14% of the rainfall
was lost as runoff and 19% as evaporation
and deep percolation. In the traditional sys-
tem, only 30% of the total rainfall was used
by the crops, while 25% was lost as runoff
and 45% as soil evaporation and deep per-
colation. The soil loss in the improved sys-
tem was only 1.5 t ha™!, compared with the
traditional system, where the soil loss was
6.4tha 1.

7
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Fig. 12.4. Three-year moving average of grain yield under improved (A) and traditional (B) technologies on

a Vertisol watershed at ICRISAT (1977-2001).
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Increased productivity — Vertic Inceptisol
watershed

At ICRISAT, Patancheru, crop productivity
and resource use were studied for a soy-
bean—chickpea sequential and soybean +
pigeonpea intercrop systems on two land-
forms (BBF and flat) and with two soil depths
(shallow and medium-deep) at a watershed
scale on a Vertic Inceptisol. The results show
that, during 1995-2000, the improved BBF
system recorded on average 0.1 t ha™! more
grain yield than the flat land-form. During
2000/01, when recorded rainfall was 958 mm
(31% above normal rainfall), the BBF system
yielded 500 kg more grains in the
soybean—chickpea sequential system than in
the flat land-form treatment. Similarly, an
increased crop yield of 2.9 t ha™! of soybean
intercropped with pigeonpea on BBF was
recorded compared with 2.63 t ha™! in the flat
land-form treatment. The total runoff was
higher in the flat land system (23% of the sea-
sonal rainfall) than on the improved system
(15% of the seasonal rainfall). The BBF had
more deep drainage than the flat land system,
especially for the shallow soil. The runoff fig-
ure in the flat land system (190 mm), with a
peak runoff rate of 0.096 m?® s™! ha™!, com-
pared unfavourably with the BBF system,
which had a lower runoff (150 mm) and a
lower peak runoff rate (0.086 m® s~! ha™").
Hence, the BBF system was useful in decreas-
ing runoff and increasing rainfall infiltration.
The soil loss in the flat land system was 2.2 t
ha~! versus 1.2 t ha™! in the BBF system.

These studies clearly demonstrate the
potential of Vertisols and Vertic Inceptisols
with 800 mm of annual average rainfall at
the watershed level. They also show that
similar high yields could probably be
achieved at the field scale if the same
approach is followed.

Response of crops to supplemental irrigation

Once the rainwater has been harvested, it
needs to be used efficiently to increase the
system’s productivity. The option to use the
harvested rainwater for supplemental irriga-
tion during a stress period was evaluated at
ICRISAT and other research stations in India.

Benefits of supplemental irrigation in
terms of increasing and stabilizing crop pro-
duction have been impressive even in
dependable rainfall areas of both Alfisols and
Vertisols (El-Swaify et al., 1985; Vijayalakshmi,
1987; Pathak and Laryea, 1991; Oswal, 1994;
Singh et al., 1998). As shown in Table 12.2,
good yield responses to supplemental irriga-
tion were obtained on Alfisols in both rainy
and post-rainy seasons. The average irrigation
water productivity (WP) (ratio of increase in
yield to depth of irrigation water applied)
varied with the crop, e.g. for sorghum it was
149 kg ha ! mm™! and for pear]l millet it
ranged from 88 to 102 kg ha™! mm™.
Tomatoes responded very well to supplemen-
tal water application, with an average WP of
186.3 kg ha™! mm™!. In the sorghum +
pigeonpea intercrop, two irrigation turns of
40 mm each gave an additional gross return
of Rs 3950 ha~!. The largest additional gross
return from the supplemental irrigation was
obtained by growing tomato (Rs 13,870 ha™1).

On Vertisols, the average additional gross
returns due to supplemental irrigation were
about Rs 830 ha~! for safflower, Rs 2400 ha!
for chickpea and Rs 3720 ha™! for chilli. The
average WP was largest for chickpea, with
5.6 kg ha™! mm™!, followed by chilli, with
5.3 kg ha™! mm™!, and safflower, with 2.1 kg

ha Tmm™.

Farmers’ Participatory Approach:
Selection of Watershed, Prioritization
and Execution of Works

The adoption of integrated watershed man-
agement on farm is possible through com-
munity initiatives and strength of local
participation. People’s participation in plan-
ning, developing and executing the water-
shed activities is indispensable.

ICRISAT, Drought Prone Area Project
(DPAP) officials, non-governmental organiza-
tions (NGOs) and farmers formed a consor-
tium and visited three priority villages in the
targeted Ranga Reddy district in Andhra
Pradesh. The consortium partners jointly
selected the Kothapally watershed as the par-
ticipatory on-farm watershed, as the village
did not have a single tank for community use.
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Table 12.2. Grain-yield response (t ha~") of cropping systems to supplemental irrigation on an Alfisol
watershed, ICRISAT Centre.
Increase Two irrigation Increase Combined
One irrigation  due to WAE? turns of due to WAE? WAE
turn of 40 mm irrigation (kg ha=' mm~') 40 mmeach irrigation (kgha=!'mm=') (kgha ! mm™1)
Intercropping system
Pearl millet Pigeonpea
2.353 0.403 10 1.197 0.423 5.3 6.8
Sorghum Pigeonpea
3.155 0.595 14.9 1.22 0.535 6.7 9.4
Sequential cropping system
Pearl millet Cowpea
2.577 0.407 10.2 0.735 0.425 5.3 6.9
Pearl millet Tomato
2.215 0.35 8.8 26.25 14.9 186.3 127.1

aWater application efficiency (WAE) = Increase in yield due to water application.

Depth of irrigation

The maximum area was cultivated with rain-
fed crops and the yields were low (1-1.5 t
ha1!). Moreover, during the initial visit and
subsequent reconnaissance surveys, farmers
showed a keen interest in participation in the
watershed programme. The Gram Sabha (a
general meeting of all the villagers) ratified the
decision to select the watershed and agreed to
take an active part in the watershed pro-
grammes. Subsequently, villagers’ committees,
self-help groups and user groups did all the
planning and execution of the various water-
shed works.

Microwatershed Development as an
Island for Testing Technology, Evaluation
and Monitoring

Within a watershed of 470 ha, a microwater-
shed of 30 ha was delineated and developed,
and subsequently the impact of watershed
development on runoff, soil loss and nutrient
losses was monitored. Both developed and
undeveloped microwatersheds were fully
instrumented with automatic runoff-record-
ing and sediment-loss-gauging stations. In
addition, rain gauges were fixed across the
watershed to measure the rainfall variation in

the watershed. In the microwatershed, farm-
ers conducted simple trials to compare
improved crop varieties, land-form treat-

ments, balanced-nutrient schedules, inte-
grated  pest-management (IPM) and
integrated  nutrient-management  (INM)

options, etc. Farmers were given technical
support but no inputs were provided free of
cost for evaluating the technologies. The type
of tests farmers conducted included compar-
ing improved land-form treatments, such as
BBF and contour planting, using an improved
bullock-drawn Tropicultor versus the normal
practice of sowing crops with the traditional
wooden plough. Other trials involved fertil-
ization and the various improved crop-man-
agement options mentioned above. Field
experimentation by the farmers did not
remain confined to the microwatershed, as a
large number of farmers conducted trials
throughout the watershed.

Increased productivities with improved
management practices at Adarsha watershed,
Kothapally

At Kothapally, farmers evaluated improved
management practices, such as sowing on a
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BBF land-form, flat sowing on contour, fertil-
izer application, nutrient-management treat-
ment along with Rhizobium or Azospirillum sp.
inoculations and using an improved bullock-
drawn Tropicultor for sowing and intercultural
operations. Farmers obtained a twofold
increase in yield in 1999 (33 t ha™!) and a
threefold increase in 2000 (4.2 t ha™1), as com-
pared with the yields of sole maize (1.5 t ha™!)
in 1998 (Table 12.3). Intercropped maize with
improved practice in pigeonpea gave a four-
fold maize yield (2.7 t ha™!) compared with
yields on traditional farmers’ fields of 0.7 t
ha™!. In the case of sole sorghum, the
improved practices increased yields threefold
within 1 year. In 1999/2000, farmers achieved
the highest systems productivity, total income
and profit from improved maize-pigeonpea
and improved sorghum-—pigeonpea intercrop-

ping systems (Table 12.4). Moreover, the
cost—benefit ratio of the improved systems was
more (3.5 times) than the traditional cotton-
based systems (Wani, 2000). In 2000/01, sev-
eral farmers evaluated BBF and flat land-form
treatments for shallow and medium-depth
black soils using different crop combinations.
On average, farmers harvested 250 kg more
pigeonpea and 50 kg more maize per hectare
using BBF on medium-depth soils than with
the flat land-form treatment. Furthermore,
even with the flat land-form treatment, farmers
harvested 3.6 t of maize and pigeonpea using
the improved management options compared
with 1.72 t of maize and pigeonpea grains
using the normal cultivation practices (Table
12.5). Farmers with shallow soils and with
other cropping systems reported similar bene-
fits from the improved BBF land-form and

Table 12.3. Average crop yields from on-farm evaluation of improved
technologies in Adarsha watershed, Kothapally, 1998, 1999 and 2000.

Yield (t ha™")
1998
Crop baseline 1999 2000
Sole maize 1.50 3.25 3.75
Intercropped maize - 2.70 2.79
(farmers’ practice) 0.70 1.60
Intercropped pigeonpea 0.19 0.64 0.94
(farmers’ practice) 0.20 0.18
Sole sorghum 1.07 3.05 3.17
Intercropped sorghum - 1.77 1.94

Table 12.4. Total productivity, cost of cultivation for different crops at Kothapally watershed during crop

season 1999/2000.

Total Cost of Total

Cropping productivity cultivation income Profit Cost: benefit

systems (tha™") (Rs ha™") (Rs ha™") (Rs ha™") ratio

Maize/pigeonpea 3.3 5,900 20,500 14,600 1:3
(improved)

Sorghum/pigeonpea 1.57 6,000 15,100 9,100 1:2
(improved)

Cotton 0.9 13,250 20,000 6,750 1:1
(traditional)

Sorghum/pigeonpea 0.9 4,900 10,700 5,800 1:2
(traditional)

Green gram 0.6 4,700 9,000 4,300 1:2

(traditional)
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Table 12.5. Productivities in different on-farm trails at Kothapally during 2000/01.

Yield (t ha=1) Total systems
productivity
System Soils Land-form (1) @) 1+2)
Maize/PP Shallow BBF 1.75 0.38 2.13
Maize/PP Shallow Flat 1.68 0.29 1.97
Maize/PP Medium BBF 2.83 1.07 3.90
Maize/PP Medium Flat 2.78 0.82 3.60
Sorghum Medium BBF 3.00 - 3.00
Maize/PP (Local farmers’ practice) 1.49 0.22 1.71
Sorghum/PP (Local farmers’ practice) 0.47 0.11 0.59
Sorghum (Local farmers’ practice) 1.01 - 1.01

1. Main crop (maize or sorghum).
2. Component crop (pigeonpea (PP)).

other management improvements. In this area,
rainfall during 1999 was 559 mm, which was
30% below normal rainfall, and in 2000 the
rainfall was 958 mm, 31% above normal. In
spite of this variation in rainfall (Tables 12.3
-12.5), productivity of the crops continued to
show a marked increase during these years.

Nutrient-budgeting approach — boron and
sulphur amendments

At the Lalatora watershed, a detailed charac-
terization of soils revealed that they are defi-
cient in boron (B) and sulphur (S), while both
these nutrients are critical for optimizing pro-
ductivity of soybean-based systems. Farmers
were made aware of the results and some
farmers came forward to evaluate the
response of B and S application in their fields
along with the improved management
options. Farmers applied 10 kg of borax (1 kg
B) and 200 kg ha™! of gypsum (30 kg S). The
treatments studied were: best-bet (control)

treatment, B application, S application and B
+ S application. In 2000, all the farmers
reported significant differences in soybean
plant growth with B, S and B + S treatments
over the control treatment. Soybean yields
increased by 19-25% percent over the best-bet
control treatment (Table 12.6). In 2000, soy-
bean yields in the control were 1.52 t ha™! -
that is, 18% more than the 1999 best-bet treat-
ment yields of 1.28 t ha™!. The results indicate
that B and S amendments not only increase
soybean yields over the best-bet treatment but
also benefited the subsequent wheat crop
without further application of B and S. This
residual benefit of B and S amendments for
the subsequent wheat crop were to the tune of
31 to 40.6% over the best-bet treatment. The
system’s productivity when soybean was fol-
lowed by wheat increased by 27-34% over the
best-bet treatment. The farmers were so much
impressed with their experimentation that for
the 2001 season they indented B and S for
their use well in advance on cost basis
through the NGO the Bharatiya Agro

Table 12.6. Soybean yields with boron, sulphur and boron + sulphur treatments.

Grain yield (t ha=")

Treatment Soybean Wheat Soybean—wheat system
Boron 1.87 (23.2)2 3.74 (40.6) 5.61 (34.2)
Sulphur 1.81 (19.1) 3.5(31.9) 5.31 (27.0)
Boron + sulphur 1.91 (25.6) 3.57 (34.2) 5.48 (31.1)
Control (best-bet treatment) 1.52 2.66 4.18

aValues in parentheses are percentage increases over control (best-bet treatment).
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Industries Foundation (BAIF). Noting the
results of these farmers’ experiments in the
Lalatora subwatershed, farmers in other sub-
watersheds of the Milli watershed also volun-
teered to conduct these experiments in their
fields during the 2001 rainy season.

Consortium Approach for Technical
Guidance

A consortium of various institutes and orga-
nizations, as shown in Fig. 12.5, provides
technical support for each on-farm bench-
mark watershed.

Empowering the Stakeholders through
Training

Farmers were exposed to new methods and
technologies  for  managing  natural
resources through training and field visits
to on-station and on-farm watersheds.
Farmers and landless families were trained
and encouraged to undertake income-gen-
erating activities in the watershed, which
can be of help in sustaining its productivity.

The training sessions for farmers included
training in on-farm operating implements
and IPM and INM options. Other key
agents of change, such as watershed com-
mittee members and agricultural and exten-
sion officials, were also trained at ICRISAT
on different aspects of integrated watershed
management. Special efforts were made to
educate and increase the awareness of
women farmers regarding new manage-
ment options, as women play a key role in
the adoption of a new technology. Many
women were trained in vermicomposting
technology at Kothapally. Educated youth
were trained in skilled activities such as
nuclear polyhedrosis virus (NPV) produc-
tion and vermicomposting, which provided
them with a source of income.

Continuous Monitoring and Evaluation

To know the impact of watershed manage-
ment, continuous monitoring and impact
assessment were done in respect of various
determinants. Where relevant, examples of
initial results of the monitoring exercise are
inserted between square brackets.

Consortium Approach

Increased
productivity
incomes

e Improved
livelihoods

]
e pe ¢/CRISAT, ﬁjt‘“

N End)

AP Govt Depts

=

Fig. 12.5. A consortium of various institutions and organisations that provide technical support to each on-
farm benchmark watershed. FTCs, farmers’ training centres; KVKs, Krishi Vigyan Kendras (farm science
centres); CRIDA, Central Research Institute for Dryland Agriculture; NGOs, non-governmental
organizations; ANGRAU, Acharya NG Ranga Agricultural University; AP, Andhra Pradesh.
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® Weather: an automatic weather station is

installed to continuously monitor the
weather parameters.

Groundwater: open wells in the water-
shed are georeferenced and regular moni-
toring of water levels is carried out.
[Hydrological investigations of the exist-
ing wells in the watershed indicated a rise
in groundwater levels (5-6 m) at
Kothapally (Fig. 12.6).]

Runoff, soil and nutrient loss: these are
monitored using automatic water-level
recorders and sediment samplers. [Run-
off as a ratio of the seasonal rainfall was
observed to be 7% in the undeveloped
watershed and 0.6% in a developed
watershed, where soil- and water-con-
servation measures, such as gully plug-
ging and bunding, had been adopted.]
Pest monitoring: pheromone traps were
installed to monitor Helicoverpa popula-
tions and, where appropriate, pest-con-

—
&

trol measures through IPM options have
been started.

® Crop productivity: yields are recorded for

each crop every year. [Data were analysed
in terms of net income and the results
from 1999-2001 were described in the pre-
vious section.]

® Nutrient budgeting: soil-nutrient levels

are monitored and studies are being con-
ducted to determine the optimum doses
of fertilizers to maintain the soil-nutrient
balance. Biological nitrogen fixation in
farmers’ fields is quantified using the N
difference method and PN isotope-dilu-
tion method.

® Satellite monitoring: changes in cropping

intensity, greenery, water bodies and
groundwater levels are monitored. [GIS
maps indicating soil types, soil depths
and crops grown during the rainy and
post-rainy season have been prepared.]
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Fig. 12.6. (a) Groundwater levels before construction of check-dam in Adarsha watershed at Kothapally
during 1999; (b) Effect of check-dam on groundwater levels in Adarsha watershed at Kothapally during 2000.
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Emerging Issues

Despite the adoption of the integrated
watershed approach for water harvesting
and efficient use of natural resources, cer-
tain important issues need to be addressed
as they have a bearing on sustainable pro-
duction in the SAT. One of them is the need
to better understand the motives behind
collective action and the role of gender in
the adoption of new technologies in the
watershed framework. These issues are
equally as important as the technical and
economic factors. In the past, little attention
was given in on-farm watershed work to
farmers’ participation, community action,
group formation and empowerment of
farmers. This has undoubtedly contributed
to very low adoption rates, as well as to the
unsustainability of many watershed tech-
nologies.
Some emerging issues are as follows:

® An integrated watershed is a continuous
process, and the issue is how to plan and
finance the activities involved. What train-
ing and incentives are most successful?

® How to institutionalize technical guid-
ance for the watersheds.

® How to harmonize existing village insti-
tutions with committees especially set up
for managing the watershed, and with
other self-help groups. How to increase
the efficiency of all these efforts through
collective action.

® How to develop and enforce policies for
rainwater harvesting. Who is entitled to
its use? Who is responsible for the main-
tenance of rainwater-harvesting struc-
tures, wells and groundwater recharge?
How to sustain the management of the
watershed, i.e. how to make the commu-
nity aware of the continuous efforts
required for sustaining the productivity

of the watershed, and how to ensure the
ongoing participation of all stakeholders.

® How to include in the monitoring and
assessment studies an evaluation of all
on-site and off-site impacts of the water-
shed-development programmes.

® How to plan an exit strategy from water-
sheds and ensure sustainability through
development of institutional and policy
options.

Conclusion

An in-depth analysis of the possible scenar-
ios of SAT farming systems reveals that the
key elements of efficient management of
rainwater are community participation,
capacity building at local level through tech-
nical guidance by a consortium of organiza-
tions and use of high-science tools to manage
the watershed efficiently. To sustain the pro-
ductivity in the SAT, a holistic approach of
integrated watershed management needs to
be scaled up through appropriate policy and
institutional support and its on-site and off-
site impacts need to be studied.
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Abstract

Forests are the biggest users of water worldwide and extensive forested areas have been lost or are
undergoing conversion to agriculture, creating concerns about loss of hydrological functions and
increasing the competition for scarce water between agriculture, urban centres, industries and
wildlife. The challenge is to improve the sustainability and productivity of land and water use, espe-
cially for the growing populations of many developing countries. In this chapter we review recent
findings on the hydrology of forests and agroforestry systems and indicate how modifications in tree-
based systems might increase water productivity.

In forestry, the focus of research has moved from the hydrological functions of upland forest
reserves that are close to settlements to a greater recognition of the roles played by upland communi-
ties in the management of water resources. A major source of conflict over water resources is the con-
trasting perceptions of ‘watershed functions” between forest managers and local people, which are
often based more on myths of forest functions than on science — for example, the idea that forests
increase rainfall. These myths continue to dominate the views of policy makers and institutions and
should be revised. The challenge is to gain a better insight into how farmer-developed land-use
mosaics have modified watershed-protection functions. Priority must be given to the perceptions,
experiences and strategies of local communities.

Trees on farms have the potential for improving productivity in two ways. Trees can increase the
amount of water that is used on farm as tree or crop transpiration. Trees can also increase the produc-
tivity of the water that is used by increasing biomass of trees or crops produced per unit of water
used. Plot-level evidence shows that improvements in water productivity as a consequence of modifi-
cations to the microclimate of the crop are likely to be limited. Instead, evidence from semi-arid India
and Kenya showed that the greater productivity of agroforestry systems is primarily due to the
higher amount of water used. Almost half of the total water use occurred during the dry season,
when cropping was impossible, and the rest was extracted from soil reserves. This implies a high
temporal complementarity between the crop and tree components of the landscape mosaic. Research
is needed to examine the impact of the increased water use on the drainage and base flow at the land-
scape level. This chapter also describes some of the technical approaches that can be used to improve
land and water management, the role of trees and its relation to hydrology and the challenges for
rational land-use decision-making.

© CAB International 2003. Water Productivity in Agriculture: Limits and
Opportunities for Improvement (eds J.W. Kijne, R. Barker and D. Molden) 217



218

C.K. Ong and B.M. Swallow

Introduction

Forests are the biggest users of water world-
wide. The tropical forests in Brazil, the
Congo Democratic Republic, Indonesia, Peru
and Venezuela form a large proportion of the
closed forests, which are vital for the well-
being of the planet and, therefore, clearing of
such forests is strongly opposed. Thus, much
of the future increase in food and wood pro-
duction in the humid tropics and elsewhere
will have to be achieved from land and
water resources already in use. Therefore,
the central challenge is to improve the pro-
ductivity with which existing land and water
resources are used.

Over the past half-century, great progress
has been achieved in land- and water-use
productivity. In agriculture, the advances are
generally referred to as the Green Revolution.
In forestry, advances have been brought
about through a variety of improvements in
forest-management systems, including fast-
growing high-yielding plantations, and
through genetic improvement. In the early
stages of the green revolution, research was
directed mainly at plant breeding, fertilizer
use and plant protection. However, the pace
of advances by these means is slowing. The
annual increase in cereal yields in developing
countries, which from 1967 to 1982 was 2.9%,
has fallen to nearly 1%. As a consequence,
more attention has recently been directed at
greater productivity in the use of land and
water resources — for example, through nutri-
ent recycling and soil and water conserva-
tion. A further powerful incentive in this
direction has come from considerations of
sustainability. Applied to land and water,
sustainability means meeting the production
needs of present land users while conserving,
for future generations, the resources on
which that production depends.

Forest Hydrology: Myths and Perceptions

Forest hydrology deals with the hydrological
cycle of water from precipitation, intercep-
tion by the vegetation, infiltration into the
soil, drainage to groundwater and runoff.

The conventional hydrological approach is to
seek at least a 30-year record of stream flows
and then it is a straightforward statistical
exercise to predict future flows, on the
assumption that the data provided are sam-
ples from a continuous distribution, unaf-
fected by perturbations. In practice, this
assumption is not valid in many developing
countries, as entire upland catchment areas
are cleared and converted to agriculture
within a few years. Nevertheless, such long-
term studies of catchments in Europe,
America and East Africa gave rise to the
widely accepted concept of the benefits of
forest protection and rehabilitation in moun-
tainous areas (McCulloch and Robinson,
1993), which still shapes the forest policy of
many developing countries.

A major difficulty with the conventional
approach is that the findings are rarely
appropriate for extrapolation to other areas
in similar environments or for situations of
rapid changes in land use. For this reason, a
physical-process approach with micro-mete-
orological measurements, which is more
complex and expensive, was adopted in a
few sites to fully understand the sensitivity
to climatic variability and vegetation change
(Calder, 1998).

After more than a century of forest
hydrology there are still a few controversial
issues, or so-called ‘myths’, which hamper
rational land-use decision-making. Calder
(1998) summarized these issues as follows:

1. Forests increase rainfall. This is mostly
myth because the effects of forests are likely
to be small, except for cloud forests.

2. Forests increase runoff. Evidence shows
that there is less runoff from forests com-
pared with shorter vegetations, because of
higher evaporation losses from trees.

3. Forests regulate flows and increase dry-
season flows. This depends more on the
water-infiltration properties of soils than the
forests per se. Many studies show less flow
with trees, except for cloud forests.

4. Forests reduce erosion. This depends
largely on the management methods
employed. Some species of trees, such as
teak, may actually cause more erosion than
shorter vegetations!
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5. Forests reduce floods. There is little scien-
tific evidence to prove a direct relationship
between forests and floods. Management
activities, such as cultivation, road construc-
tion and compaction, are more important.

6. Forests improve water quality. This is
mostly true, although bad land management
is even more significant.

Unfortunately, these myths persist and
continue to dominate the views of policy
makers and institutions, creating unneces-
sary conflicts between the government and
local communities. For example, develop-
ment authorities attributed the disastrous
floods in Bangladesh and northern India to
the deforestation of the Himalayas, even
though the frequency or magnitude of flood-
ing has not increased over the last 120 years!
Research by Hofer and Messerli (1998) has
shown that precipitation and runoff from
the Himalayas do not seem to be important
causes of floods in Bangladesh. Instead, the
main cause appears to be the rainfall pat-
terns in the Meghalaya hills, followed by the
Brahmaputra catchment. Curiously, while
politicians and engineers perceive floods as
the major hazard in Bangladesh, local farm-
ers consider river erosion a much bigger
problem than monsoonal floods, which
deposit rich organic soil on their fields and
increase crop yield! Based on these findings,
traditional  thinking regarding flood
processes, common practices on flood man-
agement and even the prioritization of dif-
ferent hazards in Bangladesh must be
revised and differentiated. An important les-
son from the Bangladesh case is that priority
must be given to the perceptions, experi-
ences and strategies of local communities.
Furthermore, the underlying causes of con-
flict probably hold for many other water-
sheds and are related to the lack of insight
into how landscape mosaics influence
watershed functions.

Agroforestry
Agroforestry offers one promising option for

efficient and sustainable use of land and
water. In simplified terms, agroforestry

means combining the management of trees
with productive agricultural activities.
Agroforestry provides opportunities for for-
est conversion in the true sense of the term —
that is, replacement of natural forests with
other tree-based land-use systems. There are
also opportunities to use agroforestry for the
prevention or reversal of land degradation
in the humid tropics (Cooper et al., 1996).
There are numerous potential benefits that
agroforestry systems can achieve, ranging
from diversification of production to
improved natural-resources utilization. The
key benefits in terms of natural-resources
use are as follows:

1. Soil conservation in terms of protection
against erosion.

2. Improvement or maintenance of soil fer-
tility.

3. Water conservation and more productive
use of water.

4. Providing  environmental
required for sustainability.

functions

A recent review by Wallace et al. (2003) has
described the above benefits of agroforestry,
while this chapter will focus on the water
utilization of agroforestry systems.

Can Trees Increase the Productive Use of
Rainfall?

Successful plant mixtures appear to be those
that make ‘better’ use of resources by using
more of the resource, using it more efficiently
or both. In terms of the water use of an agro-
forestry system, a central question is, there-
fore, does intercropping woody and
non-woody plants increase total harvestable
produce by making more effective use of
rainfall? It is possible, at least theoretically,
that a mixture of trees and crops may
improve the overall rainfall-use efficiency —
either directly, by more rain being used as
transpiration, or indirectly, by increasing
water productivity (WP), i.e. the ratio of bio-
mass or yield over volume of water depleted
(Seckler et al., Chapter 3, this volume).
Analysis of these two effects requires a sys-
tematic study of the water balance of agro-
forestry systems, such as that carried out by
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Ong et al. (2000) for an agroforestry system
in a subhumid part of Kenya. Wallace et al.
(2003) describe the complexity of the water
balance of an agroforestry system on sloping
land at Machakos, Kenya. The interception
process in agroforestry systems differs from
that of forests in two main ways. First, many
agroforestry systems tend to have relatively
sparse tree densities and, secondly, addi-
tional complexity is introduced by the crop
component of the system with its rapidly
varying canopy cover. The sparse nature of
the tree component of agroforests affects two
key factors that influence the interception,
i.e. the amount of water stored on the tree
canopy and the rate of evaporation from the
tree canopy.

In semi-arid agroforestry systems, such as
those found in Machakos, Kenya (i.e. 10-50%
cover), annual interception loss is between 3
and 10% of rainfall. Higher interception
losses have been reported in the much
denser multistorey agroforestry systems in
Costa Rica, where the rainfall is higher and
more intense. High interception losses have
also been reported for montane forests in
humid tropical regions, e.g. as much as 50%
by Schellekens et al. (1999). The main reason
put forward for these high forest intercep-
tion losses in humid regions is the advection
of energy from nearby oceans.

Significant quantities of water can be lost
as evaporation from the soil surface, particu-
larly in tropical regions with frequent rain-
fall, high radiation and sparse ground cover.
In agroforestry systems, the presence of a
tree canopy decreases the radiation intensity
at the ground, thereby reducing soil evapo-
ration compared with cropping systems.
This is because total soil evaporation is
determined (at least in part) by the radiant
energy reaching the soil surface. Direct mea-
surements of soil evaporation made using
minilysimeters show reductions in soil
evaporation of up to 30% due to the pres-
ence of the tree canopy. The reduction in soil
evaporation is smaller with sparser tree
canopies, 15% of rainfall when cover is
~0.5% and 6% of rainfall when cover is
~0.2% (Wallace et al., 1999).

Clearly, the reductions in soil evaporation
produced by tree-canopy shade can help off-

set the losses of water associated with the
tree-canopy interception. The analysis by
Wallace et al. (1999) indicates that, when
annual rainfall is low, the saving in soil
evaporation due to canopy shade may be
greater than the interception loss. However,
once rainfall exceeds ~700 mm per annum,
interception losses generally exceed saving
in soil evaporation. The exact point at which
the two effects completely offset each other
will depend mainly on rainfall intensity and
soil type.

When rainfall reaches the soil surface,
some of it will normally infiltrate into the
soil. If the rainfall rate is greater than the
infiltration rate, the excess water starts to
collect at the surface and, when the surface
storage is exceeded, runoff will occur.
Infiltration is, therefore, a dynamic process
that changes during the course of a rain-
storm depending on the soil characteristics,
the slope of the land and the rainfall inten-
sity. Where the intercropping of woody and
non-woody plants alters any of these fac-
tors, then infiltration and runoff may be
affected (Kiepe, 1995a). Soil characteristics
that affect infiltration are surface crusting,
surface storage, saturated hydraulic con-
ductivity and the presence or absence of
plant residues. Vegetation cover generally
increases infiltration and reduces runoff by
altering one or more of these factors. It is
well known that conversion from forestry to
agriculture can dramatically reduce infiltra-
tion within 2-3 years, but restoration of
infiltration by reforestation might take sev-
eral years on severely degraded water-
sheds. This hysteresis effect is rarely
acknowledged and more research is needed
to determine how to speed up the restora-
tion of infiltration in conjunction with
water-harvesting structures.

There are a number of agroforestry prac-
tices that are designed to conserve water and
reduce runoff by their direct effect on soil
slope. Planting of trees or hedgerows on the
contours of sloping land can have the effect
of forming natural terraces, as water and soil
are collected on the up-slope side of the
hedgerow. The barrier effect of the hedgerow
not only reduces soil loss but also runoff,
commonly to about one-third of its value
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without hedges. Measurements by drip infil-
trometer at Machakos, Kenya, showed that,
on a Lixisol (Alfisol) soil with a 14% slope,
rates of infiltration were 69 mm h™! under
hedgerows and 11mm h™! under the
cropped alleys (Kiepe, 1995a,b). This
increased infiltration rate also reduced runoff
in these contour-hedgerow  systems.
Drainage is the component of the water bal-
ance that is most difficult to measure directly.
At Machakos, it was concluded that drainage
from the tree/crop mixture was much less
than from the sole crop.

Another way in which trees can affect
soil moisture is via the possibility of
‘hydraulic lift’, in which water taken up by
plant roots from moist zones of soil is trans-
ported through the root system and
released into drier soil (Dawson, 1993).
Rainfall captured through stem flow, espe-
cially by a woody canopy, can be stored
deep in the soil for later use when it is
returned to the topsoil beneath the canopy
by hydraulic lift. Recently, the opposite of
hydraulic lift has been reported in
Machakos and elsewhere, i.e. water is taken
from the topsoil and transported by roots
into the subsoil (Burgess et al., 1998; Smith
et al., 1999). This mechanism, termed ‘down-
ward siphoning’ by Smith et al. (1999),
would lead to the opposite effect of
hydraulic lift and would enhance the com-
petitiveness of deep-rooted trees and shrubs.

The likely effect on each of the water-bal-
ance components of the combination of trees
with a crop compared with growing the crop
alone is summarized in Table 13.1.

Interception losses are around 10% in
semi-arid areas but they can be between 10
and 50% in humid tropical climates, depend-
ing on whether the location is continental,
montane or coastal. This loss will be com-
pletely compensated for by a decrease in soil
evaporation in a semi-arid climate, but only
partially in a humid tropical climate. Runoff,
soil moisture and drainage are all likely to
decrease in an agroforest in either climatic
regime, with the amount varying according
to soil type, slope and species. The extra
canopy and the ability of tree roots to exploit
water at depth in the soil will lead to a gen-
eral increase in transpiration in the agro-
forestry system.

Water Productivity in Tree/Crop
Mixtures

The WP, or water-use ratio, of any crop or
tree/crop mixture is inversely proportional
to the mean saturation deficit (expressed in
kPa) of the atmosphere, d (Monteith, 1986):

WP =k/d (13.1)

where k is a physiological characteristic spe-
cific to a given species. WP can be expressed
as kg m~3. The total dry-matter production
or grain yield is simply the product of WP
and the amount of water used by the vegeta-
tion. Theoretical considerations and experi-
mental studies have shown that (at least,
under fairly idealized conditions) the prod-
uct of WP and d is quite conservative among
species groups (Ong ef al., 1996). Therefore,

Table 13.1. Differences in water-balance components between an agroforestry system
with 50% tree cover and a monocrop (from Wallace et al., 2003).

Difference between
agroforestry and a
monocrop (% of rainfall),
semi-arid climate

Water-balance component

Difference between
agroforestry and a
monocrop (% of rainfall),
humid tropical climate

Interception loss +10% +10-50%
Runoff Decrease Decrease
Soil moisture Decrease Decrease
Soil evaporation —10% —5%
Transpiration Increase Increase
Drainage Decrease Decrease
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the net effect of atmospheric humidity on
any given species is one of the most impor-
tant factors affecting productivity, since dry-
matter production per unit of water
transpired decreases by a factor of two as
saturation deficit increases from ~2 kPa in
moist temperate climates to ~4 kPa in semi-
arid areas. For example, experiments in India
under similar mean saturation deficits
(2.0-2.5 kPa) provided season-long values of
3.9 and 4.6 kg m 3 for millet, compared with
1.5-2.0 kg m~3 for groundnut. WP for grain
yield is usually about half of the values indi-
cated above. However, WP is not always
higher in C, species, since similar values
have been reported for drought-tolerant C,
species, such as cowpea and cotton, and rela-
tively drought-sensitive cultivars of the C,
species, sorghum and maize.

Equation 13.1 shows that there are two
ways that overall production could be
increased. The first is by increasing k, the
physiological characteristic, which depends
on the biochemistry controlling the photo-
synthetic processes in plant cells. This may be
achieved by plant selection (e.g. C; or C,
species) or by breeding or genetically engi-
neering crops with a higher value of k. The
second way to increase WP is to reduce d,
either by manipulating the microclimate or
by growing plants in a more suitable macro-
climate. This means that agroforests growing
in humid tropical regions, where the air is
more humid (i.e. low d), will have higher WP.

In theory, the potential of agroforestry to
improve WP is limited compared with inter-
cropping, as the understorey crops are usu-
ally C, species and the overstorey trees are
invariably C, species. Improvement in WP is
most likely if the understorey crop is a C,
species, which is usually light-saturated in
the open so partial shade may have little
effect on its assimilation. However, the shade
will reduce transpiration, with the result that
WP increases. Evidence from both semi-arid
India and subhumid Kenya indicates that
WP is about 10% higher in agroforestry sys-
tems with a C; understorey compared with
those with a C, understorey (Ong et al.,
1996). This may explain why cotton yield in
the Sahel is not reduced by the heavy shad-
ing of karite (Vitellaria paradoxa) and nere

(Parkia biglobosa) in parklands, while yields
of millet and sorghum are reduced by 60%
under the same trees (Kater et al., 1992). The
same process may explain the observation
that in the South and Central American
savannahs C, grasses are found only under
trees and never grow in open grasslands
dominated by C, grasses.

There is also the potential for microcli-
mate modification in agroforestry systems,
due to the presence of an elevated tree
canopy. This may alter not only the radia-
tion, but also the humidity and temperature
around an understorey crop. Some evidence
for this has been found where crops have
been grown using trees as shelter-belts, and
decreases in d have been reported for several
crops (Brenner, 1996). Data from an agro-
forestry trial in Kenya also show that the air
around a maize crop growing beneath a
Grevillea robusta stand is more humid than
the free atmosphere above the trees (Ong et
al., 2000).

Evidence from a series of shade-cloth tri-
als on maize and bean at Machakos shows
small but beneficial effects of shading on
crop temperature and crop production when
rainfall is inadequate for crop production
(Ong et al., 2000), but, unlike the savannah
situations, the crops failed because below-
ground competition consistently outweighed
the benefits of shade. In contrast, Rhoades
(1997) reported increased soil water (4-53%
greater than in the open) in the crop root
zone beneath Faidherbia albida canopies in
Malawi. In theory, trees can increase soil
water content underneath their canopies if
the water ‘saved’ by reduced soil evapora-
tion and funnelling of intercepted rainfall as
stem flow exceeds that removed by the root
systems beneath tree canopies (Ong and
Leakey, 1999). At high tree densities, the pro-
portion of rainfall ‘lost’ as interception by
tree canopies and used for tree transpiration
would exceed that ‘saved’ by shading and
stem flow, resulting in drier soil below the
tree canopy. Van Noordwijk and Ong (1999)
expressed this as the amount of water used
per unit of shade. This may be one of the
most important factors for the observed dif-
ference between savannah and alley-crop-
ping systems and between cloud-forest
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vegetation and fast-growing tree plantations.
Below is a list of the situations in which
agroforestry can increase water productivity.

1. Understorey vegetation comprises C,
plants, e.g. cotton and C, grasses.

2. Tree shade increases humidity of under-
storey vegetation in semi-arid climates, e.g.
parkland systems and wind-breaks.

3. Planting of trees as contour hedgerows on
hill slopes increases infiltration and reduces
runoff.

4. Presence of deep water beyond the reach
of crop rooting systems.

5. Trees can use rains that fall outside the
cropping season.

6. Trees have canopy architecture that inter-
cepts high amounts of water per unit shade.

Can Agroforestry Mimic the Ecological
Functions of Natural Ecosystems?

It is often assumed that appropriate agro-
forestry systems can provide the environ-
mental functions needed to ensure
sustainability and maintain microclimatic
and other favourable influences, and that
such benefits may outweigh the disadvan-
tages of a more complicated management
(Sanchez, 1995). Secondly, it is also assumed
that agroforestry might be a practical way to
mimic the structure and function of natural
ecosystems, since components of the latter
result from natural selection towards sus-
tainability and the ability to adjust to pertur-
bations (Van Noordwijk and Ong, 1999).
Recent reviews of agroforestry findings,
however, have highlighted several unex-
pected but substantial differences between
intensive agroforestry systems and their nat-
ural counterparts that would limit their
adoption for solving some of the critical
land-use problems in the tropics (Rhoades,
1997; Ong and Leakey, 1999; Van Noordwijk
and Ong, 1999). The most intractable prob-
lems for agroforestry appear to be in the
semi-arid tropics. In this section, we describe
recent insights into the physiological mecha-
nisms between trees and crops in agro-
forestry systems and how they might be
employed to reduce the trade-offs between

environmental functions and crop productiv-
ity, i.e. retain the positive effects of trees
observed in natural ecosystems.

Resource Capture: Complementarity or
Competition?

The principles of resource capture have been
used to examine the influence of agroforestry
on ecosystem function, ie. the capture of
light, water and nutrients (Ong and Black,
1994), and to better understand the ecological
basis of sustainability of tropical forests. For
example, Cannell et al. (1996) proposed that
successful agroforestry systems depend on
trees capturing resources that crops cannot.
The capture of growth resources by trees and
crops can be grouped into three broad cate-
gories to show competitive, neutral or com-
plementary interactions. In the neutral or
trade-off category, trees and crops exploit the
same pool of resources, so that increases in
capture by one species result in proportional
decreases in capture by the associated species.
If trees were able to tap resources unavailable
to crops, then the overall capture would be
increased, as shown by the convex curve, i.e.
complementary use of resources. In the third
category, negative interactions between the
associated species could result in serious
reduction in the ability of one or both species
to capture growth resources. It is important to
bear in mind that tree—crop interactions may
change from one category to another depend-
ing on the age, size and population of the
dominant species, as well as the supply and
accessibility of the limiting growth resources.
Such ideas on capture of deep water and
nutrients, coupled with recent innovations in
instrumentation (minirhizotrons, sap-flow
gauges), have stimulated a new interest in
root research (Van Noordwijk and
Purnomosidhi, 1995; Khan and Ong, 1996)
and increased attention on spatial comple-
mentarity in rooting distribution and the
potential beneficial effects of deep rooting.
Agroforestry is also considered as critical for
maintaining ecosystem functioning in parts
of Australia where deep-rooted perennial
vegetation has been removed and replaced
by annual crops and pastures, leading to a
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profound change in the pattern of energy
capture by vegetation, rising water tables
and associated salinity (Lefroy and Stirzaker,
1999). The Australian example showed that,
compared with the natural ecosystem it
replaced, the agricultural system is ‘leaky” in
terms of resource capture, which gives rise to
salinity because of the salts accumulated
over millions of years in the Australian conti-
nent. Recent investigations in West Africa
suggest that a similar magnitude of ‘leaki-
ness’ is possible when native bush vegeta-
tion or woodland, which provides little
runoff or groundwater recharge, is converted
into millet fields. In West Africa, there is no
likelihood of salinity associated with the
greater recharge but nutrients are leached to
lower depths. The expectation is that agro-
forestry systems will be able to improve
nutrient cycling because of their extensive
tree-root systems. Earlier research on South
African savannahs has shown that tree roots
extend into the open grassland, providing a
‘safety net’ for recycling water and nutrients
and accounting for 60% of the total below-
ground biomass (Huntley and Walker, 1982).

Manipulation of Water Use and Root
Function

Early studies of spatial complementarity in
agroforestry began by examining the rooting
architecture of trees and crops grown as pure
stands. For example, Jonsson et al. (1988)
described the vertical distribution of five tree
species at Morogoro, Tanzania, and con-
cluded that the root distribution of trees and
maize were similar except for Eucalyptus
camaldulensis, which had a uniform distribu-
tion of 1 m. Thus, they concluded that there is
little prospect of spatial complementarity if
these trees and crops were grown in combi-
nation. Recent reviews of the rooting systems
of agroforestry systems by Gregory (1996)
and Ong et al. (1999) essentially supported
the earlier conclusion of Jonsson et al. (1988).
What is the extent of spatial complemen-
tarity in water use when there is such a con-
siderable overlap of the two rooting
systems? Results at Machakos, Kenya, con-
sistently showed that there was no advan-

tage in water uptake when there was little
water recharge below the crop root zone
(Jackson et al.,, 2000). However, when
recharge occurred following heavy rainfall,
tree roots were still able to exploit more
moisture below the rooting zone of the
crops, even when there was a complete over-
lap of the root systems of trees and crops.

Where groundwater is accessible to tree
roots, there is clear evidence for spatial com-
plementarity. For instance, measurements of
stable isotopes of oxygen in plant sap,
groundwater and water in the soil profile of
wind-breaks in the Majjia valley in Niger
showed that neem trees, Azadirachta indica,
obtained a large portion of their water from
the surface layers of the soil when rain was
abundant, but during the dry season tree
roots extracted groundwater (6 m depth) or
deep reserves of soil water. In contrast, at a
site near Niamey, West Africa, where
groundwater was at a depth of 35m, they
found that both the trees and millet obtained
water from the same 2-3 m of the soil
throughout the year (Smith et al., 1997).

Recently, it has been shown that it is worth-
while to manage below-ground competition
by root pruning. For example, Singh et al.
(1989) demonstrated that root barriers to 50
cm depth are extremely effective in reducing
competition between 4-year-old Leucaena leu-
cocephala hedgerows and associated crops in
semi-arid India. However, the beneficial
effects lasted only one season because tree
roots reinvaded the crop rooting zone from
beneath the root barriers. In contrast, studies
in Bangladesh (Hocking, 1998; Hocking and
Islam, 1998) revealed that below-ground com-
petition from a wide range of tree species
(mainly fruit trees) was virtually eliminated
by pruning the lateral roots off the trees.
Likewise, studies in Uganda show that com-
petition by Maesopsis emini, the fastest growing
of 12 tree species compared, was completely
eliminated by root pruning (Ong et al., 2002).
Results with all species showed that overall
tree transpiration was not reduced after root
pruning because unsevered roots that were
located deeper increased their rates of sap
flow to satisfy transpirational demand from
the atmosphere. More importantly, root prun-
ing dramatically improved crop growth.
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Long-term studies of the effects of root
pruning are needed because such informa-
tion is crucial for promotion of the technol-
ogy to farmers. While many farmers
appreciate the benefits of reduced tree—crop
competition following crown pruning, ideas
of below-ground competition are completely
new to most of them. The experience in
Bangladesh indicated that root pruning is
feasible when land is relatively scarce (aver-
age of 0.8 ha per household), crop yields and
earnings are quite low and there is a need to
grow more trees for household needs and
income generation (Hocking, 1998). While
crown pruning yields immediate products
(firewood and fodder) and offers longer-
term gains in crop yield, benefits from root
pruning are delayed and thus farmers need
convincing that the effort is worthwhile. In
Africa, many farmers consider root pruning
too difficult and impractical to execute.
Fortunately, the techniques themselves can
be quickly and easily demonstrated in the
field and experience has shown that farmers
can readily change their minds regarding the
practicality of incorporating root pruning
into their cultivation cycles. However, long-
term studies of root-pruned trees are needed
to address the following questions:

1. Does forcing tree roots to extract most of
their water from beneath the crop-rooting
zone influence soil-water recharge at depth,
and what are the implications for the long-
term water balance?

2. Is the growth of the tree and its stability in
the wind significantly influenced by root
pruning?

3. Does the loss of fine roots and mycor-
rhizas diminish the capacity of the tree roots
to intercept and recycle plant nutrients that
leach from near the soil surface?

4. What are the implications of severing sur-
face roots on N, fixation and mycorrhizal
activity?

Progress and Challenges Ahead
This review has shown that considerable

progress has been made in terms of the
hydrology of protected forest catchments

and agroforestry plots. Much of this process
information has been incorporated into vari-
ous models in order to extrapolate the find-
ings to other environments (Lawson et al.,
1995; Van Noordwijk and Lusiana, 1999). A
major challenge is how to look beyond the
plot and farm level in order to deal with
interactions between the plots that comprise
a land-use mosaic at the landscape, water-
shed and regional scales. The conventional
approach is to sum across areas of similar
hydroecological conditions, assuming that
the factors involved in scaling up are propor-
tional to the area occupied by each zone.
However, this approach might overstate the
beneficial effects of water saved at the plot
level, since water that is used in one plot is
not available to down-slope plots. This
approach also misses a potentially more
important effect: the effect of land use on the
quality of water available to down-slope
users. Swallow et al. (2002) discuss how fil-
ters and channels affect lateral flows. A con-
tour hedgerow, for example, may occupy a
very small part of the landscape but have
disproportionately large effects on reducing
surface runoff. A boundary planting of trees
running down the slope, on the other hand,
will have very little beneficial effect on sur-
face runoff.

These lateral-flow effects need to be taken
into account in an assessment of water pro-
ductivity at the catchment or river-basin
scale. Computer-based simulation models
can be useful tools for predicting the effects
of different land- and water-use regimes on
catchment hydrology. Catchment experi-
ments in different sizes and shapes of catch-
ment are needed to fully appreciate the
cross-temporal and cross-spatial effects of dif-
ferent configurations of agroforestry, forests,
agriculture and other land uses on catchment
hydrology. Catchment experiments need to
be fully participatory throughout the plan-
ning and implementation stages, with
research, development and monitoring activi-
ties very well integrated (Johnson et al., 2002).

The importance of obtaining more infor-
mation using a catchment-wide approach is
underlined by pointing out that current
understanding of resource capture by agro-
forestry systems is based on well-managed
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small plots, often in research stations, in
which about 30-45% of the rainfall is used
for transpiration. Such a level of rainfall uti-
lization is rarely achieved in subsistence
agriculture or on a watershed scale and there
are still ample opportunities for increasing
water use by incorporating trees in the land-
scape. For example, Rockstrom (1997)
reported that only 6-16% of the total rainfall
in a watershed in Niger was utilized by pearl
millet for transpiration and the remainder
was lost by soil evaporation (40%) or deep
drainage (33-40%). Thus, future opportuni-
ties for simultaneous agroforestry systems
should be explored within the landscape as
well as on underutilized niches within and
around the farms, such as boundary planti-
ngs. Increases in productivity may also be
achieved by combining agroforestry with
small water-harvesting structures (Rockstréom
et al., Chapter 9, this volume).

Another important challenge is resolving
the contrasting perceptions of ‘forest func-
tions’ by various stakeholders. Existing insti-
tutions and policies are largely based on a
forest-agricultural land-use dichotomy and
this may lead to an unnecessary sense of
conflict. For example, Verbist et al. (2003)
proposed that some farmer-developed agro-
forestry mosaics in Sumatra are as effective
in watershed protection functions as the
original forest cover! If this is true, then con-
flicts between state officials and local com-
munities can be resolved to mutual benefit.
Experience from the floods of Bangladesh
illustrates the importance of understanding
the perceptions of local people and the
impacts of land-use mosaics and climate.

In tropical countries where forested catch-
ments are located on submontane and mon-
tane elevations, there is a growing concern
that deforestation is associated with the
decline in river flows, although there is no
hard evidence to show that link between
deforestation, rainfall and river flow.
Nevertheless, evidence from -elsewhere
showed that montane or ‘cloud’ forests play
a vital role in intercepting moist air and
maintaining low flow, which cannot be
reproduced by planting fast-growing trees,
such as pines and eucalptyus (Schellekens et
al., 1999). More research is clearly needed to

determine ways to restore the hydrological
functions of such vital catchments.

Although there appears to be limited
scope for spatial differentiation in rooting
between trees and crops, i.e. spatial comple-
mentarity in water-limited environments, it
is worthwhile to manage below-ground
competition by shoot and root pruning.
Pruning of lateral roots could redirect root
function and be a powerful tool for improv-
ing spatial complementarity, provided that
there are adequate resources at depth (Ong et
al., 2002). Research is needed to examine
how the downward displacement of func-
tional tree roots following root pruning affect
their role in intercepting nutrients leaching
from the zone of crop rooting and the long-
term hydrological implications.

In the humid tropics, agroforestry systems
offer opportunities for conversion of forested
land to productive use, while retaining many
of the beneficial effects of watershed func-
tions. Multistrata systems (forest gardens,
agroforests) and perennial-crop combinations
appear to be the most appropriate agro-
forestry systems for sustainable land use in
the humid tropics, including on sloping land;
these systems are commonly found accept-
able by farmers. Research is needed to exam-
ine their impacts on the quantity and quality
of water of the stream flow.

In semi-arid environments, it may be more
worthwhile to focus attention on the selection
of trees that provide more direct and immedi-
ate benefits to farmers (rather than the selec-
tion for soil enrichment), with minimum loss
of crop productivity. It is perhaps not surpris-
ing that farmers are already beginning to
experiment with such systems. For example,
in the drylands of eastern Kenya, farmers
have recently developed an intensive park-
land system, using a fast-growing indigenous
species, Melia volkensii (Meliaceae), which pro-
vides high-value timber in 5-8 years and fod-
der during the dry season without apparent
loss in crop productivity (Ong et al., 2002).

Finally, although there is clearly great
potential for agroforestry systems to con-
serve and improve resource use, it is by no
means suggested that agroforestry automati-
cally brings about all of the above benefits.
In order to do so, an agroforestry system
must be appropriate for the environment
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(climate, soil, etc.), practicable (within the
local and on-farm constraints), economically
viable and acceptable to the farmer. Finally,
as with any system of agriculture or forestry,
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Abstract

This chapter provides a review of work done at the International Potato Center (CIP) on improving
water productivity in potato. Generally, potato is shallow-rooted and sensitive to even mild water
deficits. Most of CIP’s work related to water productivity was done in the 1980s as part of a research pro-
gramme to develop improved germplasm and agronomic practices for potato production in warm tropi-
cal environments. Heat-tolerant as well as drought-tolerant materials were selected and tested under a
range of warm climates, with studies conducted to quantify evapotranspiration, stomatal conductance,
leaf water potential, soil water dynamics and root growth. These same parameters were also determined
in agronomic field experiments designed to quantify the effects of mulching, intercropping and close
plant spacing on yield and water-use efficiency. Although needed, similar detailed studies on water-pro-
ductivity components have yet to be done for potato grown more commonly in cooler environments at

high altitudes in the tropics.

Introduction

In terms of global production, potato
(Solanum tuberosum L.) is the fourth most
important food crop after maize, rice and
wheat (Table 14.1). The current production of
306 million t represents a modest increase
worldwide of 15.5% since the early 1960s.
Such global statistics, however, mask the
much greater expansion of potato produc-
tion that has taken place in developing coun-
tries versus developed countries during the
past 40 years. Hence, a more revealing story
is told through the statistics shown in Fig.
14.1. While global production has increased
from 265 to 306 million t, the proportion of
that production coming from developed

countries has decreased from 89% to 58%,
which translates into an actual decrease in
production in developed countries. Mean-
while, the proportion of global production
coming from developing countries has
increased from 11% to 42%, representing a
remarkable increase in production of 100
million t, i.e. from 29 to 129 million t (340.9%
increase from 1961-1963 to 1998-2000).
Much of the increase in potato production
in developing countries has occurred in Asia,
most notably in China and India. Although
yields have improved in both countries, the
increase in production can be attributed
mainly to a continuous expansion of area
planted to potato (Fig. 14.2). From 1985-1987
to 1995-1997, the average annual rate of
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Table 14.1. Global area, yield and production for the four
most important food crops averaged over the years

19982000 (FAOSTAT, October 2001).

Area Yield Production
Crop (million ha) (tha™") (million t)
Maize 139 4.4 604
Rice 154 3.9 595
Wheat 215 2.7 588
Potato 19 15.9 306
100
% 265 (000,000 t — global production)
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Fig. 14.1. Percentage of global potato production coming from developed and developing countries from

1961-1963 to 1998-2000 (FAOSTAT, October 2001).

growth in potato production was 6.2% in
China, with a growth rate in area planted of
3.3% year~! (CIP, 1998). Most of the growth
in potato production in Asia has occurred in
the interior highlands of China and on the
Indo-Gangetic plains of India. Potato has
emerged as an important food crop on the
Indo-Gangetic plains following an expansion
in irrigation infrastructure and the construc-
tion of large cold-storage facilities for storing
potato before sale and as a seed crop during
summer (Bardhan Roy et al., 1999). Whereas
potato is grown as a cool, dry-season (win-
ter) irrigated crop on the Indo-Gangetic
plains, in China it is grown mostly under
rain-fed conditions during summer.

Potato production is expected to continue
to increase in developing countries, providing
an important source of food, nutrition and

income. Recent projections for developing
countries show an expected annual growth
rate in potato production of 2.7% during the
period 1993-2020 (Scott et al., 2000). For global
potato production, Scott ef al. (2000) estimate
that 80% of the projected increase will come
from developing countries, with 64% coming
from Asia alone. They also go on to project
that, in Asia, most of the increase in produc-
tion will have to come from improvements in
yield, since area expansion is expected to
decrease substantially.

The growing demand for potato — as both
a fresh and processed food — and a decreas-
ing availability of land for area expansion
mean that yields will have to be improved
through some combination of germplasm
enhancement, better crop protection and
more efficient and productive management
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Fig. 14.2. Potato production and area harvested in China and India from 1961 to 2000 (FAOSTAT,

October 2001).

systems. The average yield of 15.9 t ha™! cur-
rently estimated at the global level (Table
14.1) is much below the yields of 30-50 t
ha™! commonly obtained across a range of
environments and management systems, so
it would seem that there is considerable
scope for improvement (Allen and Scott,
1992). Critical to achieving improved yields
will be access to an adequate water supply,
including more efficient use of all available
water in both irrigated and rain-fed systems.

The purpose of this chapter is to review
water-use issues in potato production, at
least to the extent that the research pro-
gramme at the International Potato Center
(CIP) has been able to address them. More
specifically, the review will focus on what
has been done at CIP that could be useful for
improving the efficiency or productivity of
water in both rain-fed and irrigated potato
systems in developing countries. Topics to be
addressed include an analysis of the relation-
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ship between yield and water supply, geno-
typic differences in response to water supply,
the impact of agronomic practices on water
use and the potential role of simulation mod-
els as both research and application tools.
Since research on these topics at CIP has
been limited, the reader may wish to refer to
recent reviews of more extensive work by
the wider research community in Wright and
Stark (1990), Gregory and Simmonds (1992),
Vayda (1994) and Jefferies (1995).

Yield and Water Supply

Most of the work done at CIP on water use
and potato production was conducted in the
1980s as part of a research programme to
develop improved germplasm and agro-
nomic practices for potato production in
warm tropical environments (Midmore and
Rhoades, 1987, Midmore et al., 1991;
Midmore, 1992). Warm tropical environ-
ments were generally defined as those hav-
ing a day length of 10-14 h, minimum
night-time temperatures of 18-20°C, mean
maximum temperatures greater than 25°C
and mean annual soil temperatures at 50 cm
depth of 22°C or more. Since high tempera-
ture was considered to be a primary cause of
low yields in warm climates, the programme
led to an active breeding effort to develop
heat-tolerant clones.

The clones that were found to possess heat
tolerance were those that were strongly
induced to initiate tubers under high tempera-
tures, were more efficient in the conversion of
intercepted radiation to dry matter under high
temperatures and matured earlier than non-
tolerant clones. Later, field studies showed
that selection for heat tolerance had also
improved water-use efficiency, as calculated
from the per unit increase in fresh tuber yield
per unit of applied water, but only in warm
climates (Trebejo and Midmore, 1990). In this
section, we shall examine more closely the
water-use efficiencies defined by the Trebejo
and Midmore (1990) studies. Further reference
to water-use efficiency will stress instead the
term water productivity, which will be taken
here to mean the ratio of fresh tuber yield to
applied water expressed as kg ha ! mm™.

Using a single line-source-sprinkler irri-
gation system, Trebejo and Midmore (1990)
studied the growth and yield response of
three potato clones to variable rates of water
supply in contrasting hot and cool seasons in
the coastal desert environment of Lima, Peru
(12°05'S at 240 m above sea level). Like most
of coastal Peru, there is no effective rainfall
in Lima and plants only grow with irriga-
tion. The hot (summer) and cool (winter)
seasons in this environment are unique not
only because of differences in temperature
regimes, but also because the winter season
has much less solar radiation and higher
humidity due to the impact of the cold
Humbolt current on local weather. Basically,
the winter remains somewhat cloudy, with
frequent periods of fog. During El Nifio
years, when warmer waters displace the cur-
rent, the winter season is distinctly cooler,
with greater solar radiation and less humid-
ity. The Trebejo and Midmore (1990) study
was conducted in 1985, which was not an El
Nifio year, so the winter and summer sea-
sons were typical of most years.

The three potato clones chosen by Trebejo
and Midmore (1990) included two heat-toler-
ant clones (DTO33 and LT1) and one
Peruvian cultivar (Revolucién) well adapted
to normal coastal winter conditions. All three
were planted in rows parallel to the single-
line source and managed equally, except for
the amount of water during the summer and
winter seasons of 1985. The single-line
source was set up to apply water in a
decreasing gradient away from the line, with
growth and yield analyses conducted on
plants in rows 2, 4 and 6 extending out from
the line. In both seasons, irrigation water
was applied so that row 2 received an
amount needed to replace water evaporated
from a class A evaporation tank. The other
rows therefore received progressively less
water, and there was no effective rainfall
during either season. No runoff from the sur-
face or drainage below the rooting zone was
assumed to occur, so all applied water was
available for plant uptake.

The response of fresh tuber yield to
applied water, averaged across the three
clones, is shown in Fig. 14.3. Clearly, water
productivity was much greater during the
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Fig. 14.3. Relationship between fresh tuber yields averaged across three potato clones and total water
applied during the 1985 summer and winter seasons in Lima, Peru. The abbreviations represent weather-
related variables averaged daily over respective growing seasons: TMAX is maximum temperature, TMIN is
minimum temperature, SRAD is global solar radiation, EVAP is evaporation and SVPD is saturation vapour-
pressure deficit of the air (data from Trebejo and Midmore, 1990).

winter season compared with the summer
season. The relationship between fresh tuber
yield and water applied was linear for both
seasons, which is generally expected if soil
evaporative losses and vapour-pressure
deficits are equal across treatments within
the same season (Sinclair et al., 1984). The
slopes of the linear relationships indicated
that water productivity during the winter
was 127 kg ha™! mm™!, but only 64 kg ha™!
mm~! during the summer. These values are
close to those of 54-120 kg ha™! mm™!
reported by Wright and Stark (1990) for sev-
eral studies with potato.

The amount of water applied to the
potato crop grown during the more humid
winter ranged from 250 mm to 312 mm, with
the latter representing what was needed to
replace class A pan-evaporation. A reduction
of only 62 mm in water applied resulted in a
decrease in fresh tuber yield from 38.2 t ha™!
to 30.3 t ha™!. For the summer crop, applied
water ranged from 380 mm to 584 mm and
the associated yields ranged from 12.1 t ha™!
to 25.4 t ha~1. Therefore, about half as much
water was used during the winter to pro-

duce 150% more yield than that obtained in
the summer. The same studies referred to
earlier by Wright and Stark (1990) showed
that seasonal water use averaged 607 mm
(range 450-800 mm) and yield levels aver-
aged 56 t ha™! (range 33-72 t ha™!).

For both seasons, irrigation based on
class A pan-evaporation did not appear to
result in excessive water application, since
maximum yields were obtained using this
method. Nevertheless, seasonal evapotran-
spiration (ET) estimates that were obtained
from gravimetric soil samples showed that
cumulative water applied by irrigation was
in excess of cumulative ET by about 90 mm
(Trebejo and Midmore, 1990). Concerns
about excessive irrigation or poor drainage
are always valid in potato cultivation, since
yield is as sensitive to reduced aeration as
it is to drought stress, although yield loss
due to the latter is more common (Wright
and Stark, 1990). When less water was
applied than that needed to replace class A
pan-evaporation, water deficits obviously
occurred and yield levels were depressed
(Fig. 14.3).



234

W.T. Bowen

Needless to say, potato farming in
coastal Peru occurs during the winter, when
the cool humid conditions are favourable
for growth and more efficient use of irriga-
tion water. The cooler temperatures result
in delayed maturity, which provides more
time for the interception of solar radiation
and the conversion of intercepted radiation
to dry matter. For the Trebejo and Midmore
(1990) study, the mean harvest date of all
three clones was 91 days after planting for
the summer and 110 days after planting for
the winter. During winter, less soil evapora-
tion and the smaller vapour-pressure deficit
of the air also combine to enhance water
productivity when compared with the sum-
mer. Generally, more humid environments
provide greater water productivity because
of lower vapour-pressure deficit (Sinclair et
al., 1984).

Genotypic Differences in Response to
Water Supply

Data from the Trebejo and Midmore (1990)
study can also be used to illustrate genotypic
differences in response to water supply.
While the previous section compared water-
productivity values averaged across all three
clones, this section will discuss results for
each clone averaged across all water-applica-
tion levels.

Figure 14.4 shows the fresh tuber yield
and the water productivity calculated for
each clone during the winter and summer
seasons. The two heat-tolerant clones, LT1
and DTO33, yielded more in the summer
than Revolucién, the cultivar better adapted
to coastal winter conditions. Selection for
heat tolerance has evidently improved
adaptability to warmer climates, which is
also reflected in greater water productivity
when the heat-tolerant clones are compared
with Revolucién in the summer. None the
less, better yields and water productivity
were realized for all clones when grown
during the winter compared with the sum-
mer. The highest yield and water productiv-
ity were obtained with Revolucién grown
during the winter.

In a comparison of the two heat-tolerant
clones, LT1 probably performed better than
DTO33 because of its later maturity. In the
summer, LT1 was harvested 92 days after
planting (DAP) versus 81 DAP for DTO33. In
the winter, LT1 was harvested 112 DAP ver-
sus 103 DAP for DTO33.

Other evidence for genotypic differences in
water productivity comes from a study of leaf
resistances for 14 potato cultivars, conducted
by Ekanayake and de Jong (1992). Greater
water productivity could conceivably be
obtained through manipulation of stomatal
behaviour so that midday water stress trig-
gers midday stomatal closure to prevent high
transpiration rates and minimize damage to
the crop (Sinclair et al., 1984). Ekanayake and
de Jong (1992) did find significant genotypic
differences in leaf resistance or stomatal
behaviour, indicating the possibility of
improving water productivity and drought
resistance through improved germplasm.

Another avenue for improving the water
productivity of potato could be through
deeper rooting to extract soil moisture from
deeper in the profile. Recent investigation of
a large number of clones in the desert condi-
tions of Lima has shown genotypic differ-
ences in depth to rooting (N. Pallais,
International Potato Center, Lima, Peru,
2000, personal communication).

Impact of Agronomic Practices on Water
Use

Agronomic practices that reduce soil evapora-
tion should tend to increase water productiv-
ity. In a study of the benefits of surface
mulches on yield, Midmore et al. (1986b)
showed that mulch increased tuber yield dur-
ing the summer in Lima by 20%. Although it
was not directly determined how much water
productivity might have been affected,
Midmore et al. (1986a) did conclude that
mulch always increased soil-moisture reten-
tion. Thus enhanced yields obviously mean
increased water productivity for the same
amount of applied water, at least for the sum-
mer season in Lima. These same studies also
showed that mulch resulted in earlier tuber
initiation and greater tuber bulking rates.
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Fig. 14.4. Fresh tuber yields and estimated water productivity (expressed as kg fresh tubers ha=" mm~" of
applied water) for three cultivars grown during the 1985 summer and winter seasons in Lima, Peru (data

from Trebejo and Midmore, 1990).

Manrique and Meyer (1984) also studied
the impact of mulches on potato yield during
winter and summer seasons in Lima. They
saw no effect on yields during the winter,
but summer yields were increased by 58%
with surface mulch, which improved soil-
moisture retention.

Potential Role of Simulation Models

Owing to advances in computer technology
and accessibility, models of soil and plant
systems have become increasingly valuable
instruments for assimilating knowledge

gained from experimentation. Their use
within a research programme has the
potential to increase efficiency by empha-
sizing process-based research, rather than
the study of merely site-specific net effects.
Consequently, a modelling approach lends
structure to a research programme, helping
to focus on the quantitative description of
soil and plant processes. This information
can then be used to predict how the system
might respond to different environmental
and management factors. A modelling
approach also provides a dynamic, quanti-
tative framework for multidisciplinary
input.
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Although there are several potato models
available, at CIP we have chosen to initially
work with the SUBSTOR-Potato model
(Ritchie et al., 1995). This model simulates, on
a daily basis, the accumulation and partition-
ing of biomass and the phenological develop-
ment of a potato crop as influenced by
temperature, photoperiod, intercepted radia-
tion and soil water and nitrogen (N) supply.
To illustrate the comprehensive nature of the
model, a listing of the processes that are sim-
ulated when accounting for N demand and
supply are provided in Table 14.2. The envi-
ronmental factors that the model uses to sim-
ulate each process are also shown. The model
is thought to be especially valuable for stud-

ies of the interaction of water and N supply.
SUBSTOR has been tested in various environ-
ments and has generally performed well
when simulated data have been compared
with measured data (Griffin et al, 1995;
Mahdian and Gallichand, 1995; Ritchie et al.,
1995; Travasso et al., 1997; Bowen et al., 1999).

We have begun to calibrate and test the
SUBSTOR-Potato model across a wide
range of environments and management
systems in the Andes and more recently in
the Indo-Gangetic plains of India. A com-
parison of simulated and observed tuber
yields obtained from field studies in the
Andes is shown in Fig. 14.5. This limited
testing shows that the model realistically

Table 14.2. Major processes that are simulated and environmental factors that affect those processes in

the N submodel of SUBSTOR-Potato (version 3).

Process simulated

Main factors influencing process

Crop N demand

Growth Solar radiation, temperature
Development Photoperiod, temperature
Soil N supply
Mineralization/immobilization ~ Soil temperature, soil water, C/N ratio
Nitrification Soil temperature, soil water, soil pH, NH}
Denitrification Soil temperature, soil water, soil pH, soil C
NOj leaching Drainage
Urea hydrolysis Soil temperature, soil water, soil pH, soil C
Uptake So