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PREFACE

Due to increased agricultural production, irrigated land has increased in the arid
and subhumid zones around the world. Agriculture has started to compete for water
use with industries, municipalities, and other sectors. This increasing demand along
with increases in water and energy costs have made it necessary to develop new
technologies for the adequate management of water. The intelligent use of water for
crops requires understanding of evapotranspiration processes and use of efficient
irrigation methods.

Micro irrigation is sustainable and is one of the best management practices. I at-
tended 17th Punjab Science Congress on February 14—16, 2014, at Punjab Technical
University in Jalandhar, India. I was shocked to know that the underground water
table has lowered to a critical level in Punjab. My father-in-law in Dhuri told me
that his family bought 0.10 acres of land in the city for US $100.00 in 1942 because
the water table was at 2 feet depth. In 2012, it was sold for US $233,800 because the
water table had dropped to greater than 100 feet. This has been due to luxury use of
water by wheat-paddy farmers, he said. The water crisis is similar in other countries,
including Puerto Rico, where I live. We can, therefore, conclude that the problem
of water scarcity is rampant globally, creating the urgent need for water conserva-
tion. The use of micro irrigation systems is expected to result in water savings and
increased crop yields in terms of volume and quality.

Our planet will not have enough potable water for a population of >10 billion
persons in 2115. The situation will be further complicated by multiple factors that
will be adversely affected by global warming. The United Nations states that

Water scarcity already affects every continent. Around 1.2 billion people, or al-
most one-fifth of the world's population, live in areas of physical scarcity, and
500 million people are approaching this situation. Another 1.6 billion people,
or almost one quarter of the world's population, face economic water shortage
(where countries lack the necessary infrastructure to take water from rivers and
aquifers).

Water scarcity is among the main problems to be faced by many societies and the
World in the XXIst century. Water use has been growing at more than twice the
rate of population increase in the last century, and, although there is no global
water scarcity as such, an increasing number of regions are chronically short of
water.

Water scarcity is both a natural and a human-made phenomenon. There is enough
freshwater on the planet for seven billion people but it is distributed unevenly
and too much of it is wasted, polluted and unsustainably managed. (http:/www.
un.org/waterforlifedecade/scarcity.shtml)
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Every day there news on the importance of micro irrigation appear all around the
world indicating that government agencies at central/state/local level, research and
educational institutions, industry, sellers, and others are aware of the urgent need to
adopt micro irrigation technology that can have an irrigation efficiency of up to 90%
compared to 30—40% for the conventional irrigation systems.

It is important to adopt a suitable drip irrigation system to grow agricultural
crops, space plants, forest trees, landscape plants and shrubs, and garden plants be-
cause all vegetation require different water intake. For better results, one should
plan and install proper irrigation systems for the land under consideration. Micro
irrigation is one of the most efficient watering methods, as it can save water and give
better quality of products. The trickle irrigation system can be designed and adapted
to varying irrigation needs for arid, semiarid and humid regions; a wide range of
crops; and different climatic and soil conditions. Drip irrigation can save our planet
from the water scarcity.

The trickle irrigation design must be carried out by a professionally registered
engineer who is qualified and has the necessary knowledge. This is not job for a
layperson. Investment in the design phase will pay off in the long run. In November
of 1979, a hydraulic technician came to my office and tried to convince me that he
could design a drip irrigation system better than the engineer. One of his systems
at a 500-hectare vegetable farm in Puerto Rico failed during the first crop. I helped
to save this farm from total failure. We had to do the necessary modifications to the
existing design and replace the necessary parts. I recommend 100% to consult an
engineer to design the drip irrigation system.

Drip Irrigation Zone (http://www.dripirrigationzone.com/drip-irrigation-
systems/#installing) indicates that “design is an important aspect of a drip system
because the irrigation scheduling depends on it. While designing the system, keep
in mind different plants with different watering needs. Also take the soil and slopes
into consider-ation. Suppose the field has a heavy clay soil, one may require setting
up a system with high water pressure. According to the irrigation needs in a particu-
lar situation, one should choose emitters and make sure where the lines, laterals,
accessories and connectors should be best placed.” According to this website, there
are variations in a drip irrigation system. They have listed various types of drip sys-
tems to meet different watering requirements, such as: Toro drip irrigation system,
gravity drip irrigation system, rain bird drip irrigation system, lawn drip irrigation
system, automatic drip irrigation system, farm drip irrigation system, in-door drip
irrigation system, dig drip irrigation system, mini-sprinkler irrigation system, drip
irrigation fertilization, seasonal drip irrigation, eco drip irrigation, and Jain drip ir-
rigation.

Jain Irrigation Systems, Ltd. (http://www.jaindrip.com/Designtechnical/design.
htm) indicates that “an irrigation system is a sophisticated and complex one, in
which each component plays a very important role. The reliability and efficiency of
an irrigation system is a function of superior product, proper and skilled services,
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and professional design. Our design department has a staff of skilled engineers with
experience in every aspect of irrigation systems, beginning with water source pump-
ing and delivery systems right up to the design of the system. Our professional and
cost effective design helped us to bring thousands of acre area under micro irrigation
throughout India and abroad.”

Micro irrigation, also known as trickle irrigation or drip irrigation or localized
irrigation or high frequency or pressurized irrigation, is an irrigation method that
saves water and fertilizer by allowing water to drip slowly to the roots of plants,
either onto the soil surface or directly onto the root zone, through a network of
valves, pipes, tubing, and emitters. It is done through narrow tubes that deliver wa-
ter directly to the base of the plant. It is a system of crop irrigation involving the
controlled delivery of water directly to individual plants and can be installed on the
soil surface or subsurface.

The other important benefits of using micro irrigation systems include expan-
sion in the area under irrigation, water conservation, optimum use of fertilizers and
chemicals through water, and decreased labor costs, among others. The worldwide
population is increasing at a rapid rate and it is imperative that food supply keeps
pace with this increasing population. Micro irrigation systems are often used in
farms and large gardens, but are equally effective in the home garden or even for
houseplants or lawns. They are easily customizable and can be set up even by inex-
perienced gardeners. Putting a drip system into the garden is a great do-it-yourself
project that will ultimately save the time and help the plants grow. It is equally used
in landscaping and in green cities.

The mission of this book volume is to serve as a reference manual for gradu-
ate and under graduate students of agricultural, biological and civil engineering,
and horticulture, soil science, crop science and agronomy. I hope that it will be
a valuable reference for professionals who work with micro irrigation and water
management; for professional training institutes, for technical agricultural centers,
for irrigation centers, for agricultural extension services, and for other agencies that
work with micro irrigation programs. I cannot guarantee the information in this
book will be enough for all situations. One must consult an irrigation engineer for
an optimum design.

After my first textbook, Drip/Trickle or Micro Irrigation Management, pub-
lished by Apple Academic Press Inc., and response from international readers, AAP
has published for the world community the ten-volume series on Research Advanc-
es in Sustainable Micro Irrigation, of which I am the editor.

This new book, Sustainable Micro Irrigation Design Systems for Agricultural
Crops: Methods and Practices, is volume two of a new book series, Innovations
and Challenges in Micro Irrigation. This volume is unique because it is complete
and simple, a one-stop manual, with worldwide applicability to irrigation manage-
ment in agriculture. This series will be a must for those interested in irrigation plan-
ning and management, namely, researchers, scientists, educators, and students. My
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longtime colleague, Dr. Pravukalyan Panigrahi, Scientist at Directorate of Water
Management, Bhubaneswar-Odisha-India, joins me as a co-editor of this edition.
His contribution to the quality of this book has been invaluable.

Volume one of the series is Principles and Management of Clogging in Micro
Irrigation, is edited by me along with my colleagues Vishal K. Chavan, and Vinod
K. Tripathi.

The contributions by all cooperating authors to this book have been most valu-
able in this compilation. Their names are mentioned in each chapter and in the list of
contributors. This book would not have been written without the valuable coopera-
tion of these investigators, many of whom are renowned scientists who have worked
in the field of micro irrigation throughout their professional careers.

I would like to thank editorial staff, Sandy Jones Sickels, Vice President, and
Ashish Kumar, Publisher and President at Apple Academic Press, Inc., for making
every effort to publish the book when the diminishing water resources are a major
issue worldwide. Special thanks are due to the AAP Production Staff for the quality
production of this book.

We request readers offer us your constructive suggestions that may help to im-
prove future works.

I express my deep admiration to my family for understanding and collaboration
during the preparation of this book, especially my wife Subhadra Devi Goyal. With
my whole heart and best affection, I dedicate this book to Dr. A.M. Michael, who
taught me first undergraduate course on irrigation engineering at Punjab Agricul-
tural University, Ludhiana, Punjab, India. One of his textbooks, titled Irrigation:
Theory and Practice, published by Vikas Publishing House Pvt. Ltd, India, is widely
used in Asia. He was my guru who taught me to love irrigation and asked me to
never play a trick to the irrigation design, as it is a serious responsibility of the en-
gineer. He also told me in one of our informal meeting that the engineer “who never
sells his profession” is married for life to the engineering profession. He helped
me to inherit many ethical and professional qualities. I am a mirror image of his
humble and honest personality, though I will never be equal to his status. Without
his advice and patience, I would not have been a “Father of Irrigation Engineering
of twentieth century in Puerto Rico,” with zeal for service to others. My salute to
him for his irrigation legacy in India. As an educator, I offer this advice to one and
all in the world: “Permit that our Almighty God, our Creator and excellent Teacher,
irrigate the life with His Grace of rain trickle by trickle, because our life must con-
tinue trickling on...”

— Megh R. Goyal, PhD, PE, Senior Editor-in-Chief
August 01, 2015
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With only a small portion of cultivated area under irrigation and with the need to
expand this area, which can be brought about by irrigation, it is clear that the most
critical input for agriculture today is water. It is important that all available supplies
of water should be used intelligently to the best possible advantage. Recent research
around the world has shown that the yields per unit quantity of water can be in-
creased if the fields are properly leveled, the water requirements of the crops as well
as the characteristics of the soil are known, and the correct methods of irrigation are
followed. Significant gains can also be made if the cropping patterns are changed
so as to minimize storage during the hot summer months when evaporation losses
are high, if seepage losses during conveyance are reduced, and if water is applied at
critical times when it is most useful for plant growth.

Irrigation is mentioned in the Holy Bible and in the old documents of Syria, Per-
sia, India, China, Java, and Italy. The importance of irrigation in our times has been
defined appropriately by N. D. Gulati: “In many countries irrigation is an old art, as
much as the civilization, but for humanity it is a science, the one to survive.” The
need for additional food for the world’s population has spurred rapid development
of irrigated land throughout the world. Vitally important in arid regions, irrigation
is also an important improvement in many circumstances in humid regions. Unfor-
tunately, often less than half the water applied is used by the crop—irrigation water
may be lost through runoff, which may also cause damaging soil erosion, deep per-
colation beyond that required for leaching to maintain a favorable salt balance. New
irrigation systems, design and selection techniques are continually being developed
and examined in an effort to obtain high practically attainable efficiency of water
application.

The main objective of irrigation is to provide plants with sufficient water to pre-
vent stress that may reduce the yield. The frequency and quantity of water depends
upon local climatic conditions, crop and stage of growth, and soil-moisture-plant
characteristics. The need for irrigation can be determined in several ways that do
not require knowledge of evapotranspiration (ET) rates. One way is to observe crop
indicators such as change of color or leaf angle, but this information may appear too
late to avoid reduction in the crop yield or quality. Other similar methods of schedul-
ing include determination of the plant water stress, soil moisture status, or soil water
potential. Methods of estimating crop water requirements using ET and combined
with soil characteristics have the advantage of not only being useful in determining
when to irrigate, but also enables us to know the quantity of water needed. ET esti-
mates have not been made for the developing countries though basic information on
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weather data is available. This has contributed to one of the existing problems that
the vegetable crops are over irrigated and tree crops are under irrigated.

Water supply in the world is dwindling because of luxury use of sources; com-
petition for domestic, municipal, and industrial demands; declining water quality;
and losses through seepage, runoff, and evaporation. Water rather than land is one
of the limiting factors in our goal for self-sufficiency in agriculture. Intelligent use
of water will avoid problem of seawater seeping into aquifers. Introduction of new
irrigation methods has encouraged marginal farmers to adopt these methods without
taking into consideration economic benefits of conventional, overhead, and drip
irrigation systems. What is important is “net in the pocket” under limited available
resources. Irrigation of crops in tropics requires appropriately tailored working prin-
ciples for the effective use of all resources peculiar to the local conditions. Irrigation
methods include border-, furrow-, subsurface-, sprinkler-, sprinkler, micro, and drip/
trickle, and xylem irrigation.

Drip irrigation is an application of water in combination with fertilizers within
the vicinity of plant root in predetermined quantities at a specified time interval. The
application of water is by means of drippers, which are located at desired spacing on
a lateral line. The emitted water moves due to an unsaturated soil. Thus, favorable
conditions of soil moisture in the root zone are maintained. This causes an optimum
development of the crop. Drip/micro or trickle irrigation is convenient for vine-
yards, tree orchards, and row crops. The principal limitation is the high initial cost
of the system that can be very high for crops with very narrow planting distances.
Forage crops may not be irrigated economically with drip irrigation. Drip irrigation
is adaptable for almost all soils. In very fine textured soils, the intensity of water
application can cause problems of aeration. In heavy soils, the lateral movement of
the water is limited, thus more emitters per plant are needed to wet the desired area.
With adequate design, use of pressure compensating drippers and pressure regulat-
ing valves, drip irrigation can be adapted to almost any topography. In some areas,
drip irrigation is used successfully on steep slopes. In subsurface drip irrigation,
laterals with drippers are buried at about 45 cm depth, with an objective to avoid
the costs of transportation, installation, and dismantling of the system at the end
of a crop. When it is located permanently, it does not harm the crop and solve the
problem of installation and annual or periodic movement of the laterals. A carefully
installed system can last for about 10 years.

The publication of this book series is an indication that things are beginning to
change, that we are beginning to realize the importance of water conservation to
minimize the hunger. It is hoped that the publisher will produce similar materials in
other languages.

In providing this book series on micro irrigation, Megh Raj Goyal, as well as the
Apple Academic Press, is rendering an important service to the farmers. Dr. Goyal,
“Father of Irrigation Engineering in Puerto Rico,” has done an unselfish job in the
presentation of this series that is simple and thorough. I have known Megh Raj since
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1973 when we were working together at Haryana Agricultural University on an
ICAR research project in “Cotton Mechanization in India.”

Dr. Gajendra Singh, PhD
New Delhi,

August 1, 2015

Dr. Gajendra Singh, PhD,

Former Vice Chancellor, Doon University, Dehradun, India, and

Adjunct Professor, Indian Agricultural Research Institute, New Delhi.
Ex-President (2010-2012), Indian Society of Agricultural Engineers.

Former Deputy Director General (Engineering), Indian Council of Agricultural
Research (ICAR), New Delhi. Former Vice-President/Dean/Professor and
Chairman, Asian Institute of Technology, Thailand
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Water is becoming increasingly a scarce resource and is limiting agricultural devel-
opment in many developing and developed economies across the world. Developing
infrastructure for the water resources development, conservation and management
have been the common policy agenda in many economies. The water use efficiency
in the agricultural sector, which still consumes over 80% of water, is only in the
range of 30-40% in India, indicating that there is considerable scope for improving
the existing water use efficiency. Moreover, increasing dependence on groundwater
in many regions has resulted in negative externalities such as over pumping, chang-
es in crop pattern towards more water intensive crops, well deepening, increase in
well investments, pumping costs, well failure and abandonment and out migration
which are increasing at a much faster rate. Deepening of existing wells and drill-
ing new bore wells led to further decline in water table and deterioration of water
quality. Similarly, productivity of crops is not comparable with other developed and
even in some developing countries due to over irrigation. Therefore it is necessary
to efficiently utilize water to bring additional area under irrigation so as to reduce
the cost of irrigation and increase the productivity per unit area and unit quantum
of water. Micro irrigation, particularly drip and sprinkler irrigation, is followed in
many developed countries like USA, Austria, Germany, Israel, and Great Britain.
It is in this context, the present book by Dr. Megh R. Goyal on Sustainable Micro
Irrigation Design Systems for Agricultural Crops: Methods and Practices assumes
a critical and timely one.

The book has chapters from eminent irrigation specialists across the world. The
book has two major parts. The first part focuses on practices in micro irrigation.
This covers the major issues of principles and theories of micro irrigation, details of
technology, and evolution of micro irrigation technology. The second part deals with
design methods of micro irrigation, more specifically micro irrigation. It covers dif-
ferent design methods for various crops.

I sincerely hope that this book is certainly a breakthrough in the field of irriga-
tion. This book would be very useful for researchers, scholars, and development
personnel, commercial firms dealing with micro irrigation equipment, nongovern-
ment organizations, and policymakers.

D. Suresh Kumar, PhD
August 1, 2015
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Irrigation has been a vital resource in farming since the evolution of humans. Due
importance to be given for irrigation was not accorded to the fact that the availability
has been persistent in the past. Sustained availability of water cannot be possible
in future and there are several reports across the globe where severe water scarcity
might hamper farm production. Hence, in modern day farming, the most limiting
input being water, much importance should be given to conservation and the judi-
cious use of the irrigation water for sustaining the productivity of food and other
cash crops. Though the availability of information on micro irrigation is adequate,
its application strategies must be expanded for the larger benefit of the water-saving
technology by users.

In this context under Indian conditions, the attempt made by Prof. R. K. Siva-
nappan, Former Dean, Agricultural Engineering College of TNAU, in collating all
pertinent particulars and assembling them in the form a precious publication proves
that the author is continuing his eminent service and supporting the farming com-
munity by way of empowering them in adopting the micro irrigation technologies
at ease and the personnel involved in irrigation are also enriched by the knowledge
on modern irrigation concepts. While seeking the blessings of Dr. R. K. Sivanappan
and Dr. Megh Raj Goyal (editor of this book), I wish the publisher and authors suc-
cess in all their endeavors for helping the users of micro irrigation.

B. J. Pandian, PhD






WARNING/DISCLAIMER

The goal of this compendium, Sustainable Micro Irrigation Design Systems for Ag-
ricultural Crops: Methods and Practices, is to guide the world community on how
to manage efficiently for eco-nomical crop production. The reader must be aware
that dedication, commitment, honesty, and sincerity are most important factors in a
dynamic manner for complete success. This reference is not intended for a one-time
reading; we advise you to consult it frequently. To err is human. However, we must
do our best. Always, there is a place for learning new experiences.

The editor, the contributing authors, the publisher, and the printer have made ev-
ery effort to make this book as complete and as accurate as possible. However, there
still may be grammatical errors or mistakes in the content or typography. Therefore,
the contents in this book should be considered as a general guide and not a complete
solution to address any specific situation in irrigation. For example, one size of ir-
rigation pump does not fit all sizes of agricultural land and work for all crops.

The editor, the contributing authors, the publisher, and the printer shall have
neither liability nor responsibility to any person, organization, or entity with respect
to any loss or damage caused, or alleged to have caused, directly or indirectly, by
information or advice contained in this book. Therefore, the purchaser/reader must
assume full responsibility for the use of the book or the information therein.

The mention of commercial brands and trade names are only for technical pur-
poses and does not imply endorsement. The editor, contributing authors, educational
institutions, and the publisher do not have any preference for a particular product.

All web links that are mentioned in this book were active on December 31, 2014.
The editors, the contributing authors, the publisher, and the printing company shall
have neither liability nor responsibility if any of the web links are inactive at the
time of reading of this book.
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“I congratulate the editors on the completion and publication of this book volume
on micro irrigation design. Water for food production is clearly one of the grand
challenges of the twenty-first century. Hopefully this book will help irrigators and
famers around the world to increase the adoption of water savings technology such
as micro irrigation.”

—Vincent F. Bralts, PhD, PE, Professor and Ex-Associate Dean, Agricultural
and Biological Engineering Department, Purdue University, West Lafayette, Indiana

“This book is user-friendly and is a must for all irrigation planners to minimize
the problem of water scarcity worldwide. The Father of Irrigation Engineering in
Puerto Rico of twenty-first century and pioneer on micro irrigation in the Latin
America, Dr. Goyal (my longtime colleague) has done an extraordinary job in the
presentation of this book.”

—Miguel A Muiioz, PhD, Ex-President of University of Puerto Rico;
and Professor/ Soil Scientist
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tion with Dr. Megh Raj Goyal while at Punjab Agricultural University in India. I
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I believe that this innovative book will aid the irrigation fraternity throughout the
world.”

—A. M. Michael, PhD, Former Professor/Director, Water Technology Centre —
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4 Sustainable Micro Irrigation Design Systems for Agricultural Crops

1.1  INTRODUCTION

Drip irrigation, a method of applying water directly to the plant root zone, is char-
acterized by water application at slow rates but relatively more frequently over the
crop growing season as per crop water requirement. It is most suited to vegetables
crops, fruits trees and vine crops although currently its application has extended
over a wide range of row crops because of its water conservation potential and
higher crop productivity. As such, drip irrigation has spread over an area of around
1.9 million ha (M ha), may be the highest in the world in term of area under drip ir-
rigation [26]. Another major advantage of drip irrigation manifests from its potential
to use saline water. The low matric stress in the root zone due to frequent applica-
tions enables the plants to overcome high osmotic stress encountered in saline water
irrigation. In spite of the numerous evidences generated over the last 3 decades or
so not much progress has been made in expanding the use of saline/alkali water
with drip irrigation. Besides, high capital cost and knowledge required to address
several complex issues in drip systems, prompted the technologists to develop local
alternatives of drip irrigation. Several of them not only mimic the drip irrigation but
are also relatively cheap and pose less complexity in their application by resource
poor farmers.

This chapter highlights evidences: (i) on the use of saline/alkali water with drip
irrigation; and (ii) to understand impediments and describe some of the potential
local alternatives of drip irrigation to use saline/alkali water.

1.2 WATER QUALITY SCENE IN INDIA

Ground water has been characterized and classified in India on the basis of electri-
cal conductivity (EC, ), sodium adsorption ratio (SAR. ), residual sodium carbonate
(RSC) and individual ion concentrations of several elements. Considering the data
generated on water quality and various management options required to manage
these waters, a Committee of Experts classified the water into four main classes
(Table 1.1). Saline and alkali water were further subgrouped into three classes each
to underline the severity of the problems.

TABLE 1.1 Classification of Poor Quality Water

Water quality EC, SAR, RSC
(dSm™) (mmoll )" (meql™)

A. Good <2 <10 <2.5

B. Saline

i. Marginally saline 24 <10 <2.5

ii. Saline >4 <10 <2.5

iii. High-SAR saline >4 >10 <2.5
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TABLE 1.1 (Continued)

Water quality EC, SAR, RSC
(dSm™) (mmoll ) (meql ™)
C. Alkali water
i. Marginally alkali <4 <10 2.5-4.0
ii. Alkali <4 <10 >4.0
iii. High-SAR alkali variable >10 >4.0
D. Toxic Water The toxic water has variable salinity, SAR and RSC but has excess of

specific ions such as nitrate, boron, fluoride, chloride, sodium, silica
or heavy metals such as selenium, cadmium, lead and arsenic, etc.

Source: Ref. [38], Toxic waters added from Ref. [23].

Central Soil Salinity Research Institute, Karnal undertook a study to compile the
information, what so ever was available, and prepared a map of ground water qual-
ity for irrigation on a 1:6 million scale [22]. The map has four legends namely, good
water (EC, <2 and SAR < 10), saline water (EC, > 2 and SAR < 10), high-SAR sa-
line water (EC, > 4.0 and SAR > 10) and alkali water (EC,  variable, SAR variable
and RSC > 2.5). Notwithstanding the large spatial variations, high salinity ground
waters are mostly encountered in arid parts of northwest states like Rajasthan, Hary-
ana and Punjab. Associated with salinity, the ground waters in some pockets of these
states may contain toxic levels of B, F, NO,, Se and Si, etc. The alkali waters are
found mainly in the semiarid parts of India where the annual rainfall is in the range
of 500-700 mm. The total area underlain with the saline ground water (EC, > 4 dS
m™) is approximated as 193,438 km? (Table 1.2) with annual replenishable recharge
of 11,765 million m*yr'[14].

-1
TABLE 1.2 Estimated Area (M-ha) Underlain With Saline Ground Water (EC, >4 dSm )

State Total area of the Area underlain with saline
state (M-ha) ground water (M ha)

Rajasthan 342 14.10 (41.22)

Gujarat 19.6 2.43 (12.39)

Haryana 4.4 1.14 (25.90)

Karnataka 19.1 0.88 (4.60)

Tamil Nadu 13.0 0.33 (2.53)

Punjab 5.0 0.30 (6.00)

Uttar Pradesh 2.9 0.13 (4.48)

Delhi 0.14 0.01 (7.14)

Total 125.0 19.3 (15.44)

Note: Figures in brackets express percentage.
Source: Ref. [65] .
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Over the last few decades, an interesting situation is emerging in India. While
the water table is declining in areas underlain by fresh water due to overexploitation,
areas underlain by saline/alkali waters are experiencing rising trend in the water
table. It is resulting in problems of water logging and soil salinization. Such a situ-
ation calls for exploitation of poor quality saline/alkali waters in crop production
programs to turn this liability into an opportunity.

1.3 USE OF SALINE/ALKALI WATER IN CROP PRODUCTION

A large number of studies have been conducted in India to establish the potential of
poor quality waters in crop production programs under various agro-climatic con-
ditions. The generic management options that have been tried and adopted under
field conditions are categorized under five groups namely crop management, soil
management, irrigation water management, chemical management and rainwater
management (Table 1.3) [23]. One of the options under irrigation water manage-
ment is switchover to improved irrigation techniques under which sprinkler, drip
and few local alternatives of drip have been tried to establish their potential to use
saline/alkali water. This issue is the subject matter of this chapter.

TABLE 1.3 Management of Saline/Alkali Water [23]

Group Technology

Crop management Crop selection
Exploitation of varietal differences
Growth stage sensitivity
Agronomic practices
Soil management Soil specific management
Land forming/seeding
Fallowing
Irrigation water management Shallow depth-high frequency irrigation
Conjunctive use of multisource waters
Pre-sowing irrigation
Post sowing irrigation
Switchover to improved irrigation techniques
Leaching
Chemical management Application of chemical amendments
Application of additional nutrients
Rainwater management In-situ rainwater conservation

Rainwater harvesting and reuse
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1.4 DRIP IRRIGATION FOR WATER CONSERVATION

The drip irrigation system has become quite popular in areas of acute water scar-
city and places where commercial cultivation mainly of cash or horticultural crops
is practiced. In line with the global experiences, numerous studies conducted in
different parts of India have documented the benefits of drip irrigation in terms of
increased productivity on different crops and also quantified the benefits in terms of
water saving [11, 12, 15, 19-21, 34, 46, 49, 51-55, 57, 61, 68, 76, 78, 79, 81-84, 86,
87]. In order to have a realistic figure out of so many multilocation trials, Saxena and
Gupta [62] compiled and prepared a new table documenting the average benefits in
yield increase and water saving by taking the arithmetic average of all the reported
values of a given crop (Table 1.4). Among the top 12 crops that responded relatively
higher increase in yield under drip irrigation are sweet lime, carrot, beans, mango,
turmeric, popcorn, baby corn, papaya, capsicum, chickpea and watermelon (Table
1.4). On the other hand, chili, coconut, radish, ridge gourd, tomato, guava, cabbage,
banana, potato, beetroot and mango gave higher water use efficiency. High water
saving was observed among beetroot, bitter gourd, sweet potato, papaya, radish,
sweet lime, sweet lime, pomegranate, turmeric, cotton, coconut and acid lime crops.

TABLE 1.4 Average Crop Yield, Percentage Increase in Yield, Water Use Efficiency and
Water Saving in Drip Over the Conventional Irrigation System for Various Crops

Sr. No. Crop Number of  Yield (t Yield WUE (t Water saving
References  ha™) increase ha'cm™) (%)
(%)
1 Acid lime 1 78.0 56.0 1.3 50.0
2 Baby corn 1 9.9 72.4 0.5 43.8
3 Banana 7 71.5 29.3 3.0 42.5
4 Bean 1 10.3 81.8 0.4 36.9
5 Beetroot 1 48.9 7.0 2.8 79.0
6 Ber 3 71.0 27.7 0.7 343
7 Bitter gourd 4 2.7 44.4 1.4 69.5
8 Bottle gourd 1 55.8 46.8 1.0 35.7
9 Brinjal 7 16.0 44.6 1.5 42.6
10 Cabbage 5 50.5 375 32 37.4
11 Capsicum 1 22.5 66.6 0.8 43.1
12 Carrot 1 26.3 92.3 0.8 33.6
13 Castor 2 7.3 30.2 1.7 33.0
14 Cauliflower 3 19.5 39.7 0.7 37.1
15 Chickpea 1 3.8 66.6 1.6 42.6
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TABLE 1.4 (Continued)

Sr. No. Crop Number of Yield (t Yield WUE (t Water saving
References  ha™) increase ha' cm™) (%)
(%)
16 Chilli 5 68.0 28.7 7.5 473
17 Coconut 2 181.0 7.1 6.9 50.5
(Nos./plant)
18 Cotton 3 36.0 40.0 0.9 51.1
19 Cucumber 1 22.5 45.1 0.9 37.8
20 Grain Corn 1 6.5 52.9 2.2 45.0
21 Grape 5 29.9 20.9 1.0 43.0
22 Groundnut 2 3.5 62.5 1.0 324
23 Guava 2 25.5 63.0 35 9.0
24 Mango 3 19.5 80.7 2.4 28.9
25 Sweet lime, 1 15.0 98.0 0.2 61.0
1000 pcs
26 Oil Palm 1 - - - 21.0
27 Okra 12 20.1 20.7 1.9 44.7
28 Onion 3 17.0 42.6 1.2 36.7
29 Papaya 5 56.6 72.0 0.9 68.0
30 lfgg‘;fsranate’ 3 447 55.7 0.5 573
31 Popcorn 1 5.5 75.4 2.1 42.0
32 Potato 5 28.7 50.0 2.8 24.6
33 Radish 2 17.0 27.5 5.0 64.0
34 Ridge gourd 3 17.4 14.5 44 434
35 Round gourd 1 36.6 24.0 0.5 0.0
36 Sapota 1 - 17.2 - 214
37 Sweet potato 1 50.0 39.0 2.0 68.0
38 Sugarcane 6 145.9 43.6 1.2 46.7
39 Sweet lime 1 15.0 50.0 2.3 61.4
40 Tapioca 2 54.6 12.6 0.6 234
41 Tomato 11 36.6 46.0 3.8 374
42 Turmeric 2 18.4 76.3 0.6 53.1
43 Watermelon 3 46.8 64.8 2.1 46.1

WUE = Water Use Efficiency, pcs = Pieces.
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1.5 DRIP IRRIGATION FOR USE OF SALINE WATER

Numerous studies have also been conducted to establish the potential of drip irriga-
tion to use saline/ alkali water. Before making any comment, a brief review will be
presented.

Agarwal and Khanna [6] conducted a trial at Hisar to grow radish crop with
saline tube well water (EC, = 6.5 dS m™') and good quality canal water (EC, = 0.25
dS m™). The yield was higher with drip being maximum in subsurface than surface
drip. Moreover, the yield reduction with saline water was much less in drip (10.3%
in surface drip) as compared to surface irrigation (39.6% in best treatment). Recent
studies have shown that subsurface drip may not be beneficial in many cases if de-
signs fail to take care of soil, crop, salinity of the soil and water interactions. Kumar
and Sivanappan [35] concluded that drip irrigation gave higher yield than any other
surface irrigation method for all levels of saline water tested (EC,, 0.85, 2.5, 5.0,
7.5, and 10.0 dS m™). It emerged that saline water having an EC, of 7.5 dS m™' is
safe to grow crops with drip irrigation. Subba Rao et al. [85] observed up to 50%
decrease in yield of tomato when EC, exceeded 6 dSm™.

Jain and Pareek [31] observed lesser salt accumulation in drip irrigation when
saline waters of EC, ranging from 2.7 to 9.0 dS m™' were used to irrigate date palm
trees. Similar results were reported by Singh et al. [77] when sodic waters contain-
ing RSC 2.1, 8.45 and 12.45 meq ! were applied to grow kinnow (Citrus reticulata)
plantation. Singh et al. [75] compared the plant performance and soil salinity before
and after three years of application of 0.4, 4.0, 8.0 and 12.0 dS m™ water through
drip and basin irrigation in sapota crop at Anand, Gujarat. On the basis of plant per-
formance and accumulation of salts at the end of experiment, it was concluded that
drip irrigation performed better compared to the basin method at all salinity levels.
The yield of tomato decreased from 38.7 to 29.8 t ha! (about 24% less over the good
quality water) as the salinity of irrigation water increased from 0.21 to 5 dS m™' [33].
Jangir and Yadav [32] reported the results of Yadav [88] on the effect of saline water
irrigation on cauliflower as affected by drip and surface irrigation methods. Higher
yields were obtained at all salinity levels in drip than with check basin. The yield
obtained at EC,, of 10 dS m™" in drip was about the same as obtained at EC, of 2.5
dS m™ in check basin irrigation (Table 1.5). Similar results for chili crop have been
reported from Agra in Table 1.6 [4].

Irrigating tomato and brinjal crops through drip using canal water and waters of
4 and 8 dS m™ at three IW/CPE levels (0.75, 1.00 and 1.25) at different irrigation
intervals of 2, 3 and 4 days gave better yield at higher IW/CPE (Irrigation water ap-
plied/cumulative pan evaporation) ratios [2].
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TABLE 1.5 Effect of Method of Irrigation on Cauliflower Yield With Saline Water

EC, (dSm) Drip irrigation Check basin Mean
0.0 17.5 13.0 15.3
2.5 17.7 13.1 15.4
5.0 15.0 10.0 12.5
10.0 13.0 7.5 10.2
Mean 15.8 10.9

CD 5% for method of irrigation = 1.65 and EC, = 0.87.

TABLE 1.6 Effects of Saline Water and IW/CPE Ratio on Yield (t/ha) of Chili in Drip and
Surface Irrigation

IW/CPE* EC, levels (dS m) EC, levels (dS m™)
ratio Mean Mean
Control 4 8 Control 4 8
Drip Irrigation Surface Irrigation
0.75 15.40 9.82 943 11.55 10.24 638 560 741
1.00 15.60 9.87 926 11.58 10.34 636 434 7.01
1.25 14.74 9.52 8.64 1097 1030 5.63 428 6.74
Average 15.21 9.74 9.10 10.30 6.13 4.74

CD 5% for drip = 0.68 and for surface = 1.07; IW/CPE ratio and interaction of EC, and
IW/CPE ratio were nonsignificant; and *Irrigation water applied/cumulative pan evaporation.

It was observed that if total amount of water application is constant, 13 and
33% higher yields can be obtained at irrigation intervals of 3 and 4 days compared
to 2 days interval. Significant differences in cotton yield were observed at an EC,_
of 11 dS m™' compared to 2-2.5, 5.0 and 8.0 dS m™" with 37.3% decrease in yield
over 2-2.5 dS m™!. Subsurface drip proved inferior to surface drip in all cases [47].
The tomato yield in Punjab (India) decreased significantly with increase in salinity
levels of irrigation water with 26% and 11% decrease at 6.3 and 9.1 dS m™' salinity
compared to 0.38 dS m™! salinity [45]. The yield of okra (4dbelmoschu sesculentus
L. Moench, Var: Mahyco10 Hy) reduced by 22.9% at EC, of 8 dS m™' compared to
only 5.9% less at 6.0 dS m™ [64]. The water use efficiencies at 0.2, 2.0, 4.0, 8.0 dS
m were 0.49, 0.49, 0.46 and 0.38 tha™' cm™!, respectively.

Alkali water with high RSC has also been used for crop cultivation with appropriate
amendments to neutralize RSC of water. The amended water applied through drip irriga-
tion besides giving higher yield helped to conserve water to the tune of 21-42% (Tables
1.7 and 1.8). Much higher decline in surface irrigation was experienced during the second
year. Both the amendments namely gypsum and distillery spent wash (DSW) used were
found to be effective ameliorants [3].
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TABLE 1.7 Effect of Drip Irrigation Using Ameliorated Alkali Water on Yield and Yield
Attributes of Sugarcane Crop

Irrigation water treatments

Drip irrigation

Treatments Furrow Mean

Gypsum bed Spent Untreated  irrigation

wash

2004-2005 Cane yield (tha™)
50% GR 102.00 72.95 70.93 71.00 79.22
No gypsum 81.00 69.00 53.00 50.62 63.41
Mean 91.50 70.98 61.96 60.81
CD 5% 9.04 (1) 1.99 (2) 9.47 (3) 3.97(4)
2005-2006 Cane yield (tha™)
50% GR 71.57 53.98 59.26 42.27 56.77
No gypsum 65.74 59.77 30.00 38.47 48.50
Mean 68.66 56.88 44.63 40.37

CD 5% for methods, for water treatments for M X S interaction and S X M interaction are
2.87,3.17, 5.32 and 6.34, respectively. GR = Gypsum requirement.

TABLE 1.8 Amount of Water Used in Sugarcane in Drip and Furrow Irrigation

2004-2005 2005-2006

Treatment Quantity of Watel; saving Quantity of water Wa.ter

water used (%) used (mm) saving

(mm) (%)

Drip irrigation
Gypsum treated water 1812 42 1783 21
Spent wash treated water 1831 41 1801 20
Untreated alkali water 1812 42 1783 21
Furrow irrigation 2580 - 2173 -

1.6 THE PROBLEMS IN THE USE OF SALINE WATER

The evidences included in the foregoing section together with many others studies have
proved that drip irrigation can be used to use relatively more saline water for several crops
with no or limited yield losses [35, 60, 63, 70]. Drip irrigation proved beneficial even
under shallow water tale situations for cauliflower, vegetables and cotton [71, 73]. In spite
of these evidences use of saline water with drip irrigation has not picked up the necessary
momentum for reasons discussed in the following sections.
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1.6.1 LIMITED PERIOD STUDIES

Most studies have been conducted on small scale and were in operation for limited peri-
ods. Apparently, the relevant data required to perfect the technology have not been fully
documented. For example; use of saline water through drip irrigation is likely to result in
accumulation of salts at the wetting front. Under such situations, it may be prudent to ap-
ply reclamation leaching before the cultivation of next crop in the sequence. For example;
in one of the commercial cultivation at Indore, a heavy irrigation with good quality water
proved beneficial to leach down the salts even within a single cropping season of bitter
gourd. Besides, light shower during the season might push the accumulated salts into the
root zone to adversely affect the production. At Agra, summer chili crop with drip failed
to survive in one year and there was almost no harvestable yield because of this reason. A
similar failure was experienced at Karnal, when the ridge gourd crop failed under pitcher
irrigation because the salts accumulated at the surface moved in to the root zone following
light showers. Moreover, under the hot sunny days commonly encountered in arid and
semiarid regions of India, operational schedule of drip irrigation may require frequent
irrigation with appropriate leaching requirement for salts to move farther away from the
plants and deeper in the profile. Such issues have not been resolved in most studies. Al-
though recommendations have emerged that application of saline water can be used
without any adverse effect on soil, crop, environment and building up the salts in
the soil In areas having good monsoon rainfall [47], yet there is a need to work out
reclamation leaching requirement and leaching requirement for salt balance in saline wa-
ter drip irrigated crops.

1.6.2 CLOGGING OF EMITTERS

Another major problem that might emerge with the use of saline water is due to
frequent clogging of emitters. The common elements to clog drip emitters by pre-
cipitation and/or sedimentation are calcium, magnesium, iron and manganese. Wa-
ter containing high levels of these elements, and having pH above 7.0, has a high
potential to cause clogging of drip emitters. It may be mentioned that most saline/
alkali water have pH above 8.0 and EC is of course high. Alkali waters have pre-
ponderance of bicarbonates resulting in high RSC values. It is noticed that there
are not many evidences where impact of saline water on clogging has been studied
along with its potential of use to grow crops. In one of the studies conducted in
Gujarat, fertigation with water soluble fertilizer increased the risk of clogging, par-
ticularly when fertilizer contained P, Ca, Mg, Fe and Mn. The drippers with higher
discharge rate recorded less clogging but the risk increased with increasing salinity
being maximum and minimum at 8 dS m™' and best available water (BAW) of 1.47
dS m™, respectively as shown in Table 1.9 [68]. Similar results were obtained by
these authors in farmers’ fields.
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TABLE 1.9 Interaction Effect of Different Treatments on Periodical Dripper Clogging (%)

Treatments Clogging (%)* after period (days)

15 30 45 60 75 90 105 120
No fertigation 6.82 11.70  15.07 17.86 20.17 2229 2423 2643
Fertigation 7.46 1234 1558 1859 21.14 2350 25.85 28.13
150:50:50
NPK
CD 5% 0.411
Dripper discharge
1.2 Iph 8.93 13.87 17.01 19.54 22.10 24.57 26.89 29.52
2 Iph 7.70 13.03 16.18 1885 21.16 23.52 25.79 28.03
3 Iph 5.08 1038 14.10 1739 20.09 22.16 24.54 2649
4 Iph 6.86 10.80 14.02 17.13 19.27 21.35 2293 25.06
CD 5% 0.511
EC,,
1.5dS m™ 7.06 11.41 1438 1727 1932 21.32 23.12 24.69
4dSm! 7.61 1256  16.14 19.04 2126 2293 26.56 26.56
6dSm 7.15 11.71 1478 17.54 20.25 23.05 2548 28.15
8dSm 6.74 1239  16.01 19.05 21.79 2430 26.86 29.71
CD 5% 0.511

*The reduction in discharge from the original discharge.

As per the Indian Standards, guidelines on clogging of drip irrigation are given
in Table 1.10. The standards in respect of several parameters are more rigid than
those recommended by Nakayama [44]. Since the spread of drip irrigation in India
is driven by the subsidy offered by the government, most systems are installed under
the BIS guidelines by the industry. If the water quality standards are not adhered to
by the stakeholders as per these guidelines, industry might not service the system
during the guarantee. No stakeholder would like to take such a risk. In spite of sev-
eral options available to avoid clogging problem, farmers go by the manufacturer’s
advice. Besides, most farmers anticipate a reduced life of the system with saline
water. Not much data on this issue have been generated so far. Nevertheless some
policy support in terms of higher subsidy is required to encourage the farmers to use

saline water.
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TABLE 1.10 Water Quality and Potential For Clogging Problems in Drip Systems

Potential problem Units Degree of restriction on use

Suspended solids mgl! <10 10-100 > 100
pH* <7.0 7.0-8.0 > 8.0
Dissolved solids mgl™! <500 500 — 600 > 600
EC,, dSm 0.8 0.8-3.0 >3.0
Manganese ppm <0.2 02-04 >0.4
Iron ppm <0.1 0.1-04 >04
Sulphides ppm <0.1 0.1-04 >0.4
Hardness ppm <200 200-300 >300

Bacterial populations* 1 o X '™ U <10 000 10 000 — 50 000 >50 000
number (ml)

Source: BIS [13]; * As per Nakayama [44].

1.7 INDIGENOUS ALTERNATIVES TO DRIP IRRIGATION

Several indigenous technologies that mimic the irrigation with drip irrigation are
in vogue in India. The most notable is the bamboo drip irrigation wherein bamboo
pipes are used to divert and convey water from the perennial springs on the hilltops
to the field plots in Meghalaya for more than 200 years [25]. The system named as
bamboo trickler is so perfect that about 18-20 L of water entering the bamboo pipe
system per minute at the entry point gets reduced to 20—80 drops per minute at the
field plot site. This system is commonly used to irrigate the betel leaf or black pep-
per crops planted in areca nut orchards or in mixed orchards [27].

In the other one, porous emitters made from the local clay soil and cow dung
are used to irrigate vegetable crops. These emitters are connected to a storage tank
through plastic tubes. The buried emitters supply water to the soil/plants because
the soil is at relatively high soil moisture tension than the emitters [25, 89]. Studies
made on cabbage, cauliflower and knolkhol in Jobner, Rajasthan using earthen cups
revealed that water requirement could be as low as 5—10% compared to check basin
irrigation [89].

Most of these developments have emerged to conserve water. The most impor-
tant developments in this respect have been the pitcher irrigation and pipe irrigation,
which have been tested for their potential to conserve water as well as use of saline/
alkali water for irrigation.

1.7.1 PITCHER IRRIGATION

Pitcher irrigation derives its name from the baked earthen pitchers, which are used
for water storage and distribution in Indian homes. It is an ancient technique known
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for the last 2000 years or so in China/Africa and was used by the Romans for many
centuries. It is a simple, efficient, and economic way to provide localized subsurface
irrigation. It was reinvented at Central Soil Salinity Research Institute, Karnal, India
[39] particularly to assess its utility with saline water, which has not been tested ever
before. Currently, the technology is being used for small-scale agricultural irrigation
in the arid and semiarid regions of India, China, Iran, Argentina, Brazil, Ecuador,
Bolivia, Indonesia, Tanzania, Pakistan and Mexico [1, 7, 16, 17, 24, 37, 40, 50, 56,
66, 69]. Pitcher irrigation makes efficient use of water because like drip irrigation,
it also delivers water directly to the plant’s roots with a steady supply of moisture.
The system has been used to cultivate most vegetable crops, coffee, mango, grapes,
litchi, and mesquite showing its widespread application for crops and trees. The
technique is most effective under the following conditions:

+ water is either scarce or expensive;

+ soils are difficult to level such as under undulating terrain;

+ water is saline and cannot be normally used in surface methods of irrigation;

* inremote areas where transport of vegetables is expensive and uneconomical.

1.7.2 INSTALLATION OF THE PITCHER SYSTEM

In this method, unglazed baked porous pitchers (or pots) are buried in shallow pits.
Exact number of pitchers per unit area is worked out on the basis of crop character-
istics, a spreading type of crop requiring lesser number of pitchers. Places to bury
the pitchers are marked, normally on a square grid. At each location, a semispherical
pit of 90 cm diameter and at least 60 cm deep or in tune with the size of the pitcher
is dug. Soil brought out from the pit is preserved. Clods are broken to less than 1
mm diameter and enough farmyard manure, basal dose of fertilizers (phosphorus
and potash) and amendment (if soil is sodic) are mixed [43]. After the material is
thoroughly mixed, a part of the mixture is placed in the pit to a height of about 30
cm. The pitcher is then placed at the center of the pit (Fig. 1.1, left). Thereafter, re-
maining portion of the mixture is poured around the pitcher so as to cover the whole
space from the bottom to the neck of the pitcher. For heavy soils, a thin layer of
sand can be placed around the pitchers. The mixture is thoroughly tapped to ensure
a good contact between the soil and the pitcher. In the absence of good contact, the
water will either not flow out of the pitcher or the flow will be irregular. Thereafter,
pitchers are filed with clean water. At least 6-8 seeds/seedlings are sown around the
pitcher (Fig. 1.1, right). Sowing is generally accomplished two days after the first
filling of the pitchers with water. To facilitate germination, presoaked and germi-
nated seeds are sown or water is added from outside to wet the seedbed. The pitchers
are filled with water at predetermined intervals. Although the water is filled manu-
ally by buckets, a hose pipe can be used for convenience. A study to assess the filling
schedule revealed that filling on every third day proved better than daily, alternate,
four or five days filling in case of fresh water. On the other hand, alternate day filling
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proved better with saline water. The actual schedule may get modified depending
upon the water depletion rate, which in turn depends upon the type of crop, stage
of growth, and the climatic conditions. Fertilizers can be added to the water in the
pitcher to ensure their uniform application in the root zone.

—
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FIGURE 1.1 The sectional view of an installed pitcher (left) and photographic view of
plants around the pitcher (right).

A number of studies have been conducted to perfect the technology. These stud-
ies have helped to develop irrigation schedules, study distribution of roots and salts
especially under saline water irrigation and placement of pitchers either on the soil
surface or below ground, etc. [9, 17, 24, 39, 41]. Following major observations have
emerged:

The amount of water flowing out of the pitcher i.e. discharge per unit surface
area per unit time, depends upon the water head at a given point being maxi-
mum at the bottom, the porosity and hydraulic conductivity of the pitcher walls,
vapor-transpiration need of the plant, being greater during the day than at night
and soil texture being greater in a light than a heavy textured soil. A study using
HYDRUS-2D model has also shown that water distribution pattern varies signifi-
cantly under various soil textures [80]. Whereas in heavy textured soils, the steady
state wetting front attains the shape of the pitcher/pot, in light textured soils it is
oblong taking the shape of a parabola under no crop conditions. With cropping,
the wetting front even in light textured soils takes the shape of the pitcher/pot. The
wetting front may also vary with placement of pots [59] and the permeability of
the pot’s bottom (Permeable or impermeable). Many people recommend that bot-
tom of the pitcher can be made impermeable to save water. The experiments con-
ducted at CSSRI, Karnal do not support this contention because fine roots make a
thick mat over the whole pitcher in due course of time. It leaves little opportunity
for deep percolation of the water.

For a pitcher of 30 cm diameter and 10 L water holding capacity, wetted surface
area at the soil surface is around 0.7 m? It is sufficient to grow at least four plants
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of any vegetable crop. The moisture content of the soil was about the field capacity
of the soil near the pitcher walls that reduces with distance from the wall. Due to
limited hydraulic conductivity of the pitcher wall, moisture levels above these were
not observed. Some change might occur during nights because of low evapotrans-
piration demand.

TABLE 1.11 Estimated Irrigation Water Use Efficiency in Various Irrigation Systems

Irrigation method WUE WUE
(tha'ecm™)! (tha'cm™)?

Closed furrow (basin) 0.7 0.7
Sprinkler 0.9 0.9

Drip 1-25 1.4

Porous capsule (pressure) 1.9+ 1.9

Porous capsule (no pressure) 2.5+ 2.5

Buried clay pot 25-17 2.5-6.0
Wick - 4.0

"Bainbridge [8]

*http://www.pakissan.com/english/
newtech/pitcher [28].

The water saving potential of the technology has been worked out. Depending
upon the number of pitchers, crop duration and filing schedule, water equivalent
to 1-2 irrigations with surface irrigation method may suffice for the whole crop
growing season. For example for alternate day filling schedule, with 800 pitchers
each of 10 L capacity, it may require only 4.8 cm of water per ha for a crop of 120
days duration. Bainbridge [8] made elaborate calculations and showed that water
use efficiency is the highest in the buried clay pot system than any other irrigation
system (Table 1.11). Same results with some additions/modifications have also been
reported by other workers (Table 1.11).

Besides water saving, yield benefits have also been documented in India and
elsewhere. Studies at CSSRI have shown that good yields of many vegetable crops
can be obtained with this method (Table 1.12). Kurian et al. [36] used buried clay
pot irrigation to grow Prosopis (Prosopis spp.) seedlings. Trees irrigated with clay
pots were more than three times taller than rain fed trees and 70% taller than surface
irrigated trees. Reddy and Rao [58] found that the dry weight of weeds in crops
irrigated by buried clay pots was only 13% compare to weeds in control plots ir-
rigated by basin irrigation. Batta [10] reported the application of pitcher irrigation
to cultivate litchi (Litchi chinensis) crop using four porous cups per plant (Fig. 1.2).
The application of pot irrigation for coffee plants during low rainfall months to
overcome water stress has been documented [18].
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Porous cup/
diffuser

FIGURE 1.2 A schematic view of porous cup irrigation for horticultural crops.

TABLE 1.12  Yield of Various Crops With Fresh Water (with EC, = 0.5 dS m™)

Crop Crop yield Crop Crop yield
(kg pitcher) (kg pitcher™)
Water melon 11.3 Tomato 5.8
Muskmelon 7.4 Cauliflower 52
Bottle gourd 21.5 Brinjal 5.1
Bitter gourd 7.5 Cabbage 4.8
Ridge gourd 4.5 Radish 8.0
Cucumber (Kakri) 14.0 Grapes 3.5

1.7.3 USE OF SALINE WATER

Evidences have been generated to show that pitcher irrigation helps to use relatively
high salinity irrigation water to grow salt sensitive vegetables and horticulture crops.
It is attributed to the fact that the principle involved in this irrigation technique is
similar to the drip irrigation. The irrigation water salinity values reported in Table
1.13 for pitcher irrigation gave same yield per pitcher as was obtained with fresh
water reported in Table 1.12. Although the data reported is not generated under simi-
lar set-ups, it is apparent that that highly saline water can be used to cultivate even
sensitive vegetable crops at which yield decline in any surface irrigation method
may be around 50% or more (Table 1.13). Since the most active plant roots remain
around the pitcher wall, these are not subjected to salt stress at the soil surface or at
the wetting front boundaries.



Drip Irrigation and Indigenous Alternatives 19

TABLE 1.13 Salinity of Irrigation Water Under Pitcher At Which Crop Yield Is Same As
With Fresh Water and Relative Yields Under Surface Irrigation

Crop EC,  for relative yield EC, under pitcher for same yield
90% 75% 500, With fresh water

Tomato# 2.4 4.1 6.9 5.7
Brinjal# 2.3 4.1 7.1 9.8
Cauliflower 0.9-2.7* - - 15.0

Ridge gourd - - - 32
Cabbage** 1.9 29 4.6 9.7
Watermelon@ 24 3.8 - 9.0
Muskmelon - - - 9.0
Grapes@ 1.7 2.7 - 4.0

# Minhas and Gupta [38], — Data not available; and

**  <http://www.fao.org/docrep/003/t0234¢/T0234E03.htm> [29] @http://archive.agric.
wa.gov.au/objtwr/imported_assets/content/lwe/water/irr/fn2007_h2osalinity_jburt.pdf
[30].

A comparison between pitchers placed on the soil surface and beneath the ground
revealed that salts accumulate on the pitcher walls when placed above ground be-
cause the evaporating surface in this case is the pitcher wall. On the other hand, in
pitchers placed beneath the ground salts do not accumulate on the walls because
salts accumulation zone is the wetting front far away from the pitcher walls. As
a result, the life of the pitcher is much more than surface placed pitchers, which
becomes brittle and looses porosity earlier because of salt accumulation. As such,
baked clay pitchers even with saline water have been continuously used for 3—6
years (6—12 seasons). To prolong the life of the pitcher, the following precautions
should be taken:

+ Always keep the mouth of the pitcher covered. This will minimize evapora-
tion losses as well as prevent sunlight to enter the pitcher to minimize algal
information and growth.

* Only clean water should be used for filing the pitcher. Muddy runoff from
rainfall should be used after it has been passed through a sand filter.

» Before storing the pitchers, wash them with good quality water so as to re-
move the earth and the salts that might be sticking on the pitcher walls.

Although, there is little fear of clogging of the pitcher walls, leaching water may
be required to leach the accumulated salts after the cropping season. In the Indian
context if the cropping system is planned well, monsoon rainfall can take care of the
leaching at least for one season.
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1.8 POLYVINYL CHLORIDE (PVC) PIPES FOR IRRIGATION

The perforated PVC pipes have been used for quite some time in small-scale irriga-
tion as a means of spot irrigation for widely spaced row crops to conserve water.
The same system has been used in India to apply alkali water to horticultural crops
namely sapota and ber at Indore, India [4]. The system comprises of PVC pipes of
100 mm diameter of about 40 cm lengths and embedded to 30 cm in the soil (Fig.
1.3, left). The perforations are made in the pipes and oriented towards crop plants.
The embedded pipes are wrapped with locally available coir material to avoid soil
particles to clog the perforations/pipes. The tests revealed that only 400 L of water
per year per plant was required in this method compared to 1600 L in check basin
method, resulting in a saving of 75% of the irrigation water over the check basin. To
use alkali water, DSW was used to lower the RSC of the water. Earlier experimental
evidences have shown that about 1 L of DSW can reclaim about 250 L of alkali
water available in the region. Thus, the exact quantity of DSW required for each
irrigation was calculated and accordingly added to water before its application. The
performance of both the plants in terms of height, girth and productivity was better
with embedded pipes using fresh or treated alkali water. It was followed by drip
and basin irrigation. The performance treated alkali water (EC 0.9 dS m™', SAR 7.3
(mmol 1) and RSC nil) was even better than the fresh water (EC 0.5 dS m™!, SAR
1.1 (mmol I')* and RSC nil) in basin irrigation [5].

10 cm ]
-R“_“_-
O
ol AN
A0 cm 0O
8 PVC pipe of 10
cm dia
v O] 8 :

FIGURE 1.3 Perforated pipe irrigation method and crop of ber irrigated with this method.

1.9 SUMMARY

Anticipating the ever increasing water shortage, scientific community in India is
engaged in developing technologies to achieve ‘more crop per drop’ and to exploit
every drop of water including naturally occurring saline/alkali ground and recycled
waters. The research results paved the way for a major shift from traditional surface
irrigation methods to drip irrigation, drip irrigation being extended to cover an area
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of 1.9 million ha. This chapter summarizes the benefits of drip irrigation in terms of
increase in crops yield and water savings in 42 crops. It also includes a comprehen-
sive review of evidences that highlights the use of this technology in using saline/
alkali ground waters. The limitations of these evidences and impediments in extend-
ing drip irrigation with saline/alkali water are included. The indigenous methods
that mimic the drip irrigation have been reviewed. Amongst these, pitcher irrigation
and pipe irrigation methods are described in more detail. The results suggest that
pitcher irrigation has the potential to conserve water as well as allow the use of
relatively more saline water than any other surface irrigation method. Application
of pipe irrigation to use alkali water for two horticultural crops is described. If nec-
essary policy support and subsidies are provided by the government, drip irrigation
and indigenous alternatives can prove to be useful tools to make use of saline/alkali
ground waters in crop production programs.
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2.1 INTRODUCTION

Irrigation always plays a catalytic role in enhancing production and productivity.
Research studies across different countries have confirmed that irrigation plays
a paramount role in achieving food security through enhanced use of inputs, in-
creasing crop intensity and productivity [13, 34, 38]. With the decline of freshwa-
ter availability and need for higher food production to feed ever increasing global
population, irrigation engineers are compelled to look for greener pasture in water
management techniques. Agriculture consumes more than 70% of available fresh
water resources. Demand of water has further increased with high yielding varieties
and hybrid crops that are basically input intensive. On the other hand, for the eco-
nomical development of any country, which is closely linked with industrialization,
the demand for fresh water in the other competing sectors (such as, industries, pow-
er generation, domestic consumption, recreation, etc.) has increased exponentially.
Agriculture is the affected sector in this scenario, which is parting with its major
share. It has also been reported that creating newer water sources for irrigation has
doubled in India, Pakistan, Indonesia, Sri Lanka and Philippines during 1970-1990
[14, 33]. In such water stress situations, efficient use of available water or use of
recycled water is one of alternate solutions available to irrigation engineers. Micro
irrigation techniques uses small quantity of water that is generally equal to daily
crop evapotranspiration. Application of exact quantity of water to meet evapotrans-
piration demand not only minimizes unproductive water loss through deep perco-
lation and runoff, but also increases crop productivity and minimizes water foot
prints. Micro irrigation techniques include drip or trickle and micro-jet irrigation.
Drip irrigation system offers number of advantages over conventional irrigation and
sprinkler irrigation systems.

2.2 ADVANTAGES AND DISADVANTAGES OF MICRO
IRRIGATION

Advantages as well as certain disadvantages of micro irrigation must be considered
and understood before adopting this technology. Goyal [16, 17] reported that the ad-
vantages are: water conservation, reduced deleterious water quality impacts due to
high application efficiencies, automation capabilities, improved or increased yields,
ease of chemical applications, and potential sustainability. Disadvantages include a
high potential for emitter plugging, high system costs and required high levels of
management.

2.2.1 ADVANTAGES

Various studies have been undertaken to assess the impact of micro irrigation (MI).
The common results of these studies have shown encouraging impacts on crop
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productivity and production. The studies have also indicated that micro irrigation
can bring diversification of crop production from rainfed to high value horticul-
tural crops and development of cultivable waste lands. Micro irrigation saves up to
40-65% of water among horticultural crops and 30—40% water in vegetable crops
(Table 2.1). The drip irrigation also results in labor saving in the farm practices, such
as: irrigation application, weeding, fertilization, harvesting, etc. Further it also aids
in eliminating drudgery in farm management (irrigating crops during irregular and
odd hours of power supply). It also results in saving of energy use in agriculture due
to reduced hours of pumping. The adoption of MI has also resulted in enhanced crop
yield. However, the extent varied from crop to crop as compared to conventional
irrigation. Some improvement in crop quality (such as uniform pod filling in case
of groundnut, better shine in sweet orange, uniform bigger sized bananas) has also
been reported leading to higher output realization from the produce (Table 2.2). The
improved quality and reduction in labor involvement have resulted in enhancing
gross value of output. The magnitude of these changes has, however, varied from
crop to crop and region to region. Impact of adopting micro irrigation has shown an
increase of financial return to the extent of 30-50%. The payback period on invest-
ment under MI varied from 0.5 to 1.17 years in groundnut, potato, cotton while it
was somewhat higher in horticultural crops.

TABLE 2.1 Water Savings and Crop Yield by Drip Irrigation System [17]

Crop Water savings (%) Yield increase (%)
Banana 45 52
Chili pepper 63 45
Grape 48 23
Pomegranete 45 45
Sugarcane 56 33
Sweet lime 61 50
Tomato 31 50
Water melon 36 88

Source: INCID (1994) Drip irrigation in India [17].
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TABLE 2.2  Yield Increase Under Drip Irrigation Over Conventional Irrigation [17]

Crop Yield (tons/ha)
Conventional Drip % increase

Banana 57.5 87.5 52
Chillies 4.2 6.1 44
Cotton 23 2.9 26
Grapes 26.4 325 23
Okra 15.3 17.7 16
Papaya 13.4 23.5 75
Pomegranate 55.0 109.0 98
Sugarcane 128.0 170.0 33
Sweet lime 100.0 150.0 50
Sweet Potato 4.2 59 39
Tomato 32.0 48.0 50
Water Melon 24.0 45.0 88

Source: INCID (1994) Drip irrigation in India [17].

2.2.2. DISADVANTAGES [16, 17]

a.

Clogging of emitters: Emitter orifice diameter is between 0.5-1 mm and is
therefore vulnerable to clogging by root penetration, sand rust, micro organ-
isms or other impurities. The clogging reduces flow and may lead to non-
uniform distribution of water.

Salt accumulation at the periphery of water front: It causes serious prob-
lems in subsequent crops if irrigated by a method other than drip or in arid
areas where rainfall is insufficient to leach the accumulated salts.

Lack of proper root growth: Due to localized application of water near the
root zone, limited growth of roots has been reported. Such restricted growth
weakens the trees to withstand external impacts of storms. This is important
particularly in orchard crops.

Damage due to rodents: The plastic components of drip irrigation system
can attract rodents such as rats, squirrels, etc. These rodents can damage the
system by puncturing the system.

Operational constraints: The drip irrigation system operation requires
skills for operation and maintenance (O&M). The O&M steps may decide
the duration of operation, scheduling of sub — sections, knowledge of im-
pacts of using chemicals on the components of micro irrigation, etc. Proper
training and awareness is required for judicious operation of the system.
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f.  High cost: The drip irrigation system involves assembly of sub components.
These parts and sub parts involve cost, which many a times are beyond the
reach of poor farmers. The involvement of high cost discourages adoption
of drip irrigation.

2.3 UNIFORMITY OF MICRO IRRIGATION

The drip irrigation system is known for its high water distribution uniformity com-
pared to conventional system. Evaluation of distribution uniformity on land surface
is accepted as one of the key criteria for monitoring irrigation performance [42].
The uniformity of application is mostly dependent on the physical and hydraulic
characteristics of the various components of drip system [1]. Mizyed and Kruse
[30] enumerated the factors that affect the uniformity of water application unifor-
mity. These factors are: (i) manufacturing variations in emitters and pressure regula-
tors, (ii) pressure variations caused by elevation changes, (iii) friction head losses
throughout the pipe network, (iv) emitter sensitivity to pressure and irrigation water
temperature changes, and (v) emitter clogging. Barragan et al. [4] stated that among
various factors affecting uniformity of micro irrigation, emitter plugging is most
significant followed by grouping of emitters for low-density crops and spacing for
high-density crops. Capra and Sciolone [11] mentioned that variation in uniformity
of drip emitter is due to emitter design, the material used to manufacture the drip
tubing, and precision. Wu [40, 41] stated that both the hydraulic design and the
manufacturing variations, provided they are designed within a specified range, are
less significant. Bralts et al. [7] mentioned the following equation for variation of
discharge of emitters due to both hydraulic and manufacturing variation:

CV? =CVg, +CV, (1)

where, CV(m) is the coefficient of manufacturers variation of emitter flow (dimen-
sionless), and CV(h) is the coefficient of variation of emitter flow caused by the
hydraulic design (dimensionless).

Hezarjaribi et al. [18] conducted hydraulic performance analysis of various
emitters at different operating pressures. They assessed the manufacturing variation
coefficient, emitter discharge coefficient and emitter discharge exponent in order to
establish flow sensitivity to pressure and compared these with manufacturer’s speci-
fications. Their results indicated that design should be based on reliable test data, not
on manufacturer’s specifications. It can be interpreted that using manufacturer’s data
will lead to nonuniformity of discharge throughout the system. Ozekici, and Sneed
[32] reported that observed values of coefficient of manufacturing variation were
higher than those specified by the manufacturer. High coefficients of manufacturing
variation could result in low emission uniformities. Designs based on supplied data
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may deliver too little water to some plants and too much water to others. Therefore,
designs should be based on reliable test data, not on manufacturer’s specifications.

2.4 EMISSION UNIFORMITY FOR DESIGN OF MICRO
IRRIGATION

Emission uniformity (E ) has been one of the most frequently used design criteria
for microirrigation since the development of drip irrigation [4]. ASAE also recom-
mended evaluation of system uniformity of micro irrigation by the ASAE Standards
[2, 3, 27]. Emission uniformity expresses the emitter flow variation of micro irriga-
tion that is affected by hydraulic variation, manufacturer’s variation and emitter
grouping.

Generally two concepts of emission uniformity are being accepted: manufactur-
ers’ variation and hydraulic variation. The estimation of uniformity of application
can be achieved by number of methods such as from simple range of maximum to
minimum, or minimum to mean to the statistical terms, such as uniformity coef-
ficient and coefficient of variation. Some of the methods for estimating uniformity
coefficient are discussed in this section.

2.4.1 UNIFORMITY COEFFICIENT PARAMETERS

Various parameters are used for measuring emitter discharge uniformity. These pa-
rameters are emitter flow rate variation (q,, ), ratio of maximum to minimum dis-
charge, ratio of minimum discharge to average discharge, coefficient of variation
(CV), uniformity coefficient (UC), and distribution uniformity (DU). These param-
eters are described below:

1. Flow rate variation [39]

Qoar = Dmax ~ 9min (2)
qmax
where, g__is the maximum flow rate, and g, is the minimum emitter flow rate.
2. Ratio of maximum to minimum discharge [19]

Y min(h)
Ue=— ()
qmax(h)
3. Keller and Karmeli [22] defined emission uniformity as the ratio of mini-
mum emitter flow to mean emitter flow:

qmin
q

Eyg =

“4)
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where, E , is the emission uniformity by Keller and Karmeli [22], dimensionless;
q,,, is average discharge from emitters in the lowest 25% of emitter flow rate in Iph;
and is the average of all emitter flow rate in Iph.

4.  Coefficient of variation was introduced by Keller and Karmeli [22, 23, 24]
as statistical measure of manufacturers’ variation, and is described below:

S
cy="4

p (5)

where, CV is the discharge coefficient of variation (%); S, represents the standard
deviation of discharge rates of sample emitters (Iph), g is the mean emitter flow
rate (Iph). Several guidelines have been suggested for classifying the values of CV
by International Standard Organization [21] and ASAE [2, 3]. The values recom-
mended by both the organizations are shown in Tables 2.3 and 2.4.

TABLE 2.3 Recommended Classification of Manufacturer’s Coefficient of Variation
(CVm) by ASAE [2, 3]

S. No CV_ (%) Classification
1 <5 Excellent

2 5-7 Average

3 7-11 Marginal

4 11-15 Poor

5 >15 Unacceptable

TABLE 2.4 Classification of Coefficient of Variation Values According to ISO Standards [21]

Category Cv Details Classification

A 0 to +%5 Higher uniformity of emission rate and Good
smaller deviations from the specified
nominal emission rate

B +5 to £10% Medium uniformity of emission rate Medium
and medium deviations from the speci-
fied nominal emission rate

C >10% Lower uniformity of emission rate and Poor
greater deviations from the specified
nominal emission rate

5. UCis defined by Christiansen [12] and is modified to express it in percentage:

1 n
I

qz'_ﬂ
Uc=100|1-2 —
q

(6)
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where, n is the number of emitters under considerations.
6. DU is defined in the following equation by Kusre [26]:

()

where, ‘71q is the mean of lowest one fourth of emitter.

7. ASAE EP458: ASAE [2] also suggested estimation of uniformity coeffi-
cient of drip irrigation system. ASAE Engineering Practice EP458 was ad-
opted by American Society of Agricultural Engineers as an approved prac-
tice to evaluate the micro irrigation systems in the field [2]. The method was
revised in 1997 to bring clarity and to reduce complexity of the evaluation
[27]. The method uses statistical uniformity, emitter discharge variation, hy-
draulic variation, and emitter performance variation to evaluate drip irriga-
tion systems in the field. Confidence limits (95%) for calculated uniformity
parameters were determined using the procedure by Bralts and Kesner [8],
because confidence limits were not included in EP458 for the number of
emitters under considerations [24]. Most of the uniformity values require

the determination of mean emitter discharge rate, I , and standard deviation,
Sq, which were calculated using the equations:

_ 1y

q= —Z% (8)
L

noo5 1 n 2

=T _n(zi:ﬂi )

n—1

S ¢ = 9)
The emitter discharge coefficient of variation, Vgs, and statistical uniformity,
Us, are described by following equations:

Vg =— (10)

U, =100(1-V,, (11)

The mean hydraulic pressure, P_ , and hydraulic design coefficient of variation,
Vhs, can be determined using Egs. (6) to (8), respectively, by substitution of lateral
line pressure, ki, with emitter discharge, gi, while all other variables are previously
described in these equations. The emitter discharge coefficient of variation due to
pressure head, Vgh, can be calculated using the equation:
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th = XVhS (12)
where, x is the emitter discharge exponent. The statistical uniformity of emitter dis-

charge rate due to pressure head, U, can be calculated as follows:

The emitter performance variation is a measure of emitter discharge variability
due to water temperature, emitter manufacturers’ variation, emitter wear, and emit-
ter plugging. The emitter performance coefficient of variation, Vpf, was calculated
using the previously determined emitter discharge coefficient of variation, Vgs, the
emitter discharge coefficient of variation due to pressure head, Vgh, and the equa-
tion:

2 2
Vp- = Vqs —th (14)

For the case where flow was adjusted for a constant pressure, Vs and Vgh are
set equal to zero, and Ush = 100. As a result, we have Vpf'= Vgs.

Wu [41] stated that the three statistical parameters (uniformity of coefficient
(UCC) in Eq. (6), the CV in Eq. (5), and statistical uniformity (UCS) in Eq. (11)) are
interrelated. Further, it has also been reported that the emitter flow variation, ¢,
also shows high correlation between UCC and CV.

2.4.2 EMITTER EXPONENT AND FLOW REGIME

Apart from the above-mentioned criteria, the relationship between emitter discharge
and pressure variation also indicates performance of drip irrigation system. In the
field, it is expected that an emitter should uniformly discharge water at wide ranges
of pressure. Technically the emitter discharge is a function of operating pressure
[20, 23]:

where, k is the discharge coefficient, and x is the flow exponent that is a character-
istic of the emitter flow regime and may be used to characterize hydraulic perfor-
mance of any given emitter [6]. These two coefficients can be calculated by using
the following equations [23]:

logk Zlogg,»Z(logEf _Z(Iqui logE)ZE 6
S (g (S e
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__mDlogqlogh—3 logg,} log P, (17)
n Y (o) -(Sosr)

The relationship between the flow velocity (v) and discharge (q) can be de-
scribed by the following equation:

V:#é
3.6x10° 4;

where, A_ = Sectional area of the emitter channel. Substituting Eq. (15) into Eq.
(18), we get:

(18)

1
v=——kH"
3.6x10° 4, (19)

The Eq. (19) shows that the v-H relationship is determined by the flow exponent
in the relationship of g-H. The Reynolds number can be calculated by the following
equation [15]:

R =2 (20)
u

where, R_= Reynolds number, p = fluid density (kg/m®), p = fluid viscosity coef-

ficient (kg/(m.s)), d, = equivalent diameter which is equal to four times of the hy-

draulic radius r, (m). In case of a rectangular cross section, d_ can be calculated as

follows:

. ab

" 2(a+b) Q1)
a4y = 2ab
= =) 22)

where, a and b are the width and depth of flow path of emitters in meters. Substitut-
ing Egs. (19) and (22) into Eq. (20), we get:

pab .
= kH
1.8x10° 4 pu(a+b) (23)

e

where, 4 = area = ab for a rectangular. Then, Eq. (23) reduces to:

R, = Pé—ASka
1.8x10° u(a+b) (24)

The Eq. (24) shows that the relationship between Reynolds number and operat-
ing pressure head is characterized by the flow exponent.
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2.4.3 FLOW REGIMES

Four flow regimes were defined as a function of Reynolds number by Mane et al. [29]:

* Laminar flow regime, when R < 2000.

» Unstable flow regime (Transition or critical), when 2000 < Re < 4000.

* Partially turbulent flow regime, when 4000 < Re < 10,000.

* Fully turbulent flow regime, when Re > 10,000.

For the discharge to be least sensitive to pressure variations, the flow exponent x
should be equal to zero but practically such emitters do not exist in the market. Typi-
cally, the value of x varies from 0.1 to 1.0, depending on the make/ model/ type and
design of an emitter. At x = 1, the flow is fully laminar; and at x = 0, the flow is tur-
bulent. Generally under fully laminar flow regime, emitters must be very sensitive
to changes in pressure. This implies that the variation of pressure head will be pro-
portional to the variation of discharge, in a fully laminar flow. It has been reported
that most noncompensating emitters are always fully turbulent with an x = 0.5, and
a pressure variation of 20% will result in a flow variation of approximately 10%.
Whereas the pressure compensating drippers are insensitive to pressure variation
[25]. The value of emitter coefficient x generally varies between 0.1 to 0.4. Ideally a
pressure compensating dripper should have x equal to zero [5, 9, 18, 37]. The varia-
tion of discharge with change in pressure can be attributed to friction, elevation,
accidental restriction resulting in nonuniform water application [7, 9]. The emitters
with turbulent flow cause less plugging or clogging according to Goyal [17].

2.5 RANGE FOR ACCEPTING EMITTER UNIFORMITY OF
DISTRIBUTION

Ortega et al. [31] conducted a study on emission uniformity (EU), pressure variation
coefficient (VC)), and flow variation coefficient per plant (VC ) at localized sys-
tems. They reported that systems with VC > 0.4 are unacceptable, while VC, <0.1
are most acceptable. Apart from pressure variation along irrigation tape, variation in
emitter structure or emitter geometry has been known to cause poor uniformity of
emitter discharge [25, 40].

Qualitative classification standards for the production of emitters, according to
the manufacturers’ coefficient of emitter variation (CV_ ), have been developed by
ASAE. CV_ values below 10% are acceptable and > 20% are unacceptable [3]. The
emitter discharge variation rate (q,, ) should be evaluated as a design criterion in drip
irrigation systems; q < 10% may be regarded as good and q,, > 20% as unaccept-
able [10, 39]. The acceptability of micro irrigation systems has also been classified
according to the statistical parameters, U, and EU. Namely, EU = 94-100% and
Ugs = 95-100% are excellent; and EU < 50% and U_< 60% are unacceptable [2].

Comparison of uniformity through traditional approach and ASAE methods in-
dicated both methods as suitable. However, the values for the uniformity are slightly
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lesser in ASAE methods as compared to other methods [35]. Safi et al. [35] re-
ported that the ASAE showed slightly lower uniformity in both unused and used
tapes (1.6% and 3.65%, respectively). Camp et al. [10] suggested using EPA-458 in
estimating uniformity coefficient particularly for used emitters. In general, higher
values of uniformity parameters are more desired in high value crops.

2.6 UNIFORMITY MEASUREMENT

Ideally it is necessary to measure the discharge of all emitters in the field for obtain-
ing the above described uniformity parameters. However, practically it is not fea-
sible to measure the discharge of all the emitters. Smajstrla et al. [36] recommended
measurement of minimum of 18 emitters to accurately determine uniformity param-
eters. Computations will be simplified if the number of emitters under consideration
is a multiple of six. The statistical coefficient of variation is then calculated from
these data points. Similar observations were also made by Bralts and Kesner [8], as
well as procedure adopted by EPA 458 [10]. Lamm et al. [28] stated that the random
18-sample size survey may cause a maximum of + 36% variation in the coefficient
of variation. They further stated that increase in number of emitters will yield slight
improvement in uniformity coefficient values, thus sample size of 18 emitter was
recommended.

2.7 CONCLUSIONS

Micro irrigation systems are promoted to achieve a higher water savings and im-
proved uniformity of water application. The uniformity of a micro irrigation system
may be explained in terms of system uniformity or uniformity in discharge in indi-
vidual emitters. It is a result of hydraulic design, manufacturers’ variation, grouping
of individual emitters, plugging of emitter opening, etc. The performance of micro
irrigation system should be monitored at regular intervals to ensure designed unifor-
mity. This approach offers a check, and deviation from the normal conditions will
require system adjustments to bring back to designed performance.

In the present scenario, the flow variation of emitter is accepted as 10-20%,
while manufacturer’s variation is accepted in the range of 2—20%. It has also been
suggested in some studies to adopt grouping of emitters to improve the uniformity
of application. Plugging has been reported by number of researchers as the principal
reason for deviation from the optimum uniformity. It has also been reported that a
10% plugging may result 30% variation in coefficient of variation of all the emitter
discharge and more than 10% variation in UCC on spatial uniformity. To improve
the uniformity of water application, closer spacing can be effective. Spacing less
than 0.5 m can achieve more than 80% in uniformity coefficient.

For estimation of uniformity of water application of micro irrigation emitter, any
of the method can be used. However, the studies indicated that ASAE method gives
slightly lesser value.
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2.8 SUMMARY

Efficient use of water resources for producing crop has always been a challenge
to irrigation engineers. Recently, number of technological interventions has been
adopted worldwide for improving water use efficiency in agriculture. Drip or trickle
irrigation is one of such interventions. The primary objective of drip irrigation is to
improve application efficiency of water. It has been a driving force in increasing
crop productivity in water scarce situation. “More crops per drop” is the hallmark of
this irrigation system. Water application uniformity is also greatly achieved in a suit-
ably designed system of drip irrigation. It has been reported that productivity of crop
is related to application uniformity. On the other hand, poorly designed system can
lead to nonuniform water application. There are number of reasons for non-uniform
application viz., non-standardized equipment and inadequate design considerations.
The non-uniformity is generally expressed as emission uniformity (E ) that is used
as design criteria for drip irrigation. Emission uniformity expresses the emitter flow
variation of a micro irrigation system affected by hydraulic variation, manufactur-
ers’ variation and emitter grouping. Several standards are available for evaluation of
system uniformity. In this chapter, authors have discussed most frequently used E_
parameters used in drip irrigation system design. The information in this chapter can
be helpful to irrigation professionals to improve the design of drip irrigation system.
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3.1 INTRODUCTION

Indian economy is mainly dependent on agriculture, and water is the major agri-
culture input for crop production. Therefore, irrigation plays an important role to
increase crop yield. Agriculture accounts for 48% of the national income and 72%
Indians depend on agriculture and its production in India.

The scientific utilization of agricultural water resource involves consideration of
adopting advanced irrigation methods [5, 6]. In traditional irrigation methods, there
is a fluctuation in the water content, temperature, and soil aeration, which results
in plant stress. Drip irrigation is becoming increasingly popular in areas with water
salinity and salt problems. Drip irrigation is a method of watering plants frequently
with a volume of water approaching the consumptive use of plant, thereby minimiz-
ing losses due to deep percolation, runoff and soil water evaporation. The system
applies water slowly to keep soil moisture with in desired range for plant growth.
Drip irrigation can achieve 90% or more application efficiency, which can hardly be
achieved by other method.

The temporal and spatial soil moisture distribution is considerable factor for
healthy plant growth. The water dropping on to the ground surface enters the soil
profile and percolates downward and laterally. The size and shape of wetting pattern
depends on the discharge of dripper, the duration of application and type of soil. The
design of drip irrigation requires the knowledge of water distribution pattern for
various discharge rates. The knowledge of moisture distribution pattern will deter-
mine the effectiveness of drip irrigation. The design of drip irrigation system mainly
involves the measurement of lateral and emitter spacing, which is a function of wet-
ted area of crop root zone. It is essential to know distribution pattern with relation to
discharge rate of dripper after water application.

Therefore, this study was conducted to evaluate temporal and spatial moisture
distribution patterns due to 4 Iph and 8 Iph emitters under different soil depths.

3.2 METHODOLOGY

This study was carried out at the research farm of Department of Irrigation and
Drainage Engineering at College of Agricultural Engineering & Technology, Jalga-
on (Jamod) — India. The field was thoroughly investigated to select a suitable block
for the experimentation. The field capacity at the site was 24.25%. Soil properties
are shown in Table 3.1.
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TABLE 3.1 Mechanical Analysis of Soil

Bulk Density 1.42 gm/cc
Field Capacity 24.25%
Sand 25.58%
Silt 32.25%
Clay 42.17%

» = ¥
bz At v
FIGURE 3.1 An emitter on a 16 mm lateral.

The moisture distribution pattern was determined under an emitter of 4 and § Iph
that were installed on 16 mm diameter of lateral as shown in Fig. 3.1. The irrigation
system was operated for one hour. Then soil samples were collected with an auger
at in three soil depths (0—10, 10-20, 20-30 cm) and at three lateral locations from
the emitter (0, 4 and 8 cm). Soil samples for moisture determination were taken an
elapsed time of 0, 6, and 24 h after irrigation. The sample was oven dried for 24 h at
105 °C, to determine soil moisture content (%). The soil moisture distribution pat-
terns were plotted by using surfer software.

3.3 RESULTS AND DISCUSSION

The Table 3.2 presents the soil moisture distribution data at different locations and
elapsed time. The data was plotted as shown in Figs. 3.2 and 3.3. The Fig. 3.2 shows
soil moisture distribution patterns under an emitter of 4 Iph for an elapsed time of
0, 6, and 24 h after irrigation. The Fig. 3.3 shows soil moisture distribution patterns
under an emitter of 8 Iph for an elapsed time of 0, 6, and 24 h after irrigation.
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TABLE 3.2 Soil Moisture Distribution An Emitter on a 16 mm Lateral

Soil depth Soil moisture content, %

Just after irrigation at 6 h after irrigation at 24 h after irrigation at

Lateral distance, cm Lateral distance, cm Lateral distance, cm

cm Ocm 4cm 8cm Ocm 4em 8cm Oecm  4cm 8cm

Under a 4 Iph emitter

Surface 2834 26 26.25 26.66 189 17.57 23.57 1845 15.22
0-10 289 2836 2432 25.19 2437 20.16 21.12 18.72 16.5
10-20 27.81 2797 2222 2644 2507 2225 2327 227 23.07
20-30 20.60 1733 1678 23.5 23.57 19.77 2457 258 232
Under a 8 Iph emitter

Surface 33.65 30.76 21.85 2829 24.69 20.81 2637 21.94 19.25
0-10 31.98 3094 2833 2028 23.18 22.26 1898 21.21 20098
10-20 31.5 2618 2448 246 23.17 23.17 2525 237 2371
20-30 16.9 14.8 13.6 20,6 22.7 203 255 2407 243

4 b

Distance(cm)

0 il Kl
Depth(em) Depth(cm)

Fig. 2a Just after irrigation.
Fig. 2b Six hours after irrigation.

FIGURE 2 Soil moisture distributions under

an emitter of 4 Iph on a 16 mm lateral.

e

s,

Depth(cm)

Fig. 2b 24 hours after irrigation.

FIGURE 3.2 Soil moisture distributions under an emitter of 4 Iph on a 16 mm lateral. (a)
Just after irrigation. (b) Six hours after irrigation. (c) 24 h after irrigation.
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Figure 3.2a shows moisture distribution pattern for “just after irrigation.” It can
be concluded that soil moisture content was 22.6% at 10-20 cm that was close to
field capacity depth. Soil moisture content was 19.6% at 20—30 cm that was less than
field capacity. Figure 3.2b shows soil-wetting pattern for 6 h after irrigation. It can
be observed that moisture content from surface was decreased and was maintained
up to field capacity in the root zone depth of the crop. Figure 3.2¢ shows moisture
distribution pattern for 24 h after irrigation. Graph reveals that moisture content was
decreased from surface to 20 cm depth indicating 21% moisture in 10-20 cm depth
and near field capacity was in root zone.

Figure 3.3a shows soil-wetting pattern for “just after irrigation.” It can be con-
cluded that the moisture content at 10-20 cm depth was less than field capacity
but higher than 20-30 cm depth. Mean soil moisture content was 20% 10-20 cm
depth compared to 17.5% for 2030 cm depth. Figure 3.3b shows moisture distribu-
tion pattern for 6 h after irrigation. The graph show that moisture was moves from
surface to root zone depth. Nearly same moisture level was maintained in 10-20
cm (22.84%) and 20-30 cm (22.74%) depths. Both values are almost close to field
capacity. Figure 3.3c shows moisture distribution pattern for 24 h after irrigation.
It can be observed that moisture content was decreased from the surface and nearly
constant moisture content was maintained in the root zone depth. There is also hori-
zontal movement of moisture up to 8 cm distance away from point source.

[} 8

Distance(cm)

0 0
0 2 kil ] il 3
Depth(em)

. e . Depth(cm)
Fig. 3a Just after irrigation.

Fig. 3b Six hours after irrigation.

FIGURE 3 Soil moisture distributions under

an emitter of 8 Iph on a 16 mm lateral.

Distance(cm)

&
sozz
ez
s

] il kKl

Depth(cm)
Fig. 3¢ Six hours after irrigation.

FIGURE 3.3 Soil moisture distributions under an emitter of 8 Iph on a 16 mm lateral. (a)
Just after irrigation. (b) Six hours after irrigation. (c) Six hours after irrigation.
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From Fig. 3.3, it can be concluded that the soil moisture content was higher on
the surface at just after irrigation but there was movement of moisture from surface
to root zone depth. Nearly constant moisture up to field capacity was maintained in
the root zone.

3.4 CONCLUSIONS

For 4 Iph dripper with 15 cm spacing on 12 mm lateral, the soil moisture was moved
on surface and was greater than field capacity. As the elapsed time after irrigation,
the moisture was concentrated in root zone depth and was near field capacity. The
moisture content was maintained to field capacity at surface as well as in the root
zone for just after irrigation. For 24 h after irrigation, soil moisture was rapidly de-
creased from surface to root zone depth for 8 Iph dripper on 16 mm lateral.

For 4 Iph dripper with 15 cm spacing on 16 mm lateral, the soil moisture was
higher for just after irrigation on surface, while for 24 h of irrigation moisture was
maintained at field capacity in root zone depth of crop. The moisture content was
more on surface just after irrigation but there was movement of moisture from sur-
face to root zone depth and nearly constant moisture was maintained in root zone.
Moisture was uniformly distributed for 4 Iph dripper with 15 cm spacing on 12
mm lateral. For 16 mm lateral in both drippers, moisture was maintained near field
capacity.

3.5 SUMMARY

The study was conducted to evaluate soil moisture distribution patterns under an
emitter, at the research farm of Irrigation and Drainage Engineering at College of
Agricultural Engineering and Technology, Jalgaon — Maharashtra. Authors studied
effects of depth, distance and elapsed time after irrigation (just after irrigation, after
6 h and 24 h) under 4 Iph and 8 Iph dripper on 16 mm diameter laterals at 0-10,
10-20, 20-30 cm soil depths on soil moisture distribution. The field capacity, bulk
density and permanent wilting point were 24.25%, 1.42 gm/cm?® and 10.10%, re-
spectively. The results showed that soil moisture distribution varied with elapsed
time, depth and lateral distance from the emitter. The drip irrigation saved water
and directed it to root crop zone. The moisture content was higher near soil surface
just after irrigation, but there was movement of moisture from surface to root zone
depth and moisture was nearly constant (i.e., up to field capacity was maintained in
root zone). With 16 mm lateral with both drippers, moisture content was maintained
near field capacity.
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4.1 INTRODUCTION

Trickle irrigation has widely extended throughout the world. Indeed, the irrigated
area under trickle irrigation has increased by 330% during the 1990s. During 2000,
more than 3 million hectares were expected to be trickle irrigated worldwide [4]. In
most arid countries where water resource is limiting factor, using trickle irrigation
to sustain irrigated agriculture is a must. In fact, this system enables to increase the
crop yield, and to reduce water losses up to 50% as compared to furrow or basin
irrigation [3, 22].

The principal mission of the trickle irrigation is to supply water directly in the
rhizosphere and then to keep the rooted soil volume within prescribed humidity
thresholds. Consequently:

* The wetted area on the soil surface is to be reduced: Thus, water losses by

evaporation from surface are significantly reduced.

* The wetted soil volume of onion shape is limited to beneath emitters: Thus,

deep percolation and nutrient losses are substantially reduced.

To achieve maximum profits from these opportunities, the water distribution
network and trickle irrigation management must be designed so that the wetted soil
volume is matched with the rooting zone. To achieve this objective, the shape and
the dimensions of the wetted soil volume behavior is to be known [4, 5].

Several analytical and numerical models for predicting water infiltration into
the soil have been proposed. Because of the computational simplicity, the general
insights and the direct link among the inputs and outputs, the analytical solutions are
useful tools for design of trickle irrigation network and management. But most of
these solutions remain valid only for steady state flow, in homogeneous and uniform
soil conditions [20, 24].

Many numerical models have been proposed to simulate soil water redistribu-
tion pattern beneath point and/or linear surface sources [1, 2, 17]. Although these
models are powerful in solving complexity of nonlinear soil problems, yet they are
less practical because of their complexity and the saturated zone’s extension on the
surface remain difficult to be accurately reproduced. Moreover, only few of these
models allow for water uptake by plant. In 1974, Keller and Karmelli [13] presented
a table linking the soil texture (coarse, medium or fine), the emitter spacing and the
emitter discharge rate to the wetted soil fraction (P) induced by 40 mm water depth.
Empirical expressions have been adjusted [6, 12, 23] to allow reproducing bulb’s
extension. Hammami et al. [11] proposed a compact physical based approach for
predicting the wetted soil depth Z(t), beneath an emitter on the soil surface. Com-
parison with measured and theoretical results revealed that this approach is more
reliable [11]. Because of the simplicity and feeless, some of these models remain
useful.

This chapter proposes a new empirical approach that enables to predict the max-
imum wetted soil depth Z (t) under trickle irrigated sweet melon and tomato.
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4.2 MATERIALS AND METHODS
4.2.1 CLIMATIC DATA AND FIELD TRIAL SITE

The trials were carried out at two private plots in Kalaat Landalous district located
in the north-eastern region (latitude: 37°02'< o < 37°06" N; longitude: 10°05' < ¢
< 10°10" E and 0 < AMSL <5 m) of Tunisia. It is one of the widest (2905 ha) ir-
rigated land in the country.

Environmental conditions are favorable for trickle irrigation management
(shortage of water resources, the fertile soil depth did not exceed 1 m in the
major parts of district, orchards and vegetables are the most irrigated summer
crops). More than 85% of the average annual rainfall (497 mm) occurs between
October and April (Table 4.1).

Because of the acute imbalance between annual precipitation and potential
evapotranspiration (1344 mm), irrigating crops in summer is a must. The average
temperature ranges from 11 °C (January) to 27 °C (August) (Table 4.1). The soil
texture is a loamy-clay loam. Tables 4.2 and 4.3 show a quite uniform textured
soil profile with relatively high bulk densities D, for plots with sweet melon and to-
mato. Medjerda River is the main water source with a salinity ranging between
1 g/l (in winter) and 2.5 g/l (in summer).

4.2.2 MEASUREMENTS

The soil samples were taken by an auger—hole method at three random locations in
each plot to determine the physical characteristics such as: particles size partition,
bulk density [8], saturated soil water content and hydraulic conductivity [16].

The data were taken on two private trickle irrigated fields. In the first plot,
the tomato seedlings were transplanted on March 24th of 2009. In the second
plot, the melon seedlings were transplanted on April 4th of 2009. For both plots,
each crop row was irrigated by a single lateral equipped with in-line emitters at
30 cm apart.

Emitter discharges (Q) were monitored using valves that were installed on
the laterals upstream. Identical experimental devices were used. However, in the
tomato plot, trials were performed with two different emitter discharge rates and
three initial water suction (H,, mb) values. Contrary in the melon plot, irrigation
measurements were taken with three different emitter discharge rates, but the aver-
age initial water suction (H,, mb) was similar. Soil water suction in each plot was
measured with the sensors (Fig. 4.2) that were installed as shown in Fig. 4.1.
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FIGURE 4.1 Schematic description of the wetted cross-section and the location of sensors
to measure soil water suction at the experimental site (Fig. 4.2). R, = Radius of the wetted
surface, Z. = Depth of the wetted bulb, and Q = Discharge rate from the emitter.

Rad

FIGURE 4.2 Measurement of wetted front advance: Visual and tensiometric (sensors).

TABLE 4.1 Climatic Data: Average Monthly Temperature T (°C), Rainfall P (mm) and
Potential Evapotranspiration ETP (mm) Values

Values, mm
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Total
T 23.8 20.0 15.7 123 11.0 11.2 13.0 147 19.5 23.0 260 270 —
P 46.7 35.6 67.7 86.5 750 63.7 38.0 404 24.1 134 28 34 497
ETP 133 115 84 69 71 80 98 106 126 136 161 165 1344
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TABLE 4.2 Soil Characteristics in the Tomato Plot: Soil Texture, Bulk Density (D,),
Saturated Soil Moisture (0,) and Saturated Hydraulic Conductivity (K )

Soil depth Particle size distribution Soil properties
Sand Loam Clay Texture D, 0, K,
class
cm % % % — gm?® % cmh’
0-20 38.5 40.5 21.0 Loam 1.47 045 240
20-40 48.0 34.0 18.0 Loam 1.50 044  1.65
40-60 325 46.5 21.0 Loam 148 046 1.20

Each observation is an average of three soil samples.

TABLE 4.3 Soil Characteristics in the Melon Plot: Soil Texture, Bulk Density (D,),
Saturated Soil Moisture (6,) and Saturated Hydraulic Conductivity (K)

Soil depth Particle size distribution Soil properties
Sand Loam Clay Texture D, 0 K,
class
cm % % % — gmem?® % cm.h!
0-20 22.0 435 33.5  Clay loam 1.48 0.46 2.10
20-40 20.0 40.0 38.0 Clay loam 1.51 045 1.50
40-60 20.0 41.0 39.0 Clay loam 1.50 043 1.52

Each observation is an average of three soil samples.

Each value of Q is the average of four observations for two adjacent emitters at
the beginning and the end of each irrigation event. However, Hi value corresponds
to the average of suction readings made just before irrigation on five sensors placed
at 10, 20, 30, 40 and 50 cm depth (Fig. 4.1). Supplied water depths (Ds) were cal-
culated as follows:

D, =[2(6.-0)] (D

where: D_= Supplied water depth (mm), Z = rooted soil depth (mm), 0, and 0_ are
initial and at field capacity soil moisture (determined using soil water suction sen-
sors). Irrigations were initiated as soon as soil water suction reached the previously
fixed H; value (= 200, 400 and 600 mb). The following variables were recorded:
* The average width of the wetted area, R, (t) (cm), was measured visually on
the soil surface at elapsed times [19, 20, 21]. Each R(t) value is an average of
three observations on three consecutive emitters at each trial site (Fig. 4.2).
* The maximum depth of the wetted bulb, Z(t), at 5 cm parallel to the sym-
metrical axis, determined using the soil water suction sensors: The wetting
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front depth was recorded once a water suction reduction was observed on the
tensiometer placed at the same point [22].

4.3 RESULTS AND DISCUSSION

4.3.1 CLIMATE AND SOIL CHARACTERISTICS

The long period (1970-2010) climatic data in Table 4.1 reflect an acute imbal-
ance between precipitation and potential evapotranspiration especially for summer
crops (vegetables and orchards).

The Tables 4.2 and 4.3 indicate a homogeneous loamy textured soil in the
tomato plot and homogeneous clay loam textured soil in the melon plot. The rela-
tively higher saturated hydraulic conductivity of the topsoil layer results from the
frequent soil cropping activities.

4.3.2 HORIZONTAL AND VERTICAL WETTING FRONT
ADVANCES

Recorded R (t) and Z(t) values for the elapsed time are plotted in Figs. 4.3 and 4.4.
These curves are similar to those reported by several researchers [1, 6, 11]. In fact,
the higher emitter discharge rates result in faster horizontal wetting front advance.
The effect of such flow rates is not so clear on the vertical wetting front velocity
(advance). On the other hand, it seems that the drier initial soil moisture conditions
result in slower wetting front advance. This behavior is due to the fact, that under
constant flux source with initial drier soil profile, the same amount of water should
wet an increasing volume of soil pores, which would result in a decrease in the wet-
ting front advance rate.

Experimental Z(t) values as function of the corresponding R (t) data are plotted
in Figs. 4.5 and 4.6. In all cases, Z(t) is strongly correlated with R (t) (r > 0.92). The
corresponding (R (t), Z(t)) data observations are scattered on an exponential shaped
curves identical to those reported by Keller and Bliesner [14] and by Hammami et
al. [11]. This exponential form is as follows:

Z.=a.[exp (b.R)] 2)

where: Z, is the maximum wetted soil depth (cm); R, refers to the width of wet-
ted strip (cm) measured on soil surface and a and b are exponential regression
coefficients. The values of these nonlinear regression coefficients were determined
using nonlinear regression analysis. As a rule of thumb, the following boundary
conditions must be satisfied:

R,—0,Z,—0 (3a)
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Rf - RMax’ Zf - ZMax (3b)

where: at the end of irrigation, Z,, is the maximum wetting front depth; and R, is
the maximum width of the wetted area on the soil surface. Then, substituting the
regression constants, a and b, in Eq. (2) and rearranging yields:

7f = (ZMax).exp! R~ RMax)=Rf] (4)

It is clear that equation (4) satisfies the physical boundary conditions (Eqgs. 3a and
3b). The fitting parameters (Z,, and R, ) must be adjusted for in-situ cropping con-
ditions. The Z, value is previously fixed equal to the maximum rooted depth and
R,,,. s fixed equal to the shaded width or the canopy lateral spread. However, these
parameters are strongly dependent on soil properties and irrigation conditions. In
fact, in the same textured soil and initial water content, increased R,, value results
with higher emitters’ flow rates. However, with the same emitter flow irrigation
times, lower R,, and higher Z, values appear in the coarse textured soil.
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FIGURE 4.3 Tomato plot: Vertical (data shown by circles) and horizontal (data shown by
crosses) wetting front advances versus elapsed time for two emitters’ discharge rates (Q) and
varying initial water suctions (H,).
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FIGURE 4.4 Sweet melon plot: Vertical (data shown by circles) and horizontal (data shown
by crosses) wetting front advances for three emitters’ discharge rates (Q) and initial water
suctions (H,)
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FIGURE 4.5 Tomato plot: Z as a function of R, for two emitters’ discharge rates (Q) and
three initial water suctions (H,).

Then using the same R, value in Eq. (4), the resulted wetting front (Z)) will
be deeper in coarse textured soils than in fine textured soils. These results agree
those reported by several investigators [1, 5, 6, 11, 17]. The parameters in Eq. (4)
are based on the experimental data for the two-cropped plots, distinguished emitter
discharge rates and different initial water contents. It satisfies the physical boundary
conditions and is in agreement with the published results on this topic.



60 Sustainable Micro Irrigation Design Systems for Agricultural Crops

60
H =200 mb
5071 q=1.011m
40 1
5 30 §
N r=0.998
20
10 ]
Rf(cm)
0 — ———
0 10 20 30 40
60
50 ] Hi=233mb .
Q=151h
40
E =
. r=0.993
N
20 ]
10 ]
0 . Rf (cm)
0 10 20 30 40
E
L
N
Rf (cm)
0 T r T
0 10 20 30 40

FIGURE 4.6 Melon plot: Z as a function of R, for three emitter discharge rates (Q) and
varying initial water suctions (H,).

Then Eq. (4) can be a practical helpful tool to predict the wetting front depth
under trickle irrigated crops, although it is valid only for the infiltration phase.

4.4 CONCLUSIONS

Using horizontal and vertical wetting front advance data, an empirical equation for
predicting the maximum wetted soil depth was obtained for trickle-irrigated crops.
The proposed equation was established using data recorded on two cropped plots,
with different emitters’ discharge rates and distinguished initial soil water contents.
Based on the measurements of surface wetted area width, the proposed equation
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enables to compute the corresponding depth of wetting front. The fitting param-
eters (Z,, and R, ) values are strongly dependent on the local soil and irrigation
management conditions. Thus these must be always adjusted for in sifu conditions.
Because of its simplicity, this approach can be helpful tool for deep percolation and
fertilizer-leaching control in trickle irrigated crops. But further trials are needed to
test the relevance of the proposed approach for wide range of trickle irrigated crops
though it remains valid for only the watering phase.

4.5 SUMMARY

An easy, empirical and reliable new approach for predicting the wetted soil depth
for the trickle irrigated crops is proposed. The approach was adjusted using field
measurements of the maximum wetting front depth Z(t) and lateral spread R(t)
in both tomato and sweet melon plots. Within each plot, measurements were made
for different initial water contents and three emitter discharge rates. For all cases,
results showed that Z(t) is strongly correlated (r > 0.92) with R (t). An empirical
exponential relationship was inferred. Knowing the lateral wetting front spread (in
situ conditions), the proposed approach enables to predict the correspondent maxi-
mum wetted soil depth. The only two empirical parameters were easily fitted to the
in situ measurements. Because of its simplicity, the proposed approach is a practical
tool for trickle irrigation management, deep-water percolation and fertilizers leach-
ing control.
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5.1 INTRODUCTION

Efficient utilization of water and fertilizer is necessary for achieving sustainable
agricultural production [1 to 10]. Among the several inputs used in agricultural pro-
duction, water and fertilizer are becoming costliest day by day. These inputs play
important role in enhancing the crop productivity. Use of the conventional methods
of irrigation not only results in considerable loss of water but is also responsible for
development of widespread salinity, water logging and leaching of nutrients [1, 10].
Fertilizers applied under traditional methods of irrigation are not efficiently used by
the crops.

Micro irrigation is becoming more popular throughout the world, as water is be-
coming a scare commodity day by day. A micro irrigation system not only conserves
water but it also allows more effective management of water and fertilizer applica-
tions compared to the traditional methods of irrigation [3].

Fertigation is defined as simultaneous application of irrigation and fertilizer
through micro irrigation system to the plants, and is a new concept in Indian ag-
riculture. Water soluble solid or liquid fertilizers are injected with irrigation water
through micro irrigation system [1, 2]. Enormous growth of micro irrigation system
in India has made the concept viable. Under micro irrigation only a portion of the
soil volume around each plant is usually wetted. Crop root growth in essentially re-
stricted to this volume of soil and nutrient reserves within that volume can become
depleted by crop uptake/or leaching below the root zone and develop nutrient de-
ficiencies. The depletion of nutrients from the rooting zone of microirrigated crops
necessitates the continuous replenishment of nutrient reserves. The obvious way to
achieve such a goal is to fertilize through the micro irrigation system, in this way it
is possible to more or less control or at least influence the nutrient composition of
the soil solution.

This chapter discusses scope of fertigation in Indian agriculture and fertigation
technology.

5.2 ADVANTAGES OF FERTIGATION

There are several advantages of fertigation through micro irrigation. Fertilizers are
precisely applied in the restricted wetted volume, where active roots are concen-
trated. Uniform application of fertilizers through micro irrigation prevents nutrient
deficiencies that can develop because of limited soil volume explored by roots. It
also minimizes loss of N due to leaching because of frequent application of soluble
fertilizers in small quantities to the soil. Application of fertilizer in small quanti-
ties to the soil at any given time: Improves fertilizer use efficiency (FUE), helps to
maintain nutritional balance and nutrient concentrations at optimum level, saves en-
ergy and labor, and provides opportunity to apply nutrients at critical stages of crop
growth. It also provides a flexibility of fertilization since fertilizers can be added
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into the root zone as needed. Also hazard of ground water pollution is minimized
due to nitrate leaching as compared to conventional practice of fertilizer applica-
tion. Fertigation can achieve FUE as high as 60—70%. Thus for the same yield level,
fertilizer economy up to 25-30% can be effected. This single advantage may even
overcome the main constraint of high initial cost of equipment in adoption of micro
irrigation system and makes micro irrigation economically viable.

5.3 SELECTION OF FERTILIZER

Fertilizer must be selected on the basis of following criteria:
1. It must not corrode and clog any component of the system.
It must be safe for field use.
It should increase or at least not decrease crop yield.
It must be water soluble or emulsifiable.
It should not react adversely with salts or other chemicals contained in the
irrigation water.

vk e

5.4 FERTIGATION METHODS

Fertilizers and other chemicals can be injected into micro irrigation system using
following methods [1, 2, 10].

1. Pressure differential.

2. Venturi system.

3. Metering pump

The pressure differential method (PD) is based on pressure head difference in
the system. PD can be developed by valves, venturi, elbows or pipe friction. Fertil-
izer tank are often used in PD. Fertilizer tank must withstand the pressure of the
irrigation system. The main advantage of PD applicators is the absence of moving
parts. They are simple in operation and require no electric, gasoline, or water pow-
ered pumps. They can operate, whenever water is flowing and where a pressure drop
is present. The primary disadvantage of PD units is that the rate of application is not
constant and changes continuously with time, thus, a uniform concentration of a
nutrient cannot be maintained.

Injecting fertilizers or chemicals solutions by means of pump is probably the
more precise way of metering chemicals into an irrigation system. The solution is
normally pumped from a pressurized tank. The pump may be driven by an internal
combustion engine or an electric motor or tractor powers take off. However, a power
supply must be near the injection point. With the pump, fertilizers may be fertigated
at more or less constant rate. The pumping rate and the concentration of the stock
solution can be adjusted to attain the desired level of fertilizer. However, the wa-
ter flow and fertilizer flow are independently controlled. Changes in water flow,
power failure or mechanical failure may cause serious deviations from the planned
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concentrations. Another disadvantage is the need for an external power source and
the relatively high cost of the system. The use of hydraulic motor, operated by line
pressure avoids these difficulties.

5.5 INJECTION RATE OF FERTIGATION

The injection rate of fertilizer into the system for a desired application rate to an area
is determined by:

Q,=[F.x AJ/[N xT] (1)

where, Q, = quantity of fertilizer to be injected (Iph), F, = fertilizer rate per applica-
tion (kg/ha), A = area to be fertilized (ha), N_ = Nutrient concentration (kg/liter) in
the stock solution, and T = time of injection (hr).

After the projected Q, injection rate has been calculated, it must be evaluated for
concentration of nutrients in the irrigation water. This can be determined by:

C,=[K xF }J/[W] )

where, C. = Concentration of fertilizer in irrigation water in mg/liter, K = Conver-
sion constant = 100 for metric units, F_= Fertilizer rate (kg/ha), and W = net amount
of irrigation water applied during the injection period (mm).

When the desired concentration of nutrient in the irrigation water C_ has been se-
lected, the rate of injection can be determined from flow rate in the system, density
and percentage of nutrient in the fertilizer in solution.

Q= [Kx Cx Q[p;x Y] 3)

where: Q.= quantity of fertilizer to be injected (Iph), K = conversion constant = 0.36
for metric units, C, = volume or rate of flow (Ips), p, = density of the fertilizing solu-
tion (kg/l), and Y = percentage of fertilizer in solution without decimals.

5.6 FERTILIZER TANK CAPACITY

For a pressure differential injection system, fertilizer tank should have an adequate
capacity for a complete application. This requires a tank capacity C,_ as determined
below:

C=FxA )

where, C = concentration of nutrient in fertilizer (kg/l), Fr = fertilizer rate per ap-
plication (kg/ha), and A = area to be fertilized (ha).
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5.7 FERTILIZERS SUITABLE FOR INJECTION
5.7.1 NITROGEN

Nitrogen is most commonly applied through micro irrigation system, because it
causes few precipitation and clogging problems. Nitrogen can be applied in several
forms such as [1, 2]: Anhydrous ammonia, aqua ammonia, ammonium sulfate, am-
monium phosphate, ammonium nitrate, potassium nitrate, calcium nitrate and urea.
Injection of anhydrous ammonia or aqua ammonia raises the pH of the irrigation
water with possibility that insoluble salts of calcium and magnesium could pre-
cipitate. Ammonium salts (ammonia sulfate) are fairly soluble in water and gener-
ally cause few problems. The use of ammonium phosphate can cause problems if
calcium and magnesium are present in the irrigation water in large quantities, since
precipitation of calcium and magnesium phosphate is possible.

The prolonged use of ammonium containing fertilizer in lateral lines can how-
ever have very detrimental effects on soil fertility in the wetted soil volume. This is
because nitrification of the applied NH", causes soil acidification. When all the fer-
tilizer ammonium is applied to a restricted volume of soil, which contains the bulk
of the root mass, such acidification can become a serious problem.

Urea is well suited for fertigation since it is highly soluble and dissolves in not-
ionic form so that it does not react with other substances in the water. Thus, it is
not likely to cause precipitation problems. Indeed, since the transit time though the
trickle irrigation system is fast, urea is unlikely to be hydrolyzed to ammonium to
a significant degree in irrigation system even if the urease enzyme is present. Urea
has the advantage that it has half the potential acidifying effect (per unit N) of am-
monium containing fertilizers.

Nitrate salts are characteristically soluble and are well suited for use in irrigation
systems.

5.7.2 PHOSPHORUS

Phosphorus is not usually recommended for fertigation because of possible precipi-
tation of phosphate salts. Where irrigation water is high in calcium and magnesium,
the precipitation of insoluble Di-calcium phosphate and Di-magnesium phosphate
in irrigation pipes and emitters is likely.

Phosphoric acid is most suitable form of phosphorus for use in trickle irriga-
tion systems. If irrigation water is low in calcium and magnesium, few problems
should be encountered in applying phosphoric acid. In such situations, ammonium
or potassium di-hydrogen orthophosphate can also be used. If irrigation water is
high in calcium and magnesium, it may be possible to inject high concentration of
phosphoric acid in pulses, which will keep the pH of irrigation water low enough for
most phosphate salts to remain soluble.
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5.7.3 POTASSIUM

The common sources of potassium (potassium sulfate, potassium chloride and po-
tassium nitrate) are readily soluble in water and will cause few precipitation or clog-
ging problems in lateral lines and emitters.

5.7.4 MICRO NUTRIENTS

Micro nutrients (iron, manganese, zinc and copper) can be fertigated in chelated
form, without causing precipitation problems. Nevertheless, if such micro nutrients
are added as inorganic forms, they could possibly react with salts in the irrigation
water and cause precipitates.

5.8 PROBLEMS ASSOCIATED WITH FERTIGATION
5.8.1 CLOGGING

Micro irrigation systems are prone to clogging because of the low operating pres-
sures and small orifice sizes of emitters. Physical, chemical and biological agents in
water are primary causes of clogging.

Clogging can occur when dissolved chemicals present at high concentrations
precipitate out and eventually form encrustations that can restrict water movement.
Calcium and magnesium carbonates and hydroxides or sulfides of iron and manga-
nese are among the most troublesome compounds. Some injected fertilizer materials
may also react directly with dissolved substances in water to form insoluble precipi-
tates. Common problems are precipitates of calcium and magnesium carbonates and
phosphates. Periodic injections of acid (HCI or H,So,) have been shown to partially
dissolve such precipitates and hence improve emitter performance.

When injecting fertilizers, precipitation of applied chemical is a critical problem
and great care must be taken to prevent partial or complete clogging. If in doubt
about the mixing compatibility of chemicals, the lines should be flushed thoroughly
before applying different chemicals.

Injection of fertilizer nutrients into water can induce the increase in biological
activity and sizes of microbial populations in the irrigation water. Increased biologi-
cal activity can, itself result, in clogging. This occurs when bacterial, algae, fungi or
other organisms produce precipitates, mucus or slime products or produce or acts as
flocculants for other materials in irrigation water. Injection of chlorine (usually sup-
plied as sodium hypochlorite) at low concentrations (e.g., I ppm) continuously or as
slug treatments (e.g., 10-20 ppm), at intervals as necessary, inhibits most biological
activity in lateral lines and appears to have minimal or no effect on crop plants.
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5.8.2 UNEVEN DISTRIBUTION OF NUTRIENTS

An uneven distribution of nutrients within the root zone can occur under fertiga-
tion since immobile nutrients such as phosphate become concentrated. For example,
phosphate can become concentrated around the emitter while mobile ions such as
nitrate and potassium move downward and outward with the wetting front and accu-
mulate at the periphery of the wetted soil volume plants. However, it appears to have
the ability to adopt to spatial variability of available nutrients in soils through two
major mechanisms [2]. Firstly, the rate of nutrient uptake per unit weight or length
of roots in the nutrient enriched area can be increased and secondly, localized root
proliferation can occur in the zone of soil high in nutrients. The effect of an uneven
nutrient distribution under micro irrigation fertigation is probably not very serious,
particularly when reasonably high rates of nutrients are being applied. Although
some-micro irrigation systems are operated continuously, in most cases, water is
supplied in cyclical fashion so that soil directly below the emitter can be saturated
during irrigation cycles but begin to dry between cycles. In the zones immediately
below the emitter, temporary localized anaerobic conditions can develop when the
soil remains at or near saturation during irrigation. Anaerobic conditions can result
in death of roots in the center portion of the wetted volume and proliferation of roots
at periphery. The cyclical pattern of moisture and the production of anoxic sites in
the wetted zone directly below the emitter can have important implications to nutri-
ent availability.

5.9 SCOPE FOR FERTIGATION RESEARCH

At present, there is not enough information available regarding nutrient require-
ments of crops at different stages of development to take advantage of micro irriga-
tion technology [2]. The optimum rates and times of fertilizer injection for various
crops, soils and climatic conditions are virtually unknown and substantially more
research is required in this area.

Movement and transformations of nutrients in the wetted soil volume also re-
quire further study. For instance, the movement of urea from the emitted and its
subsequent conversions to ammonia and then to nitrate have not been fully studied
while the extent and form of gaseous losses of nitrogen under trickle irrigation are
not well known. The movement or fixation of micronutrients in the soil, when sup-
plied in chelated form through the irrigation system, has not been reported either.
Research into the extent and significance of the cyclic release of native and applied
soil phosphate during wetting cycle is required. The effect and significance of the
uneven distribution of nutrients in the root zone, which occurs following fertigation,
also warrants further study.

Thus, there is ample scope for further research in both the practical and detailed
aspects of fertigation through micro irrigation systems.
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5.10  SUMMARY

This chapter presents fertigation technology that includes advantages, disadvan-
tages, limitations, methods, rates and duration, fertilizer types, problems, and future
research needs of fertigation in Indian agriculture.
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6.1 INTRODUCTION

In subsurface drip irrigation (SDI), water emits from the buried drippers into the soil
and spreads out in the rhizosphere due to capillary and gravity forces [20, 25]. Thus,
SDI system permits direct application of water to the wetted soil volume and main-
taining dry the nonrooted topsoil. This pattern has advantages such as minimizing
soil evaporation, deep percolation, weeds growth and thus affects evapoconcentra-
tion phenomenon. The SDI improves the water application uniformity, increases
the laterals and emitters longevity, reduces the occurrence of soil-borne diseases,
and infestation of weeds. Several field trials have revealed relevant profits due to
adequate management of SDI for crop production. Nevertheless, the appropriate
depth of buried laterals remains debatable [10, 14, 21, 28]. Comparing evaporation
from surface and subsurface drip irrigation systems, Evett et al. [7] reported a sav-
ing of 51 mm and 81 mm irrigation depth with drip laterals buried at 15 cm and 30
cm, respectively. Neelam and Rajput [20] recorded maximum onion yield (25.7 t
per ha) with drip laterals buried at 10 cm depth. They reported maximum drainage
with drip laterals at 30 cm depth. Several investigators have analyzed the effects of
soil properties on the discharge of SDI emitters and water distribution uniformity
[1, 17, 23]. The analytical method by Sinobas et al. [25] predicted reasonably well
the soil water suction and the pressure head distribution in the laterals and SDI units
[26]. The water oozes out from the buried emitters due to inlet lateral pressure head
and the soil water suction. Therefore, the emitter discharge is high at the beginning
of irrigation due to dry root zone. Gradually, as the soil pore space in the vicinity of
the dripper outlet is filled with water, a positive pressure head develops, which may
cause a decrease in dripper discharge [24]. If the discharge is greater than the soil
infiltration capacity, the resulting overpressure near the nozzle tends to reduce the
flow rate [17, 30].

6.2 BASICS OF ANALYTICAL METHOD

The pressurized irrigation systems are customarily designed so that the mean pres-
sure head throughout the pipe is equal to the nominal pressure head. On the other
hand, irrigation management is based on the replenishment of the soil holding ca-
pacity. Hence, the soil moisture should range between predetermined and minimum
allowable soil moisture. It is assumed that the average pressure head is equal to the
emitter operating pressure head. The emitter discharge equation is defined below
[15]:

q=KH* (1

where: q [L’T'] and H [L] are emitter discharge and the emitter pressure head; K
[L3>*T'] and x are nonlinear regression coefficients. Equation (1) is valid for a pres-
sure head > 5.0 m. It is worth pointing out that most long-path turbulent flow and
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pressure-compensating emitters require an operating pressure head fulfilling this
condition. For buried emitters, the emitter pressure head is lumped with the water
suction near the outlets, as shown below:

H=h,—h, )

where: h_and h, refer to the pressure heads [L] at the inner and outer of the emitter,
respectively. For emitters in surface drip irrigation, h, is the atmospheric pressure.
Conversely, for buried emitters, h, is a spatial-temporal variable dependent on the
prevailing soil water content. Hereinafter, we will consider the sigmoid retention
curve of Van Genuchten [27] given below:

0=1{6_+(6.—6)[1+(ahy 3)

where: 6 [L’L73] and h [L] refer to the volumetric water content and to the soil suc-
tion head, respectively. The residual water contents are denoted as 6 , a [L™']. The
constants n and m are nonlinear regression coefficients that are found by fitting the
curve to the scattered data (6, h) according to Eq. (3); and 6_ refers to the saturated
soil water content. The dimensionless parameters n and m are expressed by the
Mualem [19] as shown below:

m=[1-(1/n)] @)

The soil capillary capacity C [L™'] is derived straightforwardly by differentiating
Eq. (3) with respect to the suction head h as follows:

C=d6/dh=— {mna (0,6 (ah " "[1 + (ah)]™'} ()

Equation (5) shows that additional increase in the suction head produces an ad-
ditional release of water from the soil. Besides, the value of C is the highest if the
second derivative of the soil moisture content with respect to the suction head is
zero. Under these conditions, the crops absorb the maximum water from the root
zone for the same additional energy increment. Further analysis indicates that the
coordinates of the inflection point of the retention curve as well as the maximum
capillary capacity are as follows:

h =-m"™a
op

6,=6,+(0,-6)(1+m"
C...=nm™a@s—0r)/(l +m)y™ (6)

where: hop, Hop, and C___refer to the optimal water suction, optimal soil water con-
tent, and maximum capillary capacity, respectively. Therefore, the design of SDI
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systems should ascertain a suction head at the emitter outlet that matches the optimal
water status within the root zone. Combining Eqs. (1) and (2) yields the following:

q=K(h,~h_ ) ©)

Equations (6) and (7) reveal the dependence of the emitter discharge on the pres-
sure heads at the inner and outer tips of the nozzle. In as much as the soil is more or
less dry at the beginning of the irrigation, the discharge decreases with the elapsed
time. Incidentally as the soil becomes wetter, the soil pressure head increases and
the emitter discharge stabilizes to a minimum value. Gil et al. [9] found that the
decrease of the flow rate is steeper in loamy than in sandy soils. Yao et al. [30]
recorded that the wetted soil volume in medium loam and sandy loam is virtually
invariant as the inlet pressure head was increased from 60 to 150 cm. This increase
of pressure head may lead to the back-pressure development. Yao et al. [30] rec-
ommended that the emitter discharge should be matched to the soil conditions so
that back-pressure occurrence is avoided. According to Ben-Gal et al. [2] and Laz-
arovitch et al. [17], one of the main issues with SDI systems is the soil saturation.
This phenomenon induces temporary asphyxia of crops and may stop the emitter
discharge even though the moistened bulb is not yet spatially well extended. Based
on Egs. (1) and (2), the emitter discharge is null whenever the outlet pressure head
(h,) matches the predetermined inlet one (h ). Afterwards, the redistribution process
provides drier rooted soil profiles. Subsequently, the pressure near the emitter (h,)
decreases until the pressure differential between the outlet tips overtakes a minimum

The threshold value A h__ is required for the emitter operation. The Ah__ is de-
pendent on the structural form, dimension, and material of the emitter pathway. For
any emitter model, A h_. may be inferred from the emitter discharge-pressure head
relationship provided by the manufacturer. Thus, the next irrigation is automatically
triggered, once the following inequality is fulfilled:

[he - hl] = [he - hop] Z Ahmin (8)

Therefore, the required minimum pressure head at the emitter inlet h”
comply with:

N should

i

h*min z [hop + AI/Lmin:| (9)

It is emphasized that the suction head at the vicinity of the emitter cannot be
maintained constant and equal to hop. Unavoidable fluctuations of the suction head
are expected owing to evapotranspiration and water redistribution processes. For
the sake of convenience, the suction head in the root zone should be circumscribed
within a prescribed interval [(hop + Ahop) and (hOp - Ahop)]. Therefore, the minimum
required emitter inlet pressure head h‘““‘ml is given by:

h“““req = [I’lop - Ahop +Ah_ ] (10a)
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whereas: the maximum required emitter inlet pressure head h““‘xrcq is given by:
hr =[h, +Ah +AR ] (10b)

The magnitude of the interval [hopi Ahop] should account for the sensitivity of
the crop to the water stress. As a matter of fact, for tomato crop, the reduction of
the water requirement by 20% resulted in 20% increase in yield [6]. However, the
decrease of the onion water requirement by 20% resulted only 2% decrease in yield
[21]. It should be highlighted that these yield reductions are more or less significant
according to the physiological stages.

TABLE 6.1 Tolerable soil pressure head variations for selected crops.

Crop Pressure range, cm Reference
Upper limit Lower limit

Grape - 2 - 1000 [12]

Grass - 25 - 800 [3]

Soybean - 25 - 800 [3]

Spring wheat - 25 - 1000 [18]

Tomato -2 - 800 [8, 12]

6.3 REQUIRED LATERAL PRESSURE HEAD

For a buried lateral equipped with N identical emitters, the inlet discharge Q will
vary within the following limits:

quin S Q S quax (1 l)

where: g and q . are the maximum and minimum emitter average discharge,
respectively. For design purpose, only the maximum average emitter discharge is
considered. Therefore, the lateral inner diameter is designed to allow the convey-
ance of the upper bound of the discharge. Consequently, the minimum pressure head
required at the upstream end of nontapered flat lateral is:

h,,=[Z,+] +Ah  +h —Ah ] (12a)
whereas: the maximum pressure head required at the upstream end of the lateral is:
hy=[Z,+], +Ah  +h +AR ] (12b)

where: Z [L] and J,[L] are emitter burial depth and head loss along the lateral, re-
spectively. By convention, the gravitational potential Z, is computed negatively
downwards.
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According to the aforementioned basics, the design procedure of SDI systems
should lead to the automation of micro irrigation. Indeed, the irrigation events are
triggered, whenever the mean pressure head within the root zone is reduced to the
minimum prescribed value of (hOp - Ahop). The events are automatically ended, once
the pressure head within the root zone exceeds the maximum value of (hop + Ahop).
From theoretical standpoint, a self-regulation of the flow rate by soil water proper-
ties and moisture conditions should prevail. Moreover, the variations in emitter dis-
charge due to the head losses are offset by soil pressure head gradients. Accordingly,
the irrigation events as well as the uniformity of the flow rates are controlled by the
soil suction head at the depth of burial of emitters. These results agree with Gil et
al. [9] who indicated higher variability in the flow rates with surface emitters than
with the buried emitters.

Tolerable variations in the soil pressure head for some crops are summarized in
Table 6.1. It is worth pointing out that the abovementioned approach remains valid
regardless of the used soil water-retention relationship. The following steps sum-
marizes for the proposed design procedure of SDI laterals.

6.3.1 DESIGN STEPS

Step 1: Carry out simultaneous in situ field measurements of soil moisture and suc-
tion heads.

Step 2: Fit the experimental dataset (8, h) in accordance with the appropriate soil
water-retention curve (for example: equation (5)).

Step 3: Derive twice the moisture content with respect to the suction head and
infer hop.

Step 4: Select the proper interval of the soil suction head A h_ for a particular

op

crop (for example, data provided in Table 1).

Step 5: For the emitter type under consideration, calculate the minimum inlet
pressure head h” . using equation (9).

Step 6: Calculate the minimum and maximum required emitter inlet pressure
heads using equations (10a) and (10b), respectively.

Step 7: Using equation (11), calculate the required lateral inlet discharge.

Step 8: Determine the minimum and maximum required lateral inlet pressure
heads, using Egs. (12a) and (12b), respectively.

6.4 EXAMPLE

Determine the minimum and maximum required lateral inlet pressure heads, for the
following data:

Length of polyethylene nontapered flat pipe: 100 m.

In-line emitter spacing: 40 cm equally spaced.

Emitter depth, according to Patel and Rajput [21]: 15 cm
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Crop: Tomato
Soil texture: homogeneous sandy soil.

6.4.1 PROCEDURE

Step 1: Simultaneous in situ measurements of the soil moisture and suction heads
were performed [11] on three randomized points locations during water redistribu-
tion. In each soil profile, suction heads were measured using three tensiometers
installed at 10, 30, and 50 cm soil depth. Soil cores sampled at the same depths were
used to determine gravimetrically the corresponding soil moisture. For each depth,
the average of the three observations was considered.

Step 2: Experimental data were fitted in accordance with Van Genuchten [27]
model [11]. Scattered and fitted data are shown in Fig. 6.1. The inferred fitting pa-
rameters (6_, m, n, and a) are summarized in Table 6.2.

TABLE 6.2 Fitting Parameters For Van Genuchten’s Equation For the Sandy Soil

6. (cm’/cm’) 6_(cm’/em’) a (em™) n R?
0.38 0.02 0.05 1.70 0.991

04

0,35 ]

0,3 -

0,25 ]
0,2 -
0,15 ]

0,1 -

Water content (cm3/cm?)

0,05 ]

X
X SR %Qppooxo
0 . T T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000
Suction (mb)

FIGURE 6.1 Soil Water retention curve and measured data at different depths. Legend: 10
cm = xx; 30 cm = 00; and 50 cm = mm.
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Step 3: Using Eq. (6), the optimum suction head hop is approximately —12 cm.
This value is within the optimal range of the suction head for tomato crop (See Table
6.2, [8, 12]). To prevent asphyxia risk or relative water stress at upper (—2 cm) and
lower (=800 c¢m), tolerable pressure heads, A hop =400 cm is acceptable.

Step 4: Therefore, the prescribed soil pressure head limits for tomato crop are
determined as follows:

hop —Ahop ~—12-400=-412 cm, and

h,,+Ah, ~ =12+ 400 = 388 cm (13)

In order to avoid eventual backpressure development, the suction head should be
maintained within [-412 and 0.0] cm.

Step 5: A trapezoidal labyrinth long-path emitter is used with a minimal dif-
ferential operating pressure head of Ah_. = 500 cm. The discharge-pressure head
relationship of these emitters is shown below [22]:

q=10.752(h, — h,\*¥"] (14)

where: q = emitter discharge (I/h), h, = emitter inlet pressure head (m), and h, = the
emitter outlet pressure head (m).

Step 6: Using equations (10a) and (10b), the required emitter inlet pressure hmq
should comply with:

[(-12 ~ 400 + 500) = 88] < h__ (cm) < [(0 + 500) = 500] (15)

To maintain an optimal suction head within the root zone (—12 cm) and to com-
pensate the minimum differential operating pressure head (Ah_. = 500 cm), the
optimal required emitter inlet pressure should be hUrcq = (—12 + 500) = 488 cm.
Compared with the pressure heads customarily required for on-surface drippers (ap-
proximately 1000 cm), the obtained value underlines an outstanding energy saving
with SDI systems. Therefore, according to Eq. (14), the corresponding emitter dis-
charge q is given as:

{0.752[0.88 — 0.00]0.478 = 0.707} < q (I/h) < {0.752[5.00 — (—4.12)] 0.478 =
2.163} (16)

As long as the lowest differential pressure head (0.88 m) is less than the mini-
mum differential operating pressure head (A h_. = 500 cm), the emitter discharge
vary within the interval [0.00, 2.163]. Nevertheless, the optimal required emitter
discharge matching the optimal soil suction head q,, will be:

q,, = 10.752(4.88 — (-0.12)]0.478} = 1.623 U/h (17)
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Step 7: The number of emitters along the lateral equals 100 m/0.4 m = 250. Ac-
cording to Eq. (11), the optimal required discharge at the lateral inlet tip is:

Q,, =250 x1.623 =405.75 I/h (18)

The head loss gradient j may be estimated by Watters and Keller’s formula [29]
as follows:

j=aQ'D (19)

where: Q and D are the discharge and the lateral inside diameter, respectively. For
j (m/m), Q(I/h), and D(mm), the parameters in Eq. (19) are § = 1.75, y =4.75, and
a = 14.709598v, where: v (m? s!) is the kinematic viscosity of water. At 20°C, « is
equal to 0.4655. Considering Eq. (19) and an inner diameter of 16 mm, the head loss
throughout the lateral J, is given [29] below:

J,=aQf D7/(1+pB)L, or

J, = 0.4655(405.75)175(16.0) +7100/(1+1.75) = 1.184 m (20)

This value is doubled if we take into consideration the head losses due to emit-
ters’ connection as computed by Juana et al. [13] method.

Step 8: Using Egs. (12a) and (12b) and accounting for emitters’ connection head
losses, the required pressure head at the inlet tip of the lateral will be:

{(~15+2x118.4+500~12-400)=309.8} < h, (cm) <
{(~15+2x118.4+500+0)=721.8} Q1)

In the same way, the optimal required pressure head h, _ at the lateral inlet will
be:

h, =(-15+2x 118.4— 12 + 500) = 709.8 cm 22)

Therefore, it is possible to ensure a complete automation of the SDI system via
the installation of an overhead basin with a constant water level.

6.5 CONCLUSIONS

Besides savings in water, energy and labor-input, the SDI system offers the oppor-
tunity to fully automate the micro irrigation and to include best management prac-
tices in agriculture. In fact, the adequate control of variation of soil moisture in the
vicinity of emitters is a milestone in the management of subsurface drip irrigation.
The rationale is that the flow rate of buried drippers is a function of pressure head at
the soil depth of subsurface drip lines. Therefore, the temporal variation of the flow



84 Sustainable Micro Irrigation Design Systems for Agricultural Crops

rate is dependent on soil water redistribution and water uptake by roots. The design
procedure developed in this chapter provides appropriate emitter discharge and inlet
lateral pressure head that fit the water uptake by plant roots. Knowing soil retention
curve and water uptake, the procedure provides guidelines to design SDI laterals.
The main objective of the design is to ascertain optimal suction head within the
installation depth of emitters so that irrigation events are automatically controlled
based on the soil moisture variations. The case study showed that soil moisture can
be circumscribed within an interval suitable for plant growth. This approach can be
a helpful tool for the optimum design of SDI system and the best irrigation man-
agement. However, it is worthwhile to note that the current approach completely
overlooks the effects of burial drippers on clogging.

6.6 SUMMARY

SDI is based on small and frequent water application near the root zone. Since emit-
ter lines are buried in the SDI, the emitter discharge is dependent on the soil mois-
ture status in the vicinity of the emitters. This chapter includes design of subsurface
laterals based on the soil water-retention characteristics and water uptake by the
roots. The approach in this chapter permits systematic triggering and cut-off of ir-
rigation events based on fixed water suctions in the rhizosphere. Therefore, the soil
moisture is maintained at an optimal threshold value to ensure the best plant growth.
The method in this chapter is a helpful tool for the optimum design of the SDI sys-
tem and appropriate water management. Knowing the soil water-retention curve, the
appropriate water suction for the plant growth, and the emitter discharge-pressure
head relationships were developed. The method by authors allows the computation
of the required hydraulics of the laterals (e.g., inlet pressure head, inside diameter,
etc.). An illustrative example is presented for the design of SDI laterals in tomato.
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7.1 INTRODUCTION

The drip irrigation method has now gained worldwide popularity particularly in wa-
ter scarce regions, undulating hilly areas and saline soils. It is an appropriate water
saving and production augmenting technique for wide spaced orchard and planta-
tion crops. It is also used for commercial crops like cotton, tobacco, sugarcane and
also for vegetables. Typically, it has decreased wetted volume thus requiring more
frequent irrigations. An irrigation regime with an excessively high irrigation fre-
quency can cause the soil surface to remain wet and the evaporation process persists
most of the time, resulting in substantial loss of water. This is one of the disadvan-
tages of the drip irrigation system. The wetted area beneath the emitters particularly
in arid and semiarid regions is susceptible to high evaporation. On soils having low
infiltration rate, surface application of water by drip irrigation may result in signifi-
cant surface wetting and ponding, which suffer from high evaporative demand and
thereby decreasing the water use efficiency [3]. Advent of subsurface drip irrigation
is in fact an approach to curb enhances this efficiency. However, subsurface drip
irrigation may suffer from clogging of emitters and microtubes. An alternative ap-
proach to the clogging problem is to increase the size of the emitters and microtubes.
However, this may increase the discharge of the microtubes and emitters and change
the pattern of wetting in the soil thus affecting the water availability to the plants.

Camp [1] made a comprehensive review of published information on subsurface
drip irrigation. He concluded that crop yield was superior than that of other irriga-
tion methods including surface drip and required less water in many cases. Lamm et
al. [4] studied combinations both preplant surface application and in-season fertiga-
tion of nitrogen fertilizer for field corn at three different levels of water application
by subsurface drip system. They concluded that nitrogen fertigation through sub-
surface drip irrigation at a depth of 42 to 45 cm redistributes differently in the soil
profile than surface applied preplant nitrogen banded in the furrow. Choi et al. [2]
compared the subsurface drip irrigation to sprinkler irrigation of Bermuda grass turf
using tertiary treated effluent in Arizona — USA. They concluded that subsurface
drip irrigation of turf could be an alternative to sprinkler irrigation system in terms
of water saving and also when water was restricted to low quality waste water.

This chapter discusses water front advance under surface and subsurface drip
irrigation systems using in-line drippers. Authors also conducted studies to recom-
mend the best drip irrigation system for cultivation of crops in sandy soil.

7.2 MATERIALS AND METHODS

The experimental setup consisted of soil tank model fitted with two fiberglass plates
as shown in Fig. 7.1. The length and breadth of the tank were 920 and 915 mm,
respectively.
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920

1. Flexy glass plates fixed on front. 3.  Mild steel plate fixed on bottom.
2. Mild steel plates fixed on sides. Note: All dimensions are in mm.

FIGURE 7.1 Isometric view of laboratory model of soil tank.

The bottom and its three vertical sides were made up of metal sheets, and fourth
vertical side (front side) was provided with two flexi glass plates at an angle of 115°
to observe the water front advance. The tank was filled with soil up to a depth of 50
cm. The soil texture was sandy loam having sand 69%, silt 21.2% and clay 9.8%.
A plastic bottle with a capacity of two liters was kept in a particular position on a
vertical stand. The bottle was provided with a vertical circular orifice of diameter
6 mm very close to its bottom. A piece of 6 mm diameter microtube was fitted into
the orifice and at the end of the microtube a dripper of capacity 4 Iph was attached.
Then the dripper was calibrated for its design discharge at a constant head. The wa-
ter was supplied to the overhead bottle continuously from the outside source through
siphoning to maintain the constant head. After completion of one experiment, wet
soil around the microtube fitted with dripper was carefully taken out of the soil tank.
The soil was again dried, pulverized and reused in the subsequent experiment. The
microtube was again installed in the soil.

The dripper used in the study had two projections. One projection was of coni-
cal shape and the other was of cylindrical shape. Normally water was discharged
through the cylindrical projection. At the normal position of the dripper, the conical
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projection of the dripper was fitted into the microtube coming from the lateral and
the cylindrical projection of the same dripper was fitted to the microtube extension
through which water was discharged. Twelve observations for each were taken for
normal and reverse position of the dripper. Each observation was replicated thrice to
calculate the average discharge (Table 7.1).

TABLE 7.1 Average Discharge Rates For Normal and Reverse Positions of the In-Line
Microtube

Head Average discharge, Average discharge, Difference of discharge in

Q Normal position Q Reverse position normal and reverse posi-
tions, AQ

m Iph

0.4 0.597 0.545 0.052

0.5 0.688 0.636 0.052

0.6 0.801 0.750 0.051

0.7 0.910 0.856 0.055

0.8 1.017 0.964 0.052

0.9 1.120 1.069 0.052

1.0 1.216 1.158 0.058

1.1 1.305 1.252 0.053

1.2 1.381 1.326 0.055

1.3 1.447 1.396 0.051

1.4 1.505 1.450 0.055

1.5 1.561 1.508 0.053

After getting discharge data for corresponding hydraulic heads, the graphical
relationships were developed between hydraulic head and discharge for normal and
reverse positions of the dripper as shown in Fig. 7.2. The model equations were
developed for both positions of the dripper.

Tracing paper was fixed on the flexi glass plates of the soil tank model lying
in front of the dripper for demarcating the advance of waterfront. The dripper with
microtube was placed at a depth of 12 cm from the soil surface in the soil tank in
case of sub surface drip irrigation. Water was supplied from the supply bottle under
constant head through the dripper and microtube extension into the soil.
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FIGURE 7.2 Head versus discharge relationships for normal and reverse positions of for
in-line drip irrigation systems.

Discharge, Iph.

Soil in the tank was irrigated at the rate of the capacity of dripper. The maximum
waterfront advances both in horizontal and vertical directions were recorded at ev-
ery 10 min interval. But the first set of reading (horizontal and vertical water front
advance) in each case (in-line sub surface and surface) was taken on 20th minute
from the start of experiment because the waterfront appeared after 19 min from the
start of experiment. The known volume of water supplied during that 20/10 min in-
tervals was also recorded. The water front advances were recorded from 20th minute
to 120th minute.

In in-line subsurface drip irrigation, the system was operated until the top soil
was wetted at different heads of 0.5 to 1.5 m. The minimum and maximum water
front advances were recorded in case of in-line surface and in-line subsurface drip
irrigation systems.

7.3 RESULTS AND DISCUSSION

The horizontal and vertical water front advances for in-line subsurface and surface
drip irrigation systems were compared at different hydraulic heads and time of ap-
plication, as shown in Table 7.2 and Figs. 7.3 and 7.4.
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TABLE 7.2 Horizontal and Vertical Water Front Advances For In-Line Subsurface and
Surface Drip Irrigation Systems at Different Hydraulic Heads and Time of Application

In-line sub surface  In-line surface drip Difference Difference

drip irrigation irrigation between  between
subsurface subsurface
. and and
Time of . Vertical Horizon- .
Head applica- Horizontal water tal Vertical  gyrface surface
tion water front  Wwater water  porizontal Vvertical
front ad- f front ¢
ad- ront water water
vance advance
vance advance front ad- front

vances advances

m  minutes cm
20 14.0 10.5 11.5 7.0 2.5 3.5
0.5 50 22.0 18.7 19.0 15.2 3.0 3.5
80 27.0 24.1 24.0 20.0 3.0 4.1
20 16.0 12.0 13.3 10.0 2.7 2.0
0.6 50 25.0 20.7 22.8 16.5 2.2 4.2
80 28.0 24.8 26.9 21.0 1.1 3.8
20 16.5 12.3 14.8 11.0 1.7 1.3
0.7 50 25.5 21.1 23.0 16.8 2.5 43
80 28.5 254 27.8 21.3 0.7 4.1
20 17.0 12.7 15.6 11.5 1.4 1.2
0.8 50 26.0 21.5 23.0 17.0 3.0 4.5
80 29.0 25.9 27.8 21.5 1.2 4.4
20 17.8 13.4 16.6 12.0 1.2 1.4
0.9 50 27.0 22.5 23.6 18.2 34 43
80 29.8 27.5 28.9 23.5 0.9 +0
20 18.5 14.5 17.4 12.6 1.1 1.9
1.0 50 28.0 232 24.9 18.6 3.1 4.6
80 31.0 28.3 29.8 24.2 1.2 4.1
20 19.0 154 17.7 13.0 1.3 2.4
1.1 50 28.3 23.8 25.5 20.2 2.8 3.6

80 314 28.6 30.2 25.0 1.2 3.6
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TABLE 7.2 (Continued)

In-line sub surface  In-line surface drip Difference Difference

drip irrigation irrigation between  between
subsurface subsurface
. and and
Time of . Vertical Horizon- .
Head applica- Horizontal water tal Vertical  gyrface surface
tion water front water water  norizontal Vvertical
front ad- f front ¢
ad- ront water water
vance advance
vance advance front ad- front

vances advances

m  minutes cm
20 19.5 16.3 18.0 13.5 1.5 2.8
1.2 50 28.5 24.9 259 22.4 2.6 2.5
80 32.5 29.8 31.0 27.0 1.5 2.8
20 19.8 17.2 18.5 14.7 1.3 2.5
50 29.0 26.3 26.2 23.0 2.8 33
13 Water front advance
80 touched the ground at 31.7 28.0 Nil Nil
76th minute
20 20.0 17.8 18.9 15.5 1.1 2.3
50 293 25.8 27.1 23.5 2.2 2.3
1.4 Water front advance
80 touched the ground at 322 29.0 Nil Nil
70th minute
20 20.6 18.1 19.3 16.0 1.3 2.1
50 29.5 274 27.6 24.6 1.9 2.8
L5 Water front advance
80 touched the ground at 32.1 29.8 Nil Nil
65th minute

It was observed that the horizontal water front advance was always faster than
that of vertical water front advance in both cases of drip irrigation systems irrespec-
tive of hydraulic head and time of application. However, for horizontal water front
advance under both drip irrigation systems, it was observed that the horizontal wa-
ter front advance of in-line subsurface drip irrigation was always higher than that
of in-line surface drip irrigation. Similar trend of vertical water front advance was
also noticed in both cases of drip systems. In case of in-line subsurface drip, the
horizontal water front advance varied from 5.09 to 25.45% over vertical water front
advance under hydraulic head range of 0.5 to 1.5 m, whereas, in case of in-line sur-
face drip, it varied from 2.95 to 30.19%. In general, it was observed that horizontal
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water front advance of in-line subsurface drip was more than that of corresponding
horizontal water front advance of in-line surface drip under all hydraulic heads and
time of application.

x x I IO

\ Installation position of the micro-tube

Vv, .=285cm.

Unit = minute

|
|

H_ =315cm

FIGURE 7.3 Water front advance of different durations for in-line subsurface drip irrigation
system at 0.5 m hydraulic head.

The maximum horizontal water front advance of in-line sub surface drip was
32.5 cm and the minimum was 14.0 cm, whereas it was 37.3 cm and 11.5 cm, re-
spectively, in case of in-line surface drip. Similar trend was also noticed in case
of vertical water front advance. The maximum and minimum vertical water front
advances were 30.85 cm and 10.5 cm, respectively, in case of in-line subsurface
drip irrigation, whereas it was 36.2 cm and 7.0 cm for in-line surface drip system.
The shape of the water front advance curves of in-line subsurface drip was elliptical,
whereas it was semielliptical for in-line surface drip system. The in-line sub surface
drip system was remained operational for a period of more than six months continu-
ously. It was observed that the system did not show any clogging problem.
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FIGURE 7.4 Water front advance of different durations for in-line surface drip irrigation
system at 0.5 m hydraulic head.

7.4 CONCLUSIONS

The surface drip irrigation can always be modified into subsurface drip irrigation
without any clogging problems. The loss of water due to evaporation is eliminated
in case of in-line subsurface drip irrigation, whereas it is a common phenomenon in
case of in-line surface line drip irrigation and hence it increases water use efficiency
of in-line subsurface irrigation over in-line surface drip irrigation. Due to consider-
able amount of water saving in case of in-line subsurface as compared to in-line
surface drip irrigation, more area can be brought under irrigation. The horizontal
and vertical water front advances of in-line sub surface drip were greater than that
of in-line surface drip system.

7.5 SUMMARY

An experiment in the soil tank model with sandy soil was carried out in the Hydrau-
lics Laboratory of College of Engineering and Technology, Bhubaneswar, Odisha,
India in 2013. The hydraulics of in-line surface drip irrigation was compared with
those of subsurface drip irrigation. Water front movement in both horizontal and
vertical directions was also evaluated for both irrigation systems. Under in-line sur-
face and subsurface drip irrigation systems, the horizontal water front movement
was faster than the vertical water front movement. However, both horizontal and
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vertical water front advances were higher under in-line subsurface drip irrigation
compared to that of in-line surface drip irrigation. It was further noticed that the
water front advance was elliptical in shape under in-line subsurface drip irrigation
system whereas the shape was semielliptical under in-line surface drip irrigation.
The in-line subsurface drip irrigation was found to be a better option for adoption
than in-line surface drip irrigation.
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8.1 INTRODUCTION

A progressive agriculture serves as a powerful engine of economic growth of any
country. In India, agriculture represents a core part of economy and provides food
and livelihood activities to much of the Indian population. Agriculture and allied
sectors accounted for 13.5% of the GDP in 2012-2013 compared to 51.9% during
1950-1951, thus indicating a steady decline of its share in the GDP. Further, the
share of agriculture alone was recorded as low as 11.6% in 2012-2013 compared
to 41.8% in 1950-1951 to the GDP. Still agriculture is the largest sector playing a
major role in shaping the overall growth trajectories of the Indian economy since
independence [2].

Agricultural policy is a set of government decisions and actions relating to do-
mestic agriculture and imports of foreign agricultural products. Governments usu-
ally implement agricultural policies with the goal of achieving a specific outcome in
the domestic agricultural product markets. Subsidy, the most powerful mechanism,
can balance the growth rate of production and trade in various sectors and regions
and for an equitable distribution of income for the protection of weaker sections of
society [7]. The value of sector wise estimated major subsidies in India were about
231,083,0 million-Rs. for the year 2013-2014. The cost of India’s agricultural input
subsidies as a share of agriculture output almost doubled from 6.0% in 2003—-2004
to 11.6% in 2009-2010, driven mostly by large increases in the subsidies to fertilizer
and electricity.

8.2 AGRICULTURAL SUBSIDIES

Agricultural subsidies can play an important role in early phases of agricultural
development by addressing market failures and promoting new technologies [1].
The farm subsidies are integral part of the policies supporting farming and farmers.
Especially governments of developing countries like India give importance to subsi-
dies to promote agriculture. The government policy of a subsidy is very well for pro-
tection of the weaker sections and marginal farmers. The Indian farmers being poor
and they were not in a position to buy the expensive inputs. Then the Indian govern-
ment started the scheme of subsidies on the purchase of various agriculture inputs
to facilitate the farmers. Fertilizer, electricity, irrigation water and farm insurance
are major items for subsidies given to farmers in India. Government of India pays
fertilizer producers directly in exchange for the companies selling fertilizer at lower
than market prices. Irrigation and electricity, on the other hand, are supplied directly
to farmers by Government of India at prices that are below the cost of production.
India’s expenditure on input subsidies has increased sharply in recent years.
Fertilizer, electricity and irrigation were the major subsidies to the Indian farm-
ers. In 1993-1994, the value of fertilizer, electricity and irrigation subsidies was
45,620, 24,000 and 58,720 million-Rs., respectively at 1993—1994 prices. During
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the year 2009-2010, the value of fertilizer subsidy was Rs. 529,800 million-Rs.
at 1999-2000 prices. In 2008-2009, the electricity and irrigation subsidies were
274,890 and 236,650 million-Rs., respectively. Drip irrigation has potential to save
water [3, 4, 6].

The present study was conducted to find out the impact of micro irrigation sub-
sidies given under Tamil Nadu-TAMWARM project on farm and farmers with the
focus on trade and environment. The specific objectives of the study were: (i) to
find the investment worthiness of drip irrigation; (ii) to find out the yield difference
between the scheme and nonscheme farmers for major crops; and (iii) to find out the
water usage in various crops.

8.3 METHODOLOGY
8.3.1 STUDY AREA

The present study was conducted in Udumalpet region of Tiruppur district of Tamil
Nadu, where the TN-IAMWARM project implemented successfully. The total area
under crop cultivation in Udumalpet block was 29,595.21 ha consisting of 24469.69
hectares under irrigated area and 5125.54 ha under rain-fed area. Therefore, ma-
jority of the study area was covered by irrigated conditions. Paddy, maize, onion,
tomato, brinjal (eggplant), Bengal gram and other pulses were the major crops that
were cultivated in this region.

8.3.2 SAMPLING

Based on the objectives and for the purpose of study, both primary and secondary
data were collected. The farmers were categorized into TN-IAMWARM scheme
(drip) and nonscheme (conventional) farmers. Separate questionnaires were pre-
pared and the data regarding were collected from the farmers by administering pre-
tested interview schedule. Five villages were selected purposively, where the adop-
tion of the scheme is widespread. From each village, six scheme farmers and six
nonscheme farmers were identified. Finally the sample size of 60 was considered.
The scheme drip farmers were identified through Water Technology Centre, TNAU
and the nonscheme farmers were collected randomly in the same region.

8.3.3 THE TAMIL NADU IRRIGATED AGRICULTURE
MODERNIZATION AND WATER BODIES RESTORATION AND
MANAGEMENT (TN-IAMWARM) PROJECT

The Tamil Nadu Irrigated Agriculture Modernization and Water Bodies Restoration
and Management (TN JAMWARM) is a unique World Bank funded project imple-
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mented with the prime motive of maximizing the productivity of water leading to
improved farm incomes and products. The broader objectives of the project were to
achieve sustainable economic growth as well as poverty alleviation through maxi-
mizing productivity of water. The IAMWARM project supported the investment in:
(i) improving irrigation service delivery including adoption of modern water-saving
irrigation technologies and agricultural practices; (ii) agricultural intensification and
diversification; (iii) enhancing market access and agri-business opportunities; and
(iv) strengthening institutions dealing with water resources.

8.3.4. ANALYSIS
8.3.4.1 INVESTMENT ANALYSIS

To find the worthiness of drip irrigation, the benefit-cost ratio (BCR), net present
value (NPV) and internal rate of return (IRR) were calculated for coconut for 12
years.

8.3.4.1.1 BENEFIT COST RATIO

A BCR is an indicator, used in the formal discipline of cost-benefit analysis, which
attempts to summarize the overall value for money of a project or proposal.

BCR = Present worth of return/Present worth of cost (1)

8.3.4.1.2 NET PRESENT VALUE

The NPV is a central tool in discounted cash flow (DCF) analysis and is a standard
method for using the time value of money to appraise long-term projects.

NPV=[(B, - C)/(1+1)] )
where, B, denotes the benefits in the year t, C, is the cost in the year t and t is the time

period, and r is the rate of interest.

8.3.4.1.3 INTERNAL RATE OF RETURN

The IRR is used in capital budgeting to measure and compare the profitability of
investments.

IRR = LDR + [Difference between two discount rates (NPPV at LDR +

Absolute sum of NPV at LDR and HDR)] 3)
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8.3.4.2 CONVENTIONAL ANALYSIS

To find out the yield difference between the scheme (drip) and nonscheme (nondrip)
farmers for various major crops, the percentages and averages were used.

8.3.5 WATER USE IN EACH CROP

One of the objectives is to find out the water use in various crops between scheme
and nonscheme farmers. The water applied for a particular crop in a season is es-
timated by using the following conversions and express in ha-cm [5]. In order to
examine the changes in the water applied for a particular crop in the season, it is
estimated as below:.

Water applied for a crop (ha-cm) = {[Area irrigated in ha x number of irriga-
tions/crop x

irrigation duration in hours x average water use in Iph]/101,171.26} (4)

8.4 RESULTS AND DISCUSSION
8.4.1 INVESTMENT ANALYSIS

Table 8.1 shows the results of investment analysis for drip-irrigated coconut. Results
show the positive impact. The BCR for subsidized farms was 3.22 compared to 1.7
for the nonsubsidized farms. The NPV of scheme farmers was Rs. 261,074 com-
pared to Rs. 123,133 for conventional farmers. The IRR for scheme and nonscheme
farmers were 35.62 and 31.76, respectively.

TABLE 8.1 BCR, NPV and IRR

Variables Scheme farmers Conventional farmers (Non-scheme)
BCR 3.22 1.70

NPV, Rs. 261,074.8 123,113.0

IRR 35.62 31.76

8.4.2 YIELD DIFFERENCES

The differences in yield were calculated for coconut, tomato, onion and maize. The
averages were taken and the results are shown in Table 8.2. The yield of coconut,
tomato, onion and maize was increased by 50%, 26%, 43%, and 36%, respectively.
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TABLE 8.2  Yield of Study Crops in the Farms of Scheme and Nonscheme Farmers

Coconut (nuts/ Tomato Onion (tons/ Maize (tons/
Item year) (tons/acre) acre) acre)
NS S NS S NS S NS S
1. Yield 100 150 17.9 2253 7.03 10.03 2.61 354
2. Percentage
increasing 50 26 43 36

NS — Non-Scheme, S — Scheme

8.4.3 WATER USE FOR VARIOUS CROPS (HA-CM)

To assess the water usage, the water use for maize, tomato and onion were calcu-
lated. Compared to nonscheme farmers, the water usage is low in scheme farmers.
The results are shown in Table 8.3. It is depicted that the scheme (drip) farmers were
using low quantity of water in a particular season. Comparing nonscheme farmers,
the water usage in maize, tomato and onion was reduced up to 25%, 34% and 32%,
respectively.

TABLE 8.3 Water Usage in Scheme and Nonscheme Farms

‘Water Usage (ha-cm)

Crop Scheme farms (drip) Non-Scheme farms Percentage saving
(nondrip)

Maize 26.33 35.27 25

Onion 25.50 37.58 32

Tomato 20.34 30.92 34

8.5 IMPACTS OF MICRO IRRIGATION SUBSIDY ON
PRODUCTION AND TRADE

Apart from saving water in crop cultivation, micro irrigation subsidy has positive
impacts in marketing and trade also. Table 8.2 shows the average yield of various
crops under drip and conventional irrigation systems. In the study area, mainly the
high value crops were growing. If the total area under maize, in the study area
comes under drip irrigation, the production will be 15328.51 tons, whereas it will be
11301.53 tons in conventional irrigation. The difference is 4026.98 tons. In case of
tomato and onion, the production will be 9787.48 tons and 4908.58 tons for the total
area under drip irrigation, respectively compared to 7776.11 tons and 3503.68 tons,
respectively under conventional irrigation. The difference in total yield is 1404.9
tons and 2011.37 tons for tomato and onion, respectively. So, apart from conven-
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tional irrigation, if the total area comes under drip irrigation we can increase the
yield and it will increase the marketable surplus of the farmers and there creates a
positive impact on trade also.

Apart from the increase in the yield by drip irrigation, the farmers are able to
grow crops in the off-season and get higher prices. The normal market prices (Rs./
kg) were 10 for maize, 10 for tomato and 12 for onion. During off-seasons, the price
of maize, tomato and onion were approximately 14, 25, and 25 Rs. per kg, respec-
tively. By producing maize, tomato and onion in the off-season under drip irriga-
tion, the farmers can get 4, 15. and 13 more Rs. per kg of maize, tomato and onion,
respectively. This will increase the income for the farmer.

8.6 IMPACTS OF MICRO IRRIGATION SUBSIDY ON NATURAL
RESOURCES AND ENVIRONMENT

The effect of micro irrigation subsidy shows positive impact not only in individual
farms but also there are positive impacts on the environment also. In conventional
irrigation, the water losses are high. Table 8.3 shows the water use for various crops
between the drip irrigated and conventional farms. The percentage water saving in
maize, tomato and onion was around 25%, 34% and 32%, respectively. The total area
under crop cultivation in the study area is 29,595.21 ha that consisted of 4330.09 ha,
434.42 ha and 489.39 ha under maize, tomato and onion, respectively. The tomato
and onion were growing only under irrigated conditions. Presently, Tamil Nadu state
policy is focusing towards bringing the entire area of garden lands under drip irriga-
tion. If the total area comes under drip irrigation in the study area for tomato and
onion, the water usage level is 8836.10 and 12479.44 ha-cm, respectively whereas
in conventional irrigation it is 13432.26 and 18391.27 ha-cm, respectively. We can
save 4596.16 and 5911.83 ha-cm of water if both tomato and onion comes under
drip irrigation in the study area alone. In case of maize, if the total area comes under
drip irrigation the water usage level is 114,011.27 ha-cm whereas in conventional
irrigation it is 152,722.27 ha-cm. Therefore, we can save 38,711 ha-cm of water in
maize cultivation. This will lead to natural resource saving and benefit to the envi-
ronment by using the saved water for alternate purpose.

8.7 SUMMARY

By subsidizing drip irrigation, the small and marginal farmers also can go for the
same. This will lead to increase in production, productivity and saving of natural
resources in general. It can be concluded that there are multiple benefits to the farms
and farmers because of farm subsidies. The results show that, if the total area comes
under drip irrigation, we can save 38711 ha-cm, 4596.16 ha-cm and 5911.83 ha-cm
of water in maize, tomato and onion crops, respectively. Apart from water usage
level, if the total area comes under drip irrigation, we can increase the production by
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4026.98 tons, 1404.9 tons and 2011.37 tons of maize, tomato and onion, respective-
ly. By producing maize, tomato and onion in the off-season (when the availability of
water is less for surface irrigation) through drip irrigation, the farmers can get addi-
tional price (Rs./kg) of 4 for maize, 15 for tomato and 13 for onion. However, water
will be more effective and realistic by incorporating the issues like: free electricity,
cropping system dynamics, land use, water harvesting, agriculture/nonagricultural
tradeoff, etc. while drafting policies towards subsidizing irrigation.
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9.1 INTRODUCTION

Agriculture is a vital part of household livelihoods and national economies of de-
veloping countries. The role of a country or community’s food supply in human
survival sets the productivity of the agriculture sector apart from other sectors of
production. Historically, throughout the world, the introduction of new technology
has been an important factor in increasing the productivity of labor and land and,
hence, in improving household livelihoods and food security.

Despite the advances that have been achieved through improved seed variet-
ies and application of chemical fertilizer, hunger and food insecurity still plague
many parts of the developing world. The Food and Agriculture Organization (FAO)
reports approximately one-quarter of the population in Sub-Saharan Africa is under-
nourished [11].

Irrigation has the potential to increase agricultural production and improve the
livelihoods of small-scale farmers. Adequate water supply is essential to support the
production of crops for household consumption or sale. In addition to increasing
production levels, irrigation increases the reliability and consistency of production
[44]. Reducing vulnerability to shocks and variability of production is extremely
important for subsistence farmers. Fewer or less severe shocks mean the household
is able to maintain adequate consumption levels and is less likely to deplete sav-
ings or productive assets, such as tools and livestock, to cope with shocks. Reduced
vulnerability enables poor farmers to maintain their productive assets and avoid
indebtedness for consumption [3, 53].

Water is a scarce resource, and the method of irrigation affects the degree of
scarcity. Traditional irrigation methods such as furrow irrigation are very ineffi-
cient due to evaporation and leaching. Drip, or microirrigation, which uses water
much more efficiently, is a potentially important technology in addressing the ir-
rigation needs in areas with limited water resources. In addition to water efficiency,
the precision of drip irrigation reduces water logging of the plants, salinization, and
leaching of soil amendments, such as fertilizer. In many applications, drip irrigation
reduces the cost of production and greatly increase productivity [36].

Despite the benefits of irrigation, adoption of irrigation technology has been
very low in Africa. The FAO estimates that only 6% of the cultivated land in Af-
rica is irrigated [16]. In contrast, 35% of the cultivated land in Asia is irrigated. In
response to the potential benefits of irrigation and the low adoption rates in rural ar-
eas, especially in Africa, many organizations, governmental and nongovernmental,
promote small-scale irrigation technology. The irrigation projects implemented in
developing countries provide a wide variety of information, services, and financial
assistance; however, very little rigorous evaluation has been conducted on the actual
impact of these programs on participating households. While the role of irrigation
in poverty reduction has been studied more extensively in Asia, relatively little re-
search has been done in Sub-Saharan Africa [21].
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The Prosperity Through Innovation Project (PTI) is one such program to pro-
mote the development of small-scale irrigation in Zambia. The aim of the project
is to increase household livelihoods through the use of micro irrigation equipment.
Another important goal of the project is to develop supply chains for irrigation tech-
nology. The project supplies discount vouchers for micro irrigation equipment to
small-scale farmers. The PTI project works jointly with another agriculture devel-
opment organization, International Development Enterprises (IDE), to promote the
expansion of irrigation supply chains and provide information and training for its
use.

This study evaluates the economic impact of micro irrigation equipment made
available through the PTI voucher program. The efficacy of this project is tested
using household data collected from farmers participating in the PTI project. The
analysis addresses two specific research questions:

1. What are the key factors affecting micro irrigation equipment voucher re-
demption?

2.  What are the economic effects of the project on the livelihoods of participat-
ing households?

9.2 LITERATURE REVIEW

Despite major breakthroughs in agricultural technologies such as drip irrigation,
agricultural households in many parts of the world still struggle to produce enough
to support themselves. Significant portions of the population in Sub-Saharan Af-
rica are food insecure as measured by a variety of nutritional and caloric indicators
[11, 45]. With approximately 60% of the labor force employed in agriculture in
Sub-Saharan Africa, the level and reliability of agricultural productivity is a critical
element in food security. As a result of low priced staple crops coupled with poor
yields and erratic rainfall, small-scale agriculture production is both risky and low
return [3]. The problems of poor yields and erratic rainfall are expected to worsen in
the future as a result of climate change [19, 32]. Small-scale irrigation is frequently
cited as an innovation that can bolster rural livelihoods through climate adaptation,
food security, and poverty reduction [2, 3, 30, 39, 50]

Polak and Yoder [39] highlight three characteristics of small-scale drip irrigation
that enables it to impact the poor and set it apart from other irrigation technology.
First, the affordability of small-scale irrigation technology makes it accessible to
poor farmers. The cost of a treadle pump for water extraction is approximately one-
twentieth the price of a small diesel powered pump. Low-head gravity fed drip sys-
tems are much less expensive than conventional high-pressure systems. Second, the
divisibility of small-scale irrigation increases the ability of small-scale farmers to
adopt the technology. Similar to the scalable nature of the use of improved seed vari-
eties that enabled the Green Revolution to be adopted by both large and small-scale
farmers, drip irrigation kits are an investment that can be made in small increments.
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Many investments in new technology require large expenditures, such as buying a
tractor, because they cannot be divided up into smaller pieces; however, there are
low cost drip systems available for as little as US $2.50 for garden sized plots [38].
The third important characteristic of small-scale irrigation technology is its expand-
ability. Small low-cost systems need to be available for entry-level needs, but as a
farmer’s income increases, a portion of the additional revenues can be reinvested
in additional equipment, expanding irrigation capacity. These three characteristics
make small-scale irrigation an important tool for increasing the productive capacity
of small-scale poor farmers.

Increasing farm output has been shown to have significant impacts on poverty
reduction. The poverty reduction elasticity of farm output has been shown to be
around —0.35 [20]. That is a 1% increase in farm output leads to a 0.35% reduction
in poverty. Both direct and indirect benefits of irrigation contribute to the elasticity
of poverty reduction for irrigation. In the long run, indirect benefits can be a major
contributor to poverty reduction because the indirect benefits of employment and
price effects are realized by the poorest and generally landless class. An estimation
by De Janvry and Sadoulet [4] of the direct and indirect effects of agricultural tech-
nology change in different regions of the developing world shows that for Africa, di-
rect effects play the biggest role in poverty reduction. Different from Asia and Latin
America, Africa has a larger share of rural agrarian households who produce a major
portion of their food. Thus, designing agricultural technologies for small-scale rural
households and assisting in their diffusion is key to rural poverty reduction [4].

Irrigation in South and South-east Asia has been shown to improve crop pro-
ductivity, enable households to grow higher valued crops, lead to higher incomes
and wage rates for family labor, benefit the poor and landless through increased
food availability, and lower food prices [22]. An empirical study by Tesfaye et al.
[48] finds access to small scale irrigation leads to increased and stable production,
income and consumption in Ethiopia. The adoption of treadle pump irrigation im-
proved the poverty status of households and prevented households from falling into
poverty in Malawi [33]. Drip irrigation in India increased production of crops, re-
duced water consumption and environmental problems such as soil salinization and
fertilizer run-off [37]. Analysis of household data from 13 villages in Northern Mali
shows increases in total household consumption, agricultural production, caloric
and protein intakes, and savings, for households with access to irrigation [8]. In ad-
dition to increased production, irrigation reduces the variability of production levels
from rainfall shocks. In India, the growth of crop output per year from irrigated ar-
eas had a 2.5 times lower standard deviation than growth rates of rain fed areas [31].
Stability in household food production is a major contributor to household food
security. Reliable production benefits the rural poor most because of the limited
access to coping mechanisms such as credit services, insurance, savings, and other
sources of income.
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A number of potential barriers to the adoption of a technology such as micro ir-
rigation have been identified [12]. Inadequate information, education, and training
are significant barriers to the adoption of new agricultural technology [17]. Uncer-
tainty and risk, also associated with information about the technology, discourages
adoption [14]. Lack of access to credit, especially when a significant expenditure is
required to purchase equipment, prevents adoption [17]. Absent or unreliable supply
of equipment, and insufficient transportation or infrastructure can also be major bar-
riers to adoption of a new technology. A certain level of success has been achieved
by programs aimed at addressing these issues; however, the dynamics governing
technology adoption vary over time and between localities and groups [12].

While there is literature confirming positive impacts of microirrigation, there is
a lack of reliable empirical evaluations of policies and programs, which promote it.
Many programs are implemented without any rigorous evaluation of impact. The
effectiveness of micro irrigation programs can vary due to the local circumstances
of small-scale farmers. There is little empirical work on the impact of micro irriga-
tion in Sub-Saharan Africa. A wider base of research evaluating specific programs
will provide needed information about the relative effectiveness of micro irrigation
in different settings [46].

9.3 CONCEPTUAL FRAMEWORK
9.3.1 DEMAND FOR IRRIGATION

The neoclassical theory of demand for inputs can be used to provide a framework
for how a household uses irrigation water to maximize farm profits. Treating the
household as a profit-maximizing firm, it will employ an input if the added benefit
provided is greater than the added cost of the input. That is, the level of the input use
will occur where the marginal benefit is equal to the marginal cost. Applying this
concept to small-scale agricultural households and irrigation water, the household
will use irrigation up to the point where the cost of an additional unit of irrigation
just equals the added value its use produces. However, in regions where there is no
water market, there is no explicit price for irrigation water. In this situation, the cost
of irrigation can be represented by the labor costs of irrigating. Furthermore, for
rural households, labor markets are often missing or ineffective forcing households
to be self-sufficient for their labor supply. The need for labor self-sufficiency is ac-
centuated by the simultaneity of seasonal labor requirement levels, lack of a landless
class that provides hired labor services, and similarities in factor endowments [5].
In a context where no well-functioning labor market exists, the shadow wage deter-
mines the household’s supply and demand of labor rather than a market wage [29,
43]. The shadow wage is how much the household values its labor. It is the implicit
wage it needs to receive to engage in an activity. The shadow wage is determined
within the household and affected by the household’s preferences, technology, other
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inputs, and market prices [47]. At equilibrium, the shadow wage is equal to the
marginal revenue product of labor (marginal product of labor x price of output) [24].

Suppose the household labor supply has a tradeoff between irrigating more
crops and leisure time. The household will irrigate up to where the marginal cost of
irrigation (labor cost) is equal the marginal revenue product of labor (shadow wage).
Figure 9.1 illustrates how the adoption of an agricultural technology such as micro
irrigation affects the demand and supply of labor for irrigated crop production. The
supply curve of labor (S, ) is upward sloping. The household will choose to shift la-
bor away from leisure to irrigation as the implicit wage increases. The labor supply
curve also represents the marginal cost of irrigation given that the cost of irrigation
is the labor required. The demand for labor for irrigated crop production is repre-
sented by the marginal revenue product of labor (MRP, . The MRP, is downward
sloping, because of the law of diminishing marginal returns when assuming capital
is fixed.

At equilibrium, the household will supply labor for irrigated crop production up
to the point where its shadow wage is equal to the marginal revenue product of labor
for irrigation. This is shown in Fig. 9.1 where the labor supply curve (S,) intersects
with the marginal revenue product of labor curve (MRP, ). While a household with-
out micro irrigation equipment may irrigate crops by hand, the level of irrigation
will be relatively low as a result of the low productivity of labor. The introduction of
a technology such as micro irrigation equipment increases the productivity of labor
resulting in an outward shift in the marginal revenue product of labor curve and a
higher demand for irrigation labor. The increase in productivity of labor from MRP
to MRP,’ results in the household supplying more labor for irrigated crop produc-
tion (from q to q’). The household is able to earn a higher implicit wage with micro
irrigation equipment.

Implicit
Wage

I MC1=SL

w'

w

' Labor
q q

FIGURE 9.1 Demand for labor for irrigated crop production.
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9.3.2 DETERMINANTS OF ADOPTION

The literature on agriculture technology adoption identifies a number of factors af-
fecting the decision to adopt a new agricultural technology. [1, 12, 14, 35, 42]. These
factors include physical, natural, human, social, community, and financial assets of
the agricultural household. The factors affecting the farmer’s decision to redeem
the equipment voucher and invest in micro irrigation technology are hypothesized
below.

9.3.2.1 HUMAN ASSETS

Characteristics of the household, especially those of the household head, affect
adoption decisions. The household head’s age influences the attitude he or she may
have towards a new technology; however, there is not a consensus in the literature
with regard to the direction of the influence of age on adoption [25]. It may be that
younger farmers are more innovative and open to technological advances and be
more willing to adopt a new technology [6]. Therefore, age would have a negative
relationship with adoption. Older farmers would be less likely to redeem the equip-
ment vouchers than their younger counterparts. However, it may also be the case
that older farmers have gained more agricultural experience that enables them to
better apply a new technology [51]. With this expectation, age would have a positive
relationship with adoption. Older farmers would be more willing or able to adopt
the new technology.

Education and skill level are expected to be positively related to adoption. Farm-
ers with more education have been shown to adopt modern agricultural technologies
sooner [12]. In addition to educational attainment, two indicators of the farmer’s
agricultural ability and propensity to adopt new technologies are included in this
study. Farmers’ agricultural ability is proxied by the number of correct answers to
a short quiz about common agricultural practices. The farmer’s ability for adopting
new technologies is proxied by an index of modern agricultural practices, such as
improved seed varieties, soil conservation techniques, and the use of legumes to fix
nitrogen. A farmer with greater innovative ability is better equipped to accurately
assess the benefits and risks in the adoption decision and this may enhance the adop-
tion decision [27]. Therefore, the more modern technologies a farmer has adopted,
the more likely he or she may be to invest in irrigation equipment.

The labor available to a household for farm work is proxied by household size.
The impact of farm labor supply can be different given two scenarios. One argu-
ment is that seasonal labor bottlenecks could discourage technology adoption in
labor scarce households [12]. The increased production and ability to grow multiple
crops per year with irrigation introduce greater labor requirements. Under this as-
sumption, it would be expected that larger households will be more likely to acquire
the irrigation equipment because they have access to a larger labor supply. A second
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argument is that smaller households will be motivated to acquire the equipment
because of its labor saving aspect. Micro irrigation technology is much less labor
intensive than drawing water and irrigating by hand and therefore may encourage
labor scarce households to adopt in order to meet their irrigation needs [42]. It is
unclear, then, what affect household size will have on adoption of micro irrigation
technology.

Gender is an important determinant in technology adoption [25]. Traditionally,
men and women play different roles in small-scale agriculture. Men often control
household finances and decisions regarding purchases of agriculture technology
and inputs. This social aspect may make men more likely to adopt new agriculture
technology. On the other hand, it is often recognized that women are more aware
or concerned with the food requirements of the family [49]. Women may therefore
be more likely than men to recognize the advantages of irrigation equipment for
increasing household food security and be more likely to adopt. The gender of the
head of household is hypothesized to impact the adoption decision, but the effect
could be either positive or negative.

9.3.2.2 SOCIAL ASSETS

Information plays an important role in the adoption decision [12]. Information re-
garding the use, productivity, and risk associated with a new technology affects the
farmer’s choice. The extent of the farmer’s information about irrigation technolo-
gies is proxied by the number of irrigation meetings, extension or agricultural fair
events attended, as well as whether or not a neighbor or friend was using the irriga-
tion equipment before the adoption decision. The amount of information a farmer
has is expected to be positively related to adoption. The more information about the
benefits, functioning, and cost of the equipment a farmer has, the less uncertainty
there is surrounding the new technology and therefore is expected to increase the
likelihood of adoption [12].

9.3.2.3 NATURAL ASSETS

The quality and topography of land can also influence the decision whether or not
to adopt an agricultural technology [52]. It is expected that the farmer will be more
likely to invest in the irrigation equipment if his land is good enough to produce
a good return. In order to capture this, a variable classifying the soil quality and
slope of the farmer’s largest irrigated field is included. Land tenure also influences
the adoption decision. The security of land tenure affects the expected returns from
investments in the land. Secure land rights reduce the risk of losing the investment
in the land and therefore are expected to increase the willingness to adopt an agri-
cultural technology [12].
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Water cost and availability are also important determinants of drip irrigation
adoption. In the study area of rural Zambia there are no fees or markets for water
such as in many areas with larger scale irrigation schemes. With no explicit price
for water, access to water is the main issue regarding water for irrigation for these
farmers. A farmer with limited access to irrigation water will benefit little from an
investment in irrigation equipment. Distance to the nearest water source for irriga-
tion is included as a measure of the farmer’s access to irrigation water. The further
a farmer has to go to access water, the more costly irrigating will be and is therefore
expected to discourage the adoption of drip irrigation equipment.

9.3.2.4 FINANCIAL ASSETS

In order to redeem the PTI equipment voucher, the farmer is required to pay for part
of the equipment cost. Therefore, the financial assets of the farmer are expected to
impact the adoption decision. Income levels in the adoption year can both determine
the adoption decision and be affected by adoption of the equipment. Therefore, a
lagged income variable is included to control for varying financial levels that could
determine the household’s ability to pay for the cost of the equipment. It is expected
that the income level of the household will be positively related with adoption.

Access to credit is also an important factor in new technology adoption [12].
However, because of the general lack of financial credit use by farmers in the study
sample, it is impossible to test any hypothesis on the impact of credit on technology
adoption.

9.3.2.5 COMMUNITY ASSETS

Many of the farmers in the sample are located in rural areas and are separated from
markets and suppliers of irrigation equipment by inadequate transportation infra-
structure. The distance from markets and the lack of adequate transportation repre-
sents a significant cost of time and money in obtaining the equipment. The distance
to the nearest market for buying inputs is included and is expected to have a negative
impact on adoption.

Characteristics of different localities can affect the adoption decisions [25]. A
region variable is included to control for any differences between the two regions
from which the study sample was taken. The Table 9.1 is a summary of the variables
included in the analysis of the determinants of adoption and their hypothesized sign.
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TABLE 9.1 Variables in the Adoption Model and Hypothesized Signs

Variable description Hypothesized sign
L. Household head’s age (years) ?
2. Household head’s sex (1=male, O=female) ?
3. Household head’s education level (years of school- |+
ing)
Household size (number of members)
Farmer’s agricultural knowledge (an index) +
Number of technologies already adopted by house- | +
hold
7. Household income in 2007 (natural log) +

Distance to nearest water source for irrigation -

Number of irrigation meetings and extension events | +

attended
10.  Attended an agricultural fair (1=yes, 0=no) +
11.  Neighbor or friend using irrigation equipment +
(1=yes, 0=no)

12.  Land tenure status (1=land title or traditional own- |+
ership rights, O=use rights but not ownership rights)

13. Land quality (1=good, O=fair/poor) +

14.  Land topography (1=flat, O=gentle/steep slope) +

15. Distance to market for buying inputs (kilometers) -
16. Region dummy (1=Kafue, 0=Kabwe) ?

9.3.3 IMPACT MODEL

In order to estimate the impact of irrigation on agriculture productivity, an economic
model of farm production is set up. From the microeconomic theory of the firm, out-
put is a function of the relevant factors of production for agriculture including hu-
man inputs (both the quality and quantity of labor), land, physical capital, material
inputs and the technology of production. Proximity to input markets also influences
the productivity of private factor endowments [28]. Economic theory provides a ba-
sis for selecting broad categories of explanatory variables for modeling agricultural
output. The relevant literature and the data available are used to guide the choice of
specific variables.

The change in household assets was chosen as the outcome variable. Because
farmers in the study sample have limited access to financial services such as bank
accounts, a major portion of the revenue from the sale of crops is invested in house-
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hold assets. Therefore, changes in household assets are closely linked to farm output
and can be used as a proxy. The variables affecting agriculture production, and ulti-
mately household assets, and their hypothesized sign are discussed in the following
sections.

9.3.3.1 HUMAN INPUTS

Small-scale rural farmers rely on the household for much of the labor needed for
agricultural production. Therefore, the quantity and quality of household labor is an
important factor in the output of the farm. The quantity of labor available for farm
work is controlled for by including the size of the household. It is unclear what ef-
fect household size will have on the outcome variable (change in household assets)
for the farmers in this study. According to the neoclassical theory of production,
higher levels of production would be expected with a larger available labor sup-
ply. However, for rural households with very low income, having more members
requires greater expenditures on food, therefore reducing the available funds for
expenditures on other household assets. Household size squared is also included
to capture the nonlinear effect of household size. The quality of labor is proxied by
the age, gender, education level, and agricultural knowledge of the household head.
The education level and agricultural knowledge of the household head is expected
to have a positive effect on production. While age and gender are expected to impact
production, the direction of the impact of these labor characteristics is not clear.

9.3.3.2 LAND

The land endowment of a household is modeled through variables representing total
land holdings, irrigated crop area, land quality, and topography. During the survey
each farmer was asked to classify his or her field’s soil quality as good, fair, or poor
and the lay of the land as flat, gently or steeply sloped. Greater land area, better
soil quality, and flatter topography are expected to have a positive impact on farm
output.

9.3.3.3 MATERIAL INPUTS

The agricultural inputs used by farmers in the study areas include chemical fer-
tilizer, pesticides, animal manure, mulch, and herbicides. Fertilizer, pesticide, and
manure use is widespread with almost all farmers using these inputs. The variables
for these inputs are binary where a value of one represents the input being used and
zero indicates the input not being used. Because a very high percentage of the farm-
ers use these inputs, it is not possible to test for their impact on output. Including
these input variables would introduce significant collinearity because each variable
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would be a column of mostly ones and collinear with the intercept term. Therefore,
fertilizer, pesticide, and manure use were not included in the model. For herbicides
and mulch, there is much greater variation in the use of these inputs and they are
therefore included in the model.

There also are a number of farmers who use irrigation equipment but did not par-
ticipate in the PTI program by redeeming the voucher. A variable for those house-
holds that did not participate in the program but who irrigate with pump or drip is
included to control for the effects of non-PTI irrigation on agriculture output. These
agricultural inputs are all expected to increase farm output.

9.3.3.4 CROP TYPE

The quantity and market price varies by crop type. When using change in house-
hold assets as a proxy for agriculture output, the model has to account for differing
values of crop types. In order to control for the effect different crop types have on
farm output and income, a variable is included for the two most common crops,
tomatoes and rapeseed. It is assumed that the most common crops are the ones that
are in highest demand, produce the best, or in some way give the farmer the highest
return. A dummy variable is included indicating whether the farmer grew one of
these two crops. It is expected that growing these crops will have a positive effect
on the outcome variable.

9.3.3.5 VOUCHER REDEMPTION

Farmers participating in the PTI project had a choice of two irrigation equipment
types. The recipient could obtain either a pump or drip kit with a discount voucher.
To separate the effects of different micro irrigation equipment types on farm output,
a variable for voucher redemption is included for each. From theory, it is expected
that this irrigation technology will have a positive impact on farm output.

9.3.3.6  DISTANCE TO MARKETS

Transportation in rural Zambia is both time consuming and costly. Therefore, the
distance to markets for selling outputs can have a major effect on the profitability of
the farm. The distance to the nearest output market is included as a variable to con-
trol for the proximity to markets of different households. Greater distance to markets
is expected to have a negative impact on farm output.
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9.3.3.7 OTHER INCOME SOURCES

When using the change in household assets as an outcome measure, there are other
sources of income that affect household asset level that have to be controlled for in
order to separate the effects of adoption of irrigation equipment. Household income
from sources other than irrigated crops is included to control for this effect. This
variable includes wages and salaries from a formal sector job, income from a non-
agricultural small business or enterprise owned by the household, as well as income
from nonirrigated crops and livestock. Income is expected to have a positive rela-
tionship with household asset change. The Table 9.2 is a summary of the variables
included in the impact model and their hypothesized signs.

TABLE 9.2  Variables in the Impact Model and Hypothesized Signs

Variable description Hypothesized sign
1. Obtained pump with voucher (1=obtained pump and it func- +
tioned, O=otherwise)
2. Obtained drip kit with voucher (1=obtained drip kit and it func- +
tioned, O=otherwise)
3. Average irrigated land area for 2008 and 2009 (hectares) +
4. Total land area household has rights to (hectares) +
5. Household head’s age (years) ?
6. Household head’s sex (1=male, O=female) ?
7. Household head’s educational attainment (years of schooling) +
8. Size of household (number of members) +
9. Size of household squared -
10. Farmer agricultural knowledge index +
11. Income from nonirrigated crop sources in 2007 (natural log) +
12. Farmer grows at least one of the two most popular irrigated crop +
types, tomatoes and rapeseed (1=tomatoes or rapeseed, 0=other)
13. Herbicide input use (1=yes, 0=no) +
14. Mulch use (1=yes, 0=no) +
15. Land quality (1=good, O=fair/poor) +
16. Land topography (1=flat, O=gentle/steep slope) +

17. Distance to nearest market for selling outputs -
18. Region (1=Kafue, 0=Kabwe) ?




124 Sustainable Micro Irrigation Design Systems for Agricultural Crops

9.3.4 DATA

The data used for this evaluation is primary data collected through a household sur-
vey conducted in Zambia in August 2009 by the authors.

9.3.4.1 QUESTIONNAIRE

The survey covered two main project sites of PTIL. A draft questionnaire was devel-
oped designed to fit the requirements of this study and the PTI project. A pretest of
the questionnaire was conducted on a small group of farmers participating in the PTI
voucher program. With insights from the pretest, the questionnaire was then revised
further to more accurately gain the information needed and reduce the time required
for interviewing. The final version of the questionnaire consisted of 12 sections and
collected data on a variety of household, agricultural, and community characteristics
relevant to the evaluation of the project impacts.

9.3.4.2 SAMPLING TECHNIQUE

The PTI project began distributing vouchers in February, 2008. According to project
reports, 3,468 vouchers had been distributed by the end of November, 2008 [34].
Distribution of the vouchers was carried out through agricultural fairs, extension
events, and farmer groups. The voucher redemption rate for the project was ap-
proximately 14% [34]. The survey was carried out in two of the eight project areas.
Resource and time constraints of the study did not allow for data to be collected
from all eight areas.

A multistage sampling technique was used to obtain the study sample comprised
of both farmers who received the voucher but did not redeem it, and farmers who
redeemed the voucher. First, two regions were selected. These two regions, Kabwe
and Kafue, had the highest participation rates among the project areas. The farmers
who had received vouchers were separated into two groups, those who redeemed the
vouchers and those who did not. An equal number of farmers from both groups were
then randomly drawn. This gave a random sample comprised half of farmers who
had received the voucher, redeemed it, and obtained irrigation equipment (treat-
ment) and half of farmers who received the voucher but did not redeem it (control).
While this sampling technique does not satisfy the requirement of a true experimen-
tal sample, the random sample ensures that each farmer in the “treatment” group has
the same chance of being selected. Likewise, each farmer who did not redeem his
or her voucher has the same chance of being included in the “control” group. The
issue of self-selection bias potentially present in this sample will be discussed later.
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9.3.4.3. DATA CHECKS

A total of 101 households from the random sample were surveyed. Analysis of the
data revealed a number of observations with extreme values. The influence of ex-
traordinary observations on the model was analyzed using the Cook’s distance in-
fluence statistic. The Cook’s D statistic measures the effect of one observation on
all the regression coefficients simultaneously [15]. An influential observation is one
with an unusual dependent variable value as well as unusual independent variable
value. Only if both parts are unusual will the observation strongly affect the coeffi-
cients [26]. Nine observations were found to be influential cases using this method.
After close inspection, these nine observations were excluded from the sample. For
a more detailed discussion of the excluded observations see [7].

9.3.4.4 DESCRIPTIVE STATISTICS

Table 9.3 gives a summary of selected characteristics of the households sampled.
The data shows the majorities are male-headed households that work primarily on
the farm and have little off-farm employment. Most of the farmers irrigate in some
way using furrow, bucket, drip equipment, or a pump. Most use chemical fertilizer,
improved seeds, animal manure and mulch. While many use pesticides, relatively
few use herbicides. Access to credit is extremely limited. Only three households
in the sample reported having taken a loan in the past year. More farmers used the
pump than the drip equipment kit.

TABLE 9.3 Summary Statistics of Study Sample

Characteristics Number  Percentage
1. Male headed households 92 91.1
2. Households with a member working in a household small

business 33 327
3. Households with a member working in a formal sector job 9 8.9
4. Households that redeemed voucher for drip kit 21 20.8
5. Households that redeemed voucher for pump 41 40.6
6. Households that irrigate in some way (furrow, bucket, drip, 99 93.0

or pump)
7. Households that irrigate with pump or drip 64 63.4
8. Households using fertilizer 99 98.0
9. Households using pesticides 88 87.1
10. Households using herbicides 18 17.8
11. Households using improved seeds 100 99.0

12. Households using animal manure on fields 89 88.1
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TABLE 9.3 (Continued)

Characteristics Number  Percentage
13. Households using mulch 75 743
14. Households having a neighbor or friend who uses drip or
73 72.3
a treadle pump
15. Households taking a loan in previous year 3 3.0
16. Households growing tomatoes or rapeseed, the two most 30 792

common irrigated crops

9.3.5 EMPIRICAL METHODS
9.3.5.1 OUTCOME VARIABLE

In order to evaluate the impact of the adoption of micro irrigation equipment, an ap-
propriate outcome measure is needed. The following question needs to be answered
in evaluating the impact of the project: did participation in the project enable the
household to increase production? One way to answer this question would be to
measure the output per hectare of the farm before and after the project is imple-
mented. This method is complicated by the fact that the types of crops grown with
and without irrigation differ; making comparisons between quantities of two dif-
ferent crops difficult. When considering a program like PTI that enables farmers to
adopt irrigation equipment and increase production of vegetables that can be sold
as a cash crop, income from irrigated crops may seem to be the first choice for an
outcome measure. However, using income level as an outcome measure is prob-
lematic when evaluating a voucher program. The voucher provides only a portion
of the cost of the equipment, so redeeming the voucher requires the household to
supply additional money. At the time of the study, the PTI voucher’s value was set at
40% of the total cost of the equipment. The farmer has to cover the remaining 60%
of the equipment cost. Therefore, income level can be thought of as a determinant
of voucher redemption. On the other hand, adoption of the irrigation equipment
also impacts the household’s income level through its effect on agriculture output.
Therefore, current income level is both a cause and an effect of adoption. Current
income is then endogenous with respect to adoption, making it difficult to separate
the effects of the irrigation equipment on income level. If baseline data was avail-
able from before the program was implemented, previous income levels could be
used to estimate the effect of irrigation on current income. However, for this study
reliable baseline data on income was not available.

In some studies where baseline data is not available, researchers use recall data
in an effort to gain the needed information from a certain point prior to the imple-
mentation of the program; however, collecting income data through recall is subject
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to major errors. Researchers often rely on other outcome variables besides income
when measuring changes in household wellbeing [41].

For this study, the outcome variable chosen is change in household assets. This
variable is a useful measure because the crops grown with irrigation during the dry
season are mainly cash crops such as tomatoes and rapeseed. The farmers in the
sample have limited access to financial services such as bank accounts, so a major
portion of the profits from the sale of crops is likely invested in household assets.
Additional income from increased crop sales allows the household to buy assets
such as household items or farm animals.

Using change in household assets as an outcome measure reduces the report-
ing and recall problems associated with income. Household assets are relatively
few in number and are tangible; therefore, households are likely to be able to recall
them from previous time periods. For example, it is easier to recall the number of
household items such as a mobile phone or sofa than to recall past income amounts.
This is particularly the case for agricultural households where sale of crops is of-
ten comprised of many small transactions that make recalling year or season totals
extremely inaccurate. The use of change in assets also avoids reporting bias. An
individual may not be willing to share his or her true income level and simply re-
port an erroneous amount. There may be reporting bias if the interviewee believes
there may be some eligibility criteria based on income level that could affect current
or future participation in project subsidies. Income may be underestimated if the
respondent believes the program specifically targets low-income farm households.
Or, income data gathered after an intervention could be overestimated in an effort to
not disappoint program sponsors and encourage future assistance. While the change
in household assets may not be a perfect proxy for agriculture productivity, it was
deemed the best measure available for this study.

9.3.5.2 IMPACT EVALUATION

There is a large literature studying the causal effects of programs and policies. The
central question in this literature is what would have been the outcome for a unit
(household, village, region, or country) had it not received the particular “treat-
ment” provided by a program or policy [23]. However, a researcher is never able to
observe both situations for the same unit. If a household participates in a program
or receives treatment, then the alternate outcome for that household, without treat-
ment, is not observed for that particular time period. Therefore, in order to evaluate
the effect of participation or treatment, comparison with outcomes of another unit
or household receiving a different level of treatment or participation is required.
Because this type of comparison involves two different units, a valid comparison
group has to be established [23].

In an ideal experimental setup with baseline data and randomized treatment,
estimating the counterfactual (that is, what would have occurred in the absence of
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treatment) is straightforward using standard statistical methods. Establishing a cred-
ible comparison group can be difficult when the project was planned without an
experimental design that includes randomly selected treatment and control groups.
The comparison group should be one that would have shown similar outcomes to
those of a group that participated in the program if treatment had not occurred. It
is the comparison between this control group and the treatment group that enables
an estimate of the average impact of the program to be obtained [10]. In this study
there is no baseline data available and treatment was not randomized so establishing
a valid control group requires more complex techniques.

When observing positive outcomes for farmers participating in a program like
PTI, it may be tempting to attribute any positive effects to program involvement;
however, this is faulty reasoning. It is not clear what would have been the outcome
for these households in the absence of the intervention. The favorable outcome may
be due to other causes, and therefore without a valid evaluation, it is inaccurate to
attribute the outcome to the presence of the program [9].

Farmers participating in the PTI project self-selected into treatment and non-
treatment groups by their choice to redeem the voucher or not. The participation de-
cision may have been driven by systematic differences between those who adopted
micro irrigation and those who chose not to. These differences will bias estimates
from regression analysis if the factors that determine the selection into the two dif-
ferent groups are not incorporated in the empirical framework [13, 40]. It is often
the case that farmers who self-select into a program have favorable characteristics
such as initiative, skill, and ability that motivates them to participate. These char-
acteristics could positively influence the outcome estimates and it would be easy to
attribute estimated impact to the program when some of the estimated effect may
simply be due to more advanced farmers choosing to be in the program. Any dif-
ference in these characteristics between the treatment and control groups needs to
be controlled for in order to produce a valid estimate of the impact of the program.

Many times there are reasons participants for programs like PTI are not selected
randomly. Both ethical and logistical considerations often prevent program manag-
ers from conducting randomized experiments especially when dealing with pro-
grams addressing poverty, household well-being, and survival. Consequently, many
program evaluations find positive impacts of interventions, but without controlling
for selection bias, it is impossible to determine if the estimated impact is due to
the program or to systematic differences between the treatment and control groups.
Credible program evaluations that control for selection bias are relatively rare and
therefore directors of development projects and donor agencies lack the evidence
needed to choose effective interventions [9]. With the use of statistical techniques
to test and control for selection bias, however, reliable results can be achieved [18].
The Heckman two-stage procedure is used in this study to test and control for selec-
tion bias. The results of the test for selection bias indicates, that in this sample, the
self-selection of farmers into the “treatment group” does not significantly affect the
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outcome of the impact estimation [7]. Therefore, the impact model can be estimated
using an ordinary least squares regression.

9.3.6 ANALYSIS
9.3.6.1 ADOPTION MODEL

In order to answer the question of what key factors affect voucher redemption,
an adoption model was evaluated. The dependent variable is equal to one if the
household redeemed a voucher for irrigation equipment (either drip equipment or
a pump). The explanatory variables were selected based on the concepts discussed
earlier. The model was estimated using a probit maximum likelihood regression.
The probit model is appropriate when estimating a binomial response variable [26].
The adoption model was defined following multiple linear regression model:

D=yt zy+ 0 2t 3 2+ Yy Py T Vs P2+ Vs ¥z £V T2 + Vs F 2
* * * * % %
Y9 Zio V0 T Zno TV T Z V2 T Zia Vi3 T 23 T Vs T Zig
%5 %25+ V16 ¥ Zug T E 1
15 Ziis T Ve Zitg T & (1)

where, D, = binary adoption variable (1=redeemed voucher for drip or pump equip-
ment); z, = household head’s age (years); z, = household head’s sex (1=male, O=fe-
male); z,, = household head’s education level attainment (years of schooling); z,,
= household size (number of members); z,, = farmer’s agricultural knowledge (an
index); z,, = number of technologies already adopted by household; z, = house-
hold income in 2007 (logarithm); z,, = distance to water source for irrigation; z,
= number of irrigation meetings and extension events attended; z_ = attended an
agricultural fair (1=yes, 0=no); z, = neighbor or friend using irrigation equipment
(I=yes, 0=no); z,,= land tenure status (1=land title or traditional ownership rights,
O=use rights but not ownership rights); z, ,= land quality (1=good, O=fair/poor); z,,,
= land topography (1=flat, O=gentle/steep slope); z, , = distance to market for buy-
ing inputs (km); z, .= region dummy (1=Kafue, 0=Kabwe); v, v,... v, = regression
coefficients to be estimated, and i = 1, 2, 3, ... n farm households.

The null hypotheses and their alternatives were formalized as follows:

Hy v ¥, ¥ =0

H:v,v,-- 7670

9.3.6.2 IMPACT MODEL

An impact model was constructed to answer the second research question: What are
the economic effects of the project on the livelihoods of participating households?
The impact model was defined as follows using ordinary least squares:
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where: Y, = change in value of household assets; p, = obtained pump with voucher
(I=obtained pump, O=otherwise); d. = obtained drip kit with voucher (1=obtained
drip kit, O=otherwise); x, = income from nonirrigated crop sources (natural log);
x,, = irrigated land area (average 2008 and 2009); x,, = total land area household
has rights to (hectares); x,, = household head’s age (years); x,; = household head’s
sex (1=male, O=female); x,, = household head’s educational attainment (years of
schooling); x,, = size of household (number of members); x, = size of household
squared; x,,= farmer agricultural knowledge index; x, ,= farmer crop type (1=to-
matoes or rapeseed, O=other); x., = herbicide input use (1=yes, 0=no); x,,,= mulch
use (1=yes, 0=no); x, ,= land quality (1=good, O=fair/poor); x, ,= land topography
(1=flat, O=gentle/steep slope); x, ;= farmer irrigates with pump or drip but did not
redeem voucher; x, = distance to nearest market for selling outputs; x,, = region
(1=Kafue, 0=Kabwe); u, = error term; B, B,...,, = regression coefficients to be
estimated; v, y, = PTI participation parameters to be estimated; andi = 1,2, 3, ...
n = farm households.

The null hypotheses and their alternatives are formalized as follows:

Hypothesis for the impact of adopting a pump:

Hyy, =0 (1)
vs. H:y #0 2)

Hypothesis for the impact of adopting drip irrigation equipment:
Hyy,=0 3)

vs.H: gy, #0 @)

9.4 RESULTS AND DISCUSSION
9.4.1 ADOPTION MODEL

The results from the estimation of the factors affecting adoption of micro irrigation
equipment are presented in Table 9.4. Many, though not all, of the explanatory vari-
ables have the expected sign; however, all statistically significant variables show
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the expected sign for impact on irrigation equipment adoption. Only three of the
explanatory variables show a statistically significant impact on adoption.

TABLE 9.4 Factors Influencing Voucher Redemption For Treadle Pump or Drip Kit

Explanatory Variables Coefficient  Standard error P-value
Household head’s age (years) 0.0282** 0.013 0.033
Household head’s sex (1=male, O=female) —0.7097 0.596 0.233
Household head’s education level (years of 0.0305 0.050 0.541
schooling)

Household size (number of members) 0.1761 0.182 0.334
Household size squared —0.0073 0.008 0.367
Farmer agricultural knowledge (an index) 0.2771%* 0.166 0.095
Number of techniques already adopted by 0.0671 0.107 0.530
household

Household income in 2007 (natural log) 0.0669 0.106 0.529
g(l)itance to nearest water source for irriga- _0.0004 0.000 0336

Number of irrigation meetings and exten-
sion events attended

Attended an agriculture fair, (1=yes, 0=no) -0.1778 0.337 0.598

Neighbor or friend using irrigation equip-

—0.0050 0.026 0.846

*
ment, (1=yes, 0=no) 0.5811 0.339 0.087
Land tel'lure7 statusﬁ(lztl.tle or traditional 0.1126 0467 0810
ownership rights, O=use rights)
Land quality (1=good, O=fair/poor) -0.0125 0.304 0.967
Land topography (1=flat, O=gentle/steep 02020 0.320 0.528
slope)
Distance to nearest market for buying in- 0.0162 0017 0330
puts
Region dummy (1=Kafue, 0=Kabwe) -0.3562 0.296 0.229
Constant —4.4059** 1.965 0.025
Pseudo R-square 0.145
Chi-square 20.039
Number of observations 101

Note: Significance levels marked by * p<0.10, ** p<0.05, *** p<0.01

Household head age is statistically significant and positively related to adoption.
That is, older farmers are more likely to redeem the irrigation voucher than younger
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farmers. This supports the idea that older farmers have gained more agricultural
experience that enables them to better apply a new technology [51].

As hypothesized, the farmers’ agricultural knowledge of correct agricultural
practices positively impacts the adoption of the PTI technology. The third statisti-
cally significant explanatory variable is whether or not the farmer had a neighbor or
friend who was using drip equipment or a treadle pump before the farmer redeemed
his or her voucher. As expected, having connections with a neighbor or friend us-
ing micro irrigation equipment increased the likelihood of the farmer choosing to
redeem the voucher. This confirms the importance of information in the adoption of
new agricultural technology [25]. Social networks and the spillover of information
between community members play an important role in the dissemination of infor-
mation and removing uncertainty about the irrigation equipment.

9.4.2 ECONOMIC IMPACT MODEL

The results from the estimation of impact of participation on household assets are
shown in Table 9.5. Both the first null hypothesis were rejected: (i) that the impact of
adopting a pump is equal to zero and the second null hypothesis; (ii) that the impact
of adopting drip equipment is equal to zero.

TABLE 9.5 Impact of Participation on Household Assets

Explanatory variables Coefficient Standard error P-value
Obtained pump with voucher(1=obtained 61027.79* 31235.70 0.055
pump and if functioned, O=otherwise)

Obtained drip kit with voucher(l=obtained —86904.46*  46071.95 0.063
drip kit and if functioned, O=otherwise)

Household income from nonirrigated crop 133.53 3888.19 0.973
sources in 2008 (natural log)

Average irrigated land area for 08 and 09 —103482.98** 32278.85 0.002
Total land area household has rights to (hect- 871.39* 498.32 0.085
ares)

Household head’s age (years) -610.23 1319.84 0.645
Household head’s sex (1=male, O=female)  2258.54 46242.37 0.961
Household head’s education level (years of —3832.72 4485.96 0.396
schooling)

Household size (number of members) —-30200.03* 17920.47 0.096
Household size squared 1821.47** 846.04 0.035
Farmer agricultural knowledge (an index)  —7284.90 16995.47 0.669
Farmer grows tomatoes and/or rapeseed, 80356.47 48606.53 0.103

(1=tomatoes or rapeseed, O=other)
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TABLE 9.5 (Continued)

Explanatory variables Cocefficient Standard error P-value
Herbicide input use, (1=yes, 0=no) 15075.58 41141.44 0.715
Mulch use, (1=yes, 0=no) 40482.60 30917.08 0.195
Land quality (1=good, O=fair/poor) —6238.00 30869.03 0.840
Land topography (1=flat, O=gentle/steep 42089.04 30369.26 0.170
slope)

Farmer irrigates with pump or drip but did —61957.37 53293.30 0.249
not redeem voucher (1=yes, 0=no)

Distance to nearest market for selling out- 22.74 1602.44 0.989
puts

Region dummy (1=Kafue, 0=Kabwe) -46490.16 32587.33 0.158
Constant 136533.95 140154.90 0.333
R-square 0.330

Adjusted R-square 0.153

Number of observations 92

Note: significance levels marked by * p<0.10, ** p<0.05, *** p<0.01

This indicates a statistically significant impact on the change in household as-
sets with use of micro irrigation equipment. The estimation showed the increase in
household assets between the beginning of 2008 and August 2009 was on average
61,028 kwachas (approximately $13 US) plus a $90 increase in farm assets (the
pump). Therefore, it can be expected that the economic benefit in subsequent sea-
sons to those households who adopted the pump will be $103 since the pump has
been paid for and will continue to generate increased productivity in future growing
seasons. The adoption of a drip kit results in a negative change in household assets.
On average, household assets of adopters were 86,905 kwachas (approximately $18
US) lower compared to nonadopters. However, adopters have now acquired the drip
kit, an asset worth $108 and they have paid it off in the current season. In subsequent
years, this drip kit will continue to increase crop productivity and will not need to
be purchased again. The net increase in assets as a result of the drip kit is therefore
$90 ($108 minus $18).

The economic benefit to households that adopted the micro irrigation equipment
is large given that the average value of household assets measured at the beginning
of the program was only $160. Therefore as a result of obtaining the micro irrigation
equipment, assets held by the adopters increased an average of 60% compared to the
assets of the nonadopters.
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Besides adopting of micro irrigation equipment, other variables with significant
coefficients in the estimation are irrigated land area, total land area, household size
and the square of household size. The coefficient on irrigated land area is negative
and significant at the 5% level. That is, after controlling for other variables, the
model shows farmers with more irrigated land area have a smaller change in house-
hold assets. This is the opposite of the effect that production theory predicts. How-
ever, total land area has a positive relationship with change in household assets as
expected. Every hectare to which a household has property rights adds, on average,
871 kwachas to household assets. Household size and household size squared are
jointly significant. Additional household members reduce the change in household
assets when compared to those with fewer members.

9.5 SUMMARY

The PTI project in Zambia provided discount vouchers for the purchase of micro ir-
rigation equipment such as treadles pumps and drip irrigation kits. The project’s aim
was to increase household livelihoods through the development of micro irrigation
equipment supply chains and provide information and training on its use. The objec-
tives of this study were to evaluate the factors affecting voucher redemption (adop-
tion of micro irrigation technology) and the effects of the project on livelihoods.

The results of the analysis showed that age of the household head, agricultural
knowledge, and the presence of friends or neighbors who already used micro irriga-
tion equipment were significant factors affecting micro irrigation. All three factors
exhibited a positive influence on voucher redemption.

Livelihood impacts were measured by the change in household assets between
the beginning of the project and the time of the evaluation survey. The econom-
ic benefit in the first year-and-a-half of the program to households that adopted a
treadle pump was $103 on average. Adopters of the drip kit received an economic
benefit of $90. This increase represents a 60% gain in household assets as result of
the use of micro irrigation equipment.

The findings of this study provide evidence that micro irrigation can be quite
profitable for small-scale farmers. Policies and programs to promote micro irriga-
tion could have a substantial impact on agricultural productivity and rural liveli-
hoods. Virtually none of the farmers in the sample obtained credit for the purchase
of the equipment but it seems the provision of credit is warranted given the fact that
adoption of this technology resulted in a relatively large increase in farmers’ assets.
The economic impact of micro irrigation also seems to warrant public or private
sector provision of technical assistance to train farmers on the use of micro irriga-
tion equipment.
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10.1 INTRODUCTION

Land and water are the most precious natural resources, the importance of which in
human civilization needs no elaboration. The total available land area in the State
sets the limits within which the competing human needs have to be met. The needs
of agricultural, industrial, domestic and others often result in diversion from one
use to the other. Diversion of land from agriculture to nonagriculture uses adversely
affects the growth in agriculture sector. Water supports all forms of life on mother
earth. It plays a vital role in agriculture. Irrigation is the basic input for enhancing
reliability and productivity of agriculture.

Water is one of the most critical inputs for agriculture, which consumes more
than 70% of the water resources of the country. Availability of adequate quantity
and quality of water are key factors for achieving higher productivity levels. Invest-
ments in conservation of water, improved techniques to ensure its timely supply,
and improve its efficient use are some of the imperatives, which the country needs
to enhance. Poor irrigation efficiency of conventional irrigation system has not only
reduced the anticipated outcome of investments made towards water resource de-
velopment, but has also resulted in environmental problems like water logging and
soil salinity thereby affecting crop yields. Thus, are calls for massive investments
in adoption of improved methods of irrigation such as drip and sprinkler, including
fertigation [15, 16].

Competition for water is increasing rapidly. Water shortage is a worldwide prob-
lem for which the only solution is to make efficient use of water in agriculture.
Therefore, a better understanding of water requirements and better management of
irrigation water will result in large benefits. When irrigation water is insufficient,
appropriate scheduling can increase crop yields. A deficit occurring at a certain
stage of crop growth may cause a greater reduction in yield than would the same
deficit at other growth stages. As the crop water response to water deficits at differ-
ent periods is not uniform, it is necessary to distribute deficits among intra-seasonal
periods optimally for a crop. Several factors are to be considered in irrigation plan-
ning, particularly when several crops are grown in the same command area in more
than one season in a year. Two distinct decisions to be made are how much water
and land should be allocated to each crop at a seasonal level and to each season at
inter-seasonal level. The strategy of allocation of land and area at each level is to
maximize net income from the project.

The sources of irrigation water are limited and demand for agricultural products
is increasing. It has been estimated that the irrigated area in the world is 253 million-
ha. The gross irrigated area of India in 2008-2009 increased to 88.42 million-ha
from 22.6 million-ha in 1951-1952, thus showing an increase of 250% during the
last five decades. Efficient use of water through scientific irrigation management
is of utmost importance in providing the best insurance against weather-induced
fluctuations in food production. The application of irrigation water by traditional
method causes 27 to 42% loss of water through deep percolation depending on the
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soil type [1]. Due to depletion of water sources and high labor costs, micro irrigation
has a significant adaptability all over the world. The worldwide area under micro
irrigation has been increasing steadily [16]. Micro irrigation helps to conserve ir-
rigation water and increase water use efficiency by reducing soil evaporation and
drainage losses. It also helps to maintain soil moisture conditions that are favorable
to crop growth. Thus micro irrigation can help to sustain the productivity of the land.

The total area covered under micro irrigation in India is 4.94 million-ha con-
sisting of 1.90 million-ha under drip irrigation and 3.04 million-ha under sprinkler
irrigation. The maximum area under micro irrigation in Maharashtra — India is 0.90
million-ha. Area under micro irrigation in Karnataka is 0.60 million-ha consisting
of 0.21 million-ha under drip irrigation and 0.39 million-ha under sprinkler irriga-
tion [6, 45].

Water being a scarce resource, its efficient and economic use is of utmost im-
portance in agriculture. Pressurized irrigation system is quite effective under limited
water availability not only in achieving higher productivity but also economizing
other inputs such as fertilizers, pesticides, labor, etc., compared to traditional irriga-
tion methods. Micro irrigation is convenient and effective means of supplying water
directly to soil and nearer to the plant without much loss of water resulting in higher
water productivity. For water to be available to the plant, it is required to wet the root
zone only and this can be efficiently achieved through this system. Micro irrigation
system avoids unnecessary wetting of soil zones not having roots and minimizes the
losses due to surface and deep percolation from such areas [15, 16].

The water users of agriculture have started to realize the importance of water
management. To meet the growing demand under domestic and industries, the ne-
cessity has arisen for the optimum use of available water. Economic use of water
for agriculture is the utmost necessity to bring more area under increased produc-
tion. Sprinkler irrigation system is one of the water saving technique, which can be
adopted for the suitable crops in almost all the soils [32].

Micro sprinkler system is well suited for close growing crops, which require
less pressure compared to sprinkler system. For judicious water supply and also to
maintain optimum moisture condition during the critical stage, it is assumed that
micro sprinkler is more advantageous for getting higher yield. Hence it is necessary
to formulate a suitable micro sprinkler irrigation design with simple and efficient
scheduling of irrigation of groundnut crop.

Groundnut (4Arachis hypogaea L.) is native of Brazil (South America). It was
introduced in India during first half of the sixteenth century. It is a unique crop,
combining the attributes of both oil seed crop and legume crop in the farming sys-
tem of Indian Agriculture. It is a valuable crop planted in dry areas of Asia, Africa,
Central and South America, Australia and Caribbean in view of its economic, food
and nutritional value. It is the 13th most important food crop, 4th most important
source of edible oil and 3rd most important source of vegetable protein in the world.
Groundnut possesses high oil content (44—50%) and protein (25%) and is also a
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valuable source of vitamins E, K and B. It is a richest plant source of thiamine and
niacin, which is low in other cereal crops. The plant, kernels, oil and cake are eco-
nomically used in one or the other way.

The major groundnut producers in the world are China, India, Nigeria, USA, In-
donesia and Sudan. Asia accounts for 54% of the global groundnut area and 67.7%
of the production with an annual growth rate of 1.28% for area, 2% for production
and 0.71% for productivity [4]. In India, groundnut is grown in an area of 5.95
million-ha with a production of 7.54 million-tons with the yield of 1268 kg.ha™' [5,
6]. Six major groundnut-growing states are Gujarat, Andhra Pradesh, Tamil Nadu,
Rajasthan, Karnataka and Maharashtra. These six states contribute 90% of total
groundnut area of India.

This chapter presents the performance and evaluation of micro sprinkler irriga-
tion for groundnut crop in Raichur region of India with the following objectives:

1. To determine the water requirements for groundnut crop under micro sprin-

kler irrigation for Raichur region.

2. To evaluate the effects of micro sprinkler irrigation on the yield of ground-

nut.

3. To determine the economics of the micro sprinkler irrigation for groundnut

crop.

10.2 LITERATURE REVIEW

The scarcity of water is the main limiting factor in getting a good yield from the
crops. It is known that surface flooding of water results in extensive runoff, deep
percolation and evaporation losses. Micro irrigation system results in enormous sav-
ing of water since deep percolation and runoff losses are eliminated.

Larry [27] reported that micro sprinklers can overcome some of the disadvan-
tages of the drip system. The device has larger orifices than emitters, thus reducing
the need for filtration to avoid clogging. The device also protects the crop from
frost. Under laboratory conditions, Vishnu et al. [73] tested the performance of four
spinner emitters and two spray emitters at pressures of 49.03, 98.07 and 147.10 kPa,
to study the distribution pattern and uniformity of water application. All tests were
conducted with emitters positioned on stakes 0.20 m above the top of the catch cans,
which were placed at 0.60 m grid intervals in a matrix. Vishnu observed that spin-
ner emitters had higher distribution uniformity than spray emitters under no wind
conditions.

Dilip and Mandakini [12] reported that micro sprinklers incorporate moving parts
with greater discharge rate and coverage than dripper and micro jet. They observed
that the system is suitable for nursery, lawn, grassland where, infiltration rate is higher.
Parikh et al. [38] stated that mini sprinklers are more sensitive to pressure variations
than micro sprinklers in terms of discharge rate. The discharge rate of mini sprinkler
is higher compared to micro sprinkler within the same pressure range. They also
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reported that increase in riser height (up to 75 cm) and operating pressure (200 kpa)
increases the diameter of water spread of micro sprinkler. At Gujarat Agricultural
University — Navsari Campus, Patel et al. [40] carried out field experiment for saf-
flower. They observed that the consumptive use of water was increased with in-
crease in levels of IW/CPE ratios in both methods of irrigation (mini sprinkler and
surface irrigation). The mean consumptive use of water recorded under mini sprin-
kler and surface methods was 221.8 and 279.4 mm, respectively. This was reduced
by 20.57% with mini sprinkler compared to surface method.

Singh et al. [63] stated that the spacing of micro sprinkler along the laterals and
the spacing of laterals along the submain should be considered equal to the radius
of the throw. Less than 50% overlapping leads to poor uniformity coefficient and
dry spots are left near the stakes. Dahiwalkar et al. [11] conducted field experiment
on groundnut in sandy clay loam soil in summer season at Mahatma Phule Kri-
shi Vidyapeeth, Rahuri, Maharashtra, with four micro irrigation systems viz. micro
sprinklers, turbo-key, microtube and in-line drippers. They concluded that the micro
sprinkler system with 36 Iph discharge is suitable for groundnut crop, due to better
yielding ability and judicious water use compared to alternate micro irrigation sys-
tems and conventional surface irrigation.

Mukund and Satyendra [33] found that best uniformity coefficient of 89.93%
was found with 1.6 kg cm pressure. This study also indicates that the micro sprin-
klers must be operated during morning session in semiarid region. Claudia et al. [10]
studied hydraulic characteristics of micro sprinklers after use with wastewater treat-
ed by an up-flow anaerobic sludge blanket (UASB anaerobic reactor). The hydraulic
characteristics determined for the new and used emitters were manufacturing coef-
ficient of variation, coefficient of use and the pressure-discharge relationship. They
observed that there was no appreciable variation in the hydraulic characteristics
after using wastewater. They reported that the value of the mean discharge for nomi-
nal pressure was reduced by 4.97% in relation to the new, the flow regime did not
change and the variation coefficient was increased but continued being of excellent
category as per ASAE classification [15, 16].

In the landscaped area of the Tamil Nadu Agricultural University Campus,
Suresh and Senthilvel [65] examined the relationships between flow-pressure, pro-
file of distribution of water and Christiansen’s Uniformity Coefficient (CUC) re-
lated with flow pressure [9]. The value of CUC observed was 94%.

Muralikrishnasamy et al. [35] conducted field experiment during summer and
Kharif at Agricultural College and Research Institute, Madurai. They stated that mi-
cro sprinkler irrigation provide for higher moisture availability and greater nutrient
uptake in onion crop. These mechanisms in turn enhanced plant growth as shown
by taller plants, higher dry matter accumulation and more branches per plant and
that the conversion of dry matter into economic produce was also much higher as
indicated by higher values of harvest index with micro sprinkler irrigation. Sanimer
et al. [54] stated that the losses are dependent upon both climatic and operating fac-
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tors, ranging from 5.49 to 29.93% for the tested mini sprinklers. The evaporation
and drift losses indicated that the riser height and nozzle size were the predominant
factors affecting the evaporation and wind drift losses.

Shobana and Asokaraja [60] reported that micro sprinkler irrigation once every
2 days numerically recorded higher and constant relative water content throughout
the crop period compared to 4 days interval. They observed the decrease in fluctua-
tions in water content compared to surface irrigation. The decrease in relative water
content ranged from 80.50 to 49.43% in surface irrigation, due to increase in daily
water stress. Suseela and Rangaswami [66] reported that micro sprinkler irrigation
system never showed the clogging problem, which is the major problem in the drip
irrigation. Based on the experiences in the farmer’s field as well as in the fields of
the research station, they found that there is no need to install the filter in this ir-
rigation system thus reducing the cost of the system. They concluded that the micro
sprinkler system is cheaper than drip system especially in close growing crops.

Kadam et al. [21] found that micro sprinkler may be operated at 1.0 kg.
cm for spacing of 1.5 m X 1.5 m and 2.0 kg cm for spacing of 2.25 m X
2.25 m. They stated that if spacing of the micro sprinkler was increased,
these need to be operated at higher operating pressures, thus requiring high-
er expenditure on energy; and if the spacing was further increased and oper-
ating heads were decreased, the uniformity will reduce drastically that may
eventually decrease the crop yield. At the Central Farm of Orissa University of
Agriculture and Technology, Bhubaneshwar, Sahoo et al. [52] studied unifor-
mity of water distribution at different nozzle pressures and spacing for both
plastic and brass type of sprinklers, on a leveled concrete floor. The deviation
of uniformity coefficient of plastic sprinklers from that of brass sprinklers
ranged from O to 2%. They stated that the deviations may be due to human
errors, instrumental errors and abrupt changes in wind speed. They found
that the plastic sprinklers were working as efficiently as brass sprinklers. The
effect of wind velocity on uniformity of water distribution was less for wind
velocities below 4 km.hr~!. The distribution pattern was distorted at high
wind velocities of 15 km.hr~1.

Silva et al. [62] reported the water application efficiency for the systems with
a 32 Iph micro sprinkler per four plants, 60 Iph micro sprinkler per four plants and
60 Iph micro sprinkler per two plants were 85.01, 79.72 and 89.54%, respectively.
Isiguzo [18] observed that the average coefficient of uniformity (CU) and delivery
performance ratio (DPR) of the system were 86% and 87%, respectively, indicating
satisfactory performance of the sprinkler system. At the experimental farm of the
Agricultural and Food Research and Technology Center in Zaragoza-Spain, San-
chez et al. [53] reported that curve of the distribution of irrigation depth along the
wetted radius was crucial to characterize the water distribution of a sprinkler. The
water distribution closely depends on the shape of the radius. The discharge and the
range of a sprinkler are insufficient by themselves to select a sprinkler adequately.
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They reported that the shape of the radius is mainly affected by the sprinkler design
and that the nozzle diameter and the pressure also modify the shape but to a lesser
extent. The characterization of the radius with isolated sprinkler tests requires sev-
eral precautions because the water distribution will be distorted even at low wind
velocities. They concluded that when the tests cannot be performed under indoor
conditions, the wind must be observed meticulously to ensure that the vector aver-
age of the wind velocity during the tests does not exceed 0.6 m/s, which otherwise
will lead to erroneous results.

Neumann and Navashir [36] stated that the wetting front of micro sprin-
Kler irrigation can travel through the soil profile at the rate of 5 to 10 cm.hr!
and reach the depth of 60 cm after 5 to 12 h depending on soil type. During
summer in a 6-year-old almond orchard in the Sacramento Valley under mi-
cro sprinklers situated mid-way between trees in the tree row, Koumanov et
al. [25] observed large evaporation losses during and immediately after the
irrigations and the evaporation losses of the wetted area were estimated to be
between 2 and 4 mm per irrigation event. Consequently, application efficien-
cies were only 73-79%, the wetting of the root zone was limited to the 0-30
cm depth interval, the soil profile was depleted of soil water, and daily crop
coefficient values at days between irrigation events were 0.6 and 0.8. They
recommended that the irrigation must be given in the evening and night
hours, thereby largely eliminating the evaporation losses that occur during
daytime irrigation hours. At the Irrigation Water Management Laboratory
and Instructional Farm of College of Technology and Agricultural Engineer-
ing, Udaipur, Rajvir et al. [43] reported that the value of the nozzle exponent
of the micro jet was classified as nonpressure compensating and the emission
uniformity was more than 90%. They observed that the wetting diameter was
increased with increase in operating pressure and stake height. The unifor-
mity coefficient and distribution characteristic were increased with increase
in operating pressure and stake height.

Varshney and Raghavaiah [70] concluded that covering the soil surface with
paddy husk mulch and irrigating the crop by sprinkler during summer saved water
to the extent of about 40.3% and enhanced the crop yield by 36% with returns per
hectare when compared to surface irrigation. Kadam et al. [22] suggested that micro
sprinkler irrigation system should be scheduled below 20% available moisture de-
pletion level. The frequency and depth of irrigation water can be estimated from pan
evaporation and crop coefficient data. There was about 59% water saving in addition
to 20% increase in the garlic yield. At the research farm of Dr. Panjabrao Deshmukh
Krishi Vidyapeeth, Akola, Arulkar et al. [7] observed that the horizontal spread at 91
Iph discharge rate of micro sprinkler and 4 Iph of drip irrigation for 1 h and 2 h was
3 m and 0.6 m, respectively. In drip and micro sprinkler with the increase in water
application, the soil moisture was increased horizontally and vertically. They also



146 Sustainable Micro Irrigation Design Systems for Agricultural Crops

observed that the moisture content was in the range of 76 to 100% and 71 to 100%
of field capacity under micro sprinkler and drip irrigation, respectively.

Sakar et al. (2008) reported that in coarse textured soils higher crop yield
and optimum water use efficiency (WUE) were achieved through a reduction
in drainage loss and there was minimum drainage loss of water if a smaller
quantities (2.31-26.5 L.m2.week™!) of irrigation water can be applied with
a frequency of once in a week. They concluded that such type of irrigation
scheduling can be maintained only under sprinkler system and not in any sur-
face irrigation method. Satyendra et al. [56] conducted the study to compare
micro sprinkler, drip and furrow irrigation systems for potato production at
Central Institute of Postharvest Engineering and Technology, Abohar, Punjab
with 4 irrigation levels (IW: CPE ratio of 1.20, 1.00, 0.80 and 0.60). They
observed a better crop performance under micro sprinkler regime. They re-
ported that irrespective of irrigation system, potato tuber yield was increased
with increasing irrigation level from 0.60 to 1.20 IW: CPE.

Khade et al. [24] reported that the pod yield in groundnut was increased by
20.76% and less water use by 33%. The WUE was increased from 38.7 to 62.6 kg/
ha-cm and the water requirement was decreased from 409 to 380 mm with sprin-
kler irrigation system compared to check basin method. Chauhan and Srivastava [§]
noticed that maximum cabbage yield was under micro sprinkler, followed by drip
emitter. Water saving through micro sprinkler was 36.82% over surface irrigation.

In kharif season on sandy clay loam soil on groundnut crop at Mahatma
Phule Krishi Vidyapeeth, Rahuri — Maharashtra, Shinde et al. [59] reported
that WUE was higher in micro sprinkler method of irrigation (11.9 to 15.5 kg.
ha-l.mm™) compared to surface method of irrigation (4.88 to 5.04 kg.ha.
mm™) and that the water saving was 41.3% in micro sprinkler method of
irrigation over surface irrigation method. Jadhav et al. [20] concluded that
the maximum yield of chili (8.57 q.ha™) was recorded under micro sprinkler
irrigation at five days interval with 0.7 cumulative pan evaporation level and
highest WUE was recorded for four days interval with 0.7 cumulative pan
evaporation.

Pampattiwar et al. [37] revealed that micro sprinkler spaced at 1.75 m X
1.75 m recorded the maximum coefficient of uniformity (92.13%) influenc-
ing the maximum yield of 4.78 Mg.ha! of garlic bulbs and irrigation WUE of
143.24 kg.hal.cm™. Sexton et al. [57] reported that groundnut pod develop-
ment is sensitive to surface soil (0-5 cm) conditions due to its subterranean
fruiting habits. Soil water deficits in the pegging and root zone decreased pod
and seed growth rates by approximately 30% and decreased weight per seed
from 563 to 428 mg. Peg initiation growth during water stress demonstrated
an ability to suspend development during the period of soil water deficit and
reinitiate pod development after the water stress was relieved.
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Firake and Shinde [13] evaluated effects of drip, microtube, microsprinkler and
subsurface drip on summer groundnut in respect of yield attributes, water require-
ment and WUE. They reported that the microsprinkler irrigation system was supe-
rior to the other systems in terms of dry pod (32.53 q.ha™), kernel (22.73 q.ha™),
haulm (43.68 q.ha™') and oil yields (11.11 q.ha™"). The seasonal water requirement
of summer groundnut was 68.52 cm in micro irrigation systems and 95.05 cm in the
border irrigation, indicating 27.91% water conservation. The WUE was also highest
(4.75 kg.ha' mm™") with the microsprinkler system. They concluded that the micro-
sprinkler system was considered the most suitable system for obtaining maximum
yields of summer groundnut.

Al-Jamal et al. [2] noticed that irrigation WUE under a drip irrigated onion field
was low under buried drip irrigation system and by using a sprinkler system can
maintain high irrigation efficiency compared to furrow and drip irrigation. They also
noticed that the irrigation WUE using the sprinkler system was higher compared
to subsurface drip and furrow irrigation methods. In order to conserve water, they
advocated to use sprinkler irrigation system.

At GBPUAT - Panthnagar, Manjunatha et al. [29] reported that the saving of
irrigation water (36.9%) along with increase in potato yields (25.1%) were record-
ed in micro sprinkler irrigation compared to furrow irrigation. They observed that
various growth and yield parameters registered a significant increase under micro
sprinkler irrigation compared to furrow irrigation. Better quality produce was also
observed under micro sprinkler irrigation. Manjunatha et al. [28] reported highest
yield of brinjal (eggplant) under micro sprinkler (29.33 tons.ha™') followed by drip
micro tube (28.74 tons.ha™), drip emitter (26.4 tons.ha™') and surface method (24.2
tons.ha™"), respectively. They also observed that the increase in yield over surface
irrigation was 7.4, 18.5 and 20.9% for drip emitter, micro tube and micro sprinkler,
respectively and water saving was up to 33% in micro sprinkler irrigation over sur-
face irrigation.

At Narmada Irrigation Research Project, GAU, Khanda — Gujarat, Patel et al.
[39] reported that the sprinkler irrigation at 0.75 IW/CPE with total water quantity
of 380 mm recorded wheat yield of 3833 kg.ha! compared to 2817 kg.ha! under
surface method with 560 mm of irrigation water. They also noticed that 0.60 IW/
CPE under sprinkler registered higher yield with 330 mm of water, which saved 230
mm of water compared to surface method. Sprinklers operated at branching and
pod development stages of gram recorded the yield of 1929 kg.ha™ with 100 mm of
water, while surface irrigation yielded 1135 kg.ha™! with 240 mm of water.

Shukla et al. [61] conducted field experiment at GBPUAT Pantnagar and re-
ported that total yields of sweet lime obtained after 2 years of planting was 7.04,
6.16, 4.48 and 3.92 q.ha™!' for micro sprinkler + drip, micro sprinkler, surface +
drip and surface irrigation, respectively, resulting in higher yields of 79.6, 57.1 and
14.3% for micro sprinkler + drip, micro sprinkler and surface + drip, respectively,
over surface irrigation. They concluded that the higher WUE of 3.95 kg.ha™ cm™
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was recorded under micro sprinkler + drip followed by 3.34 kg.ha™' cm™' with micro
sprinkler, 2.28 kg.ha™! cm™! with surface + drip and minimum of 1.96 kg.ha'cm™ in
case of surface irrigation.

Sonune and Palaskar [64] reported that the average groundnut productivity was
considerably higher (22.9 q.ha™!) with broad bed furrow (BBF) method of planting
using sprinkler than the conventional flat-bed planting with sprinkler (17.13 q.ha™).
The net irrigation requirement under sprinkler was 770 mm compared to 1050 mm
under surface irrigation, resulting 36.4% saving in irrigation water. They concluded
that sprinkler irrigation with BBF planting technique was beneficial to increase the
crop productivity on shallow medium coarse textured soils with considerable saving
in irrigation water. At the Plasticuture Development Center, Hyderabad, Varshney
and Raghavaiah [70] observed that the crop with sprinkler irrigation consumed 526
mm of water against 738 mm used with surface irrigation, whereas groundnut yield
under sprinkler and surface irrigation were 3042 and 2774 kg.ha™!, respectively and
with 40.30% saving of water and additional yield of 9.7% under sprinkler over the
surface irrigation method.

Krishnamurthi et al. [26] revealed that irrigating the groundnut crop through
micro sprinkler at 80% of pan evaporation recorded the highest pod yield, which
was 20% increase over surface method of irrigation and 10—12% of water was saved
under this method. Vijayalakshmi et al. [71] found that micro sprinkler irrigation
scheduled at 100% ET, recorded total water saving of 28-31%, while micro sprin-
kler irrigation scheduled at 75% ET, registered total water saving of 32-38% over
surface irrigation. Rank et al. [46] concluded that the lowest and highest pod yield
of 1471 and 2550 kg.ha™! were at the IW/CPE ratio of 0.6 and 0.9, respectively, with
irrigation water requirement of 523 and 789 mm, respectively under micro sprinkler
irrigation.

Satyendra et al. [S6] reported that the highest potato yield (31.60 tons.ha™) was
obtained with micro sprinkler, followed by drip (29.83 tons.ha) and furrow (22.6
tons.ha™) irrigation systems when irrigation was scheduled at 1.20 IW: CPE. Irre-
spective of the irrigation system, potato tuber yield was increased with increasing
irrigation level from 0.60 to 1.20 IW: CPE.

Thiyagarajan et al. [68] reported that the yield response factor (ky) ranged from
0.45 and 0.42 (normal irrigation) to 1.72 and 1.70 (full deficit irrigation) for summer
and Rabi seasons, respectively. They observed that the pod formation and flower-
ing stages were more sensitive to moisture stress. [rrigation must be given to ET
requirements during these stages for getting maximum yield. At Research Farm of
National Research Center for Onion and Garlic, Rajgurunagar (Pune), Tripathi et al.
[69] reported that the WUE was higher in drip irrigation (770 kg/ha-cm) than micro
sprinkler (344.6 kg/ha-cm), overhead sprinkler (386.5 kg/ha-cm) and surface irriga-
tion (252.5 kg/ha-cm). The highest benefit cost ratio (BCR) was 1.98 in drip irriga-
tion. Sezen et al.[58] reported that effects of the irrigation amounts are significantly
important for obtaining higher seed and oil yield of sunflower and not the method
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of application (sprinkler or drip irrigation). The irrigation levels significantly influ-
enced the sunflower seed and oil yield and yield components.

Raman et al. [44] observed higher net income for summer groundnut under sprin-
Kkler irrigation compared to surface irrigation and higher additional income (10,710 Rs/
ha) over surface irrigation was obtained under micro sprinkler irrigation at 0.7 TW/
CPE ratio. Rajesh and Kamal [42] reported that banana, grape and pomegranate
responded better to “Fan-Jet” micro sprayer irrigation than the drip. The cost of the
system in these crops was 40% less than the drip system. Manjunatha et al. [30]
concluded that the system cost is maximum for drip emitters due to more number
of emission devices and laterals and minimum for micro sprinklers. For eggplant,
maximum net seasonal income of (80, 649 Rs/ha) was recorded for micro sprinkler
irrigation, followed by drip microtube (78, 111 Rs/ha), surface irrigation (63, 321
Rs/ha) and emitters (60, 845 Rs/ha). They also reported that the net profit achieved
per cm application of irrigation water was Rs 4,106, 8,920, and 9,520 for furrow ir-
rigation, micro sprinkler with considering system cost, and micro sprinkler without
considering system cost, respectively. The benefit — cost ratios of 2.42, 2.79 and
3.17 for furrow irrigation, micro sprinkler irrigation with considering system cost,
and micro sprinkler without considering system cost, respectively.

Sahni et al. [51] reported that freedom should be given to the beneficiaries to
grow crops in the canal command. Drip irrigation method cannot be adopted di-
rectly on canal water with prevailing 14 days rotation period. They also reported
that the use of sprinkler irrigation is technically feasible and economically viable in
canal command with the proposed irrigation water management strategies.

In Chikamagalur district of Karnataka, Muralidhara et al. [34] reported the mi-
crosprinkler had a higher benefit — cost ratio and a greater positive net present value
than the corresponding values in conventional sprinkler system. The efficiency gain
from the use of the microsprinkler with the sprinkler level of inputs (capital, fertil-
izer, and labor) was nearly 12%. Thus, the microsprinkler system was considered a
viable and economical technology for the irrigation of coffee. The main constraints
to the adoption of the system were the clogging of microsprinklers and the need for
skilled workers to ensure maintenance.

For close growing crops at the Agronomic Research Station — Chalakudy of
Kerala Agricultural University, Visalakshi et al. [72] reported that the investment
cost is Rs. 10,000 less than that required for drip irrigation system. Lesser clogging
susceptibility, more distribution uniformity, reduced investment cost, etc. were spe-
cial advantages of the developed micro sprinkler system. Gadge et al. [14] reported
that micro irrigation methods are mainly adopted on farms with irrigation from tube-
wells or dug-wells. However, in view of increasing scarcity of water for irrigation
and need to increase food production, it is important to adopt these methods in canal
command area. They reported that net returns from the optimal cropping plan were
186 million-Rs. The optimal cropping pattern allocated was 43.17 ha area for pa-
paya, 43.17 ha for sugarcane, 86.35 ha for Kharif eggplant, 259.04 ha for cabbage,
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85.35 ha for summer onion [55], and 259.04 ha for summer eggplant. It was found
that 6% increase in net benefit was achieved through reutilization of the micro ir-
rigation systems among the seasonal crops having similar system requirements.

At the Water Management Research Unit ARS — Chalakudy of Kerala Agricul-
tural University. Suseela and Rangaswami [67] reported that the application depth
was found to increase with increase in length of the unit. Minimum Coefficient of
variation values in each diameter sprinkler head was obtained for the unit having
medium length diameter ratio. They reported that KAU micro sprinklers can be
made by a farmer if he would be trained for a day and that it is cost effective (Cost
of construction of micro sprinkler head was less than Rs 2/-), farmer friendly and
is suitable for small/marginal farmers. Moreover, this system was designed to oper-
ate clog free with complete wetting of the basin area (>90%) of the crop due to its
rotating action.

10.3 MATERIALS AND METHODS

A field study was conducted from December 2011 to April 2012 in farmer’s field at
Yeragera village, Raichur. The detailed materials used and methodologies adopted
during the field experiment are presented in this chapter.

10.3.1 FIELD LOCATION

The farmers field at Yeragera village, Raichur is located at 16°15° North latitude and
77°20 East longitude and is at an elevation of 389 m above mean sea level (MSL).
The climate is semiarid and average annual rainfall is 722 mm.

10.3.2 WEATHER AND CLIMATE

The daily climatologically data during the study was collected from the meteoro-
logical observatory at the Main Agricultural Research Station, Raichur. During the
period of study, the maximum temperature of 38.9°C was recorded in February,
2012 and the minimum temperature of 8.5°C was recorded in January, 2012. The
maximum relative humidity of 98% was recorded in February, 2012 and the mini-
mum relative humidity of 21% in January, 2012. The maximum evaporation of 10
mm/day was recorded in April, 2012 and the minimum evaporation of 2.0 mm/day
in December, 2011 and January, 2012. The maximum wind velocity of 6.3 km/h was
recorded in March, 2012 and the minimum wind velocity of 1.3 km/h in December,
2011 and January, 2012. The mean monthly maximum temperature, minimum tem-
perature, evaporation, relative humidity and wind velocity are shown in Fig. 10.1.
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152 Sustainable Micro Irrigation Design Systems for Agricultural Crops

10.3.3 IRRIGATION SOURCE

Irrigation source for the experiment was bore well water. The water was pumped for
irrigation with 3 hp submersible pump as and when required.

10.3.4 IRRIGATION WATER QUALITY

The irrigation water was analyzed for its suitability for irrigation. The pH was 7.30
and electrical conductivity (EC) was 1.055 dSm™™.

10.3.5 EXPERIMENTAL SITE

The representative composite soil samples were taken from the experimental site
for determination of physical characters (viz., textural composition, field capacity,
infiltration rate, Permanent Wilting Point (PWP) and bulk density) and chemical
properties (available N, P, K, organic carbon, EC and pH) at 0-30 cm depth and
the same were determined using the standard procedures (Table 10.1). Under the
textural classification the soil was found to be sandy loam.

TABLE 10.1 Soil Characteristics at the Experimental Field at Raichur

Soil characteristics  Particulars Value Method based on
Sand, (%) 68.78
Textural composition  Silt, (%) 18.32 .
Piper (1966)
Clay, (%) 12.90
Soil type Sandy Loam
Available N, Kg ha'! 290.81
Available PO, Kg ha™ 36.21
) ) Available K,0, Kg ha™! 44.47 Jackson [19]
Chemical properties )
Organic carbon (%) 0.33
pH 7.42
EC (dSm™) 0.30
Bulk density, g cc™! 1.61 Richards [48]
. . Field capacity, % 18.0 Piper [41]
Physical properties o ) )
Permanent wilting point, % 7.56 Piper [41]
[

Infiltration rate, cm hr! 2.10 Richards [48]
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10.3.6 EXPERIMENTAL SETUP

The experimental set-up consisted of screen filter, mains, sub mains, and micro
sprinklers and other accessories required for micro sprinkler irrigation. The plant
geometry for micro sprinkler irrigation treatments and layout of micro sprinkler ir-
rigation are shown in Figs. 10.2 and 10.3.

10.3.6.1 PUMPING SOURCE

A 3 hp vertical type submersible pump, with a total head of 50 m and discharge ca-
pacity of 11 m*/h, was used to lift the water from bore well and supply to both micro
sprinkler and surface irrigated plots.

10.3.6.2 PIPELINE MANIFOLD

The main and sub main pipelines used for micro sprinkler irrigation were made of
PVC of 63 mm and 50 mm diameter, respectively.

10.3.6.3 FILTRATION SYSTEM

A single mesh screen 120 mesh (130 micron) with a maximum capacity of 40 m*/h
and nominal pressure of 2 kg.cm™ was used to filter the irrigation water for mi-
cro sprinkler irrigation. The filtration unit was fitted on the main pipeline of micro
sprinkler irrigation system.
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FIGURE 10.2 Experimental layout for microsprinkler irrigation treatments.
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FIGURE 10.3 Field layout of a microsprinkler irrigation system.

10.3.6.4 MICRO SPRINKLERS

Suitability of micro sprinklers in terms of discharge, pressure and wetting area were
tested before selection. Micro sprinklers of 360 Iph capacity with a throw of 9 m di-
ameter each at the height of 45 cm from the ground surface were selected for micro
sprinkler irrigation treatments.

10.3.6.5 UNIFORMITY COEFFICIENT OF MICRO SPRINKLER
SYSTEM

Before selection of the over lapping percentage, the single micro sprinkler was tak-
en for finding its distribution pattern and wetting diameter. It was observed during
the performance of single micro sprinkler that the less discharge was noticed up to
1.5 m distance from the stake and it varied from 1.2 to 2 mm, whereas the high and
uniform discharge was observed from 1.5 m distance from the stake and it varied
from 2 mm to 4.2 mm as shown in Fig. 10.4.
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FIGURE 10.5 Distribution pattern of 100% over lapping micro sprinklers.



156 Sustainable Micro Irrigation Design Systems for Agricultural Crops

By observing the pattern of throw and wetting diameter of single micro sprin-
kler, 100% over lapping was selected to overcome the dry patches and for the uni-
form distribution. It was observed that the uniform and high discharge was found at
7 m % 7 m spacing with a discharge variation of 6 to 8.5 mm. The distribution pattern
of 100% over lapping of micro sprinkler is shown in Fig. 10.5. The uniformity coef-
ficient was calculated by collecting water in the catch cans placed at grid points of
the overlapped area and with following Christiansen’s equation [9].

CU = 100 (1 — D/M), or 100 x [1 — (A/B)], and
D=(1/n) 2| Xi-M]|
M = (1/n) X Xi (1)

where, CU = Christiansen’s Coefficient of Uniformity (%), A is the sum of the abso-
lute value of the deviation of the average catch cup value from each individual catch
cup data point, B is the sum of the catch cup observations, D = average absolute de-
viation from the mean, M = Mean application, Xi = Individual application amount,
n = Number of individual application amounts, & = Symbol for summation, and | | =
Symbol for absolute value of quantity between the bars. Appendix I indicates list of
all symbols in this chapter.

The maximum uniformity coefficient of 89.9% was obtained at 1.4 kg.cm™ pres-
sure for single micro sprinkler at the stake height of 45 cm from the ground surface,
whereas the maximum uniformity of 87.7% was obtained at 1.4 kg.cm™ pressure for
over lapping micro sprinklers at the stake height of 45 cm from the ground surface.

10.3.6.6 CROP DETAILS

Common name Groundnut

Scientific name Arachis hypogaea L.

Variety R-2001-2

Seed rate 125-150 kg/ha

Method of sowing Dibbling

Seed spacing 30 cm x 10 cm

Effective root zone depth 15 cm

Farm yard manure 7.5 tons/ha

Fertilizers Recommended dose (kg/ha): N: 25, P: 50, K: 25,
FeSO,: 25

Plant protection measures 2 sprays of Qunolphos with dosage of 2 gm 1", and
2 sprays of Mancozeb with dosage of 2 gm 1.
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10.3.7 EXPERIMENTAL DETAILS

Micro sprinkler irrigation for groundnut crop was designed by considering the de-
sign capacity, optimum size of the pipelines, discharge rate of sprinklers, capacity
of filter and pump capacity. Groundnut is a close spaced crop having spacing of 30
cm X 10 cm. The operating pressure at the main pipe of the micro sprinkler system
was maintained at 1.4 Kg.cm™. This pressure head was sufficient for irrigating the
experimental area with micro sprinkler irrigation. From the water source, water was
pumped with a 3 hp motor and conveyed to the field by using 63 mm diameter PVC
pipe after filtering through the screen filter.
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FIGURE 10.6 Statistical layout of the experiment.

The statistical layout of the experimental plot is shown in Fig. 10.6. The experi-
mental plots were laid out in randomized block design (RBD) with five treatments
and four replications, viz.

T1 — Water application at 60% of ET using micro sprinkler irrigation,

T2 — Water application at 80% of ET using micro sprinkler irrigation,

T3 — Water application at 100% of ET using micro sprinkler irrigation,

T4 — Water application at 120% of ET using micro sprinkler irrigation,

T5 — Water application at 100% of ET using surface irrigation (control).

Net plot size of 9 m x 9 m was taken and three micro sprinklers were installed
in each plot with 100% overlap, to overcome the dry patches around and bottom of
the stakes. The flow of water to each plot was controlled by using individual control
valves at the start of each sub main line. In order to maintain the effects of a treat-
ment, a buffer of 1.5 m was provided between the plots.
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10.3.8 WATER REQUIREMENT OF GROUNDNUT

Amount of irrigation water applied to various treatments were based on daily pan
evaporation readings. The irrigation treatments were imposed, once the sowing was
done and the total water requirement for groundnut crop was obtained by adding up
all the depths of water applied for each treatment. The previous day pan evaporation
was used to calculate the water requirement for next day.

10.3.8.1 SURFACE IRRIGATION METHOD

The amount of water to be delivered in check basin method (control) was computed
using the following equation:

d=[1/100] x [M, — M, ] X [4_xd] ©)

where, d = net amount of water to be applied during irrigation, cm; M, = moisture
content at field capacity, %; M, = moisture content before irrigation, %; 4_ = soil
bulk density of soil, g/cm’®, and d = effective root zone depth, cm. Quantity of water
(L) per plant was estimated as follows:

Q=[1/1000] x [d x A x B] 3)

where, Q = quantity of water required per plant, liters; d = net amount of water to
be applied during an irrigation, cm; A = gross area per plant, cm?; and B = extent of
area covered by foliage, fraction.

10.3.8.2 MICRO SPRINKLER IRRIGATION METHOD

The daily water requirement for micro sprinkler irrigation was computed using pan
evaporation data from USDA Class A open pan evaporimeter. The water require-
ment of groundnut per day under micro sprinkler irrigation was computed as follows

[3].
Q=[1/E] x [Ax B x (] (4)

where, Q = quantity of water required mm day'; A = daily evapotranspiration, mm
day' = pan evaporation x pan coefficient; B = amount of area covered with foliage
(canopy factor), fraction; C = crop coefficient, fraction; and E = efficiency of micro
sprinkler irrigation system = 80%.
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10.3.8.3 IRRIGATION SCHEDULING FOR MICRO SPRINKLER

The daily quantity of water application was computed as explained above. For a
known discharge rate of micro sprinkler, the duration of irrigation water application
was calculated as follows:

Irrigation duration, hours = [sprinkler discharge, Iph] + [area covered by a
sprinkler] (5)

Irrigation frequency of once in two days was used in this study according to
recommendations by Krishnamurthi et al. [26].

10.3.9 BIOMETRICAL OBSERVATIONS

For periodical field observations, five plants were selected randomly from each
treatment and were tagged. Plant height, number of primary branches and leaf area
index (LAI) were recorded at 30, 60, 90 and 120 days after sowing (DAS). Plant
height (cm) was measured from the ground level up to the base of node on which the
first fully opened leaf from the top was borne.

The number of branches emerging directly from main stem was counted and the
average of five plants was expressed as number of primary branches per plant. LAI
was measured directly by using Leaf Area Index Ceptometer. A view of observation
of LAI is shown in Fig. 10.7.
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FIGURE 10.7 Measurement of leaf area index using Ceptometer.

Fully developed pods were separated from five plants and were counted and the
average was taken as the number of pods per plant. The pods from the individual
plants were weighed on dry basis and the average weight of five plants was recorded
as pod weight per plant in grams. The 100 pods were taken from each plot and
their weight was recorded. The same sample was used for recording weight of



160 Sustainable Micro Irrigation Design Systems for Agricultural Crops

100 kernels. Pods from the net plot area were cleaned and pod weight was recorded
on the basis of pod yield, kg per plot. The pod yield (quintal per ha) was calculated.

From produce in each net plot, 100 g of cleaned pods were weighed. The kernels
were obtained after shelling and were weighed. The shelling percentage was deter-
mined as follows:

Shelling percentage = 100 x [(kernel weight, g) x (pod weight, g)] (6)

10.3.10 QUALITY PARAMETERS

The estimation of oil content (%) was done on dry seed weight basis by using nucle-
ar magnetic resonance spectrophotometer.

10.3.11 IRRIGATION EFFICIENCIES

Appendix II shows an example how to estimate variables for irrigation management
in this chapter. The application efficiency of micro sprinkler irrigation and surface
irrigation was computed as follows:

e, = [1/100] [W/W] 7)

where, €, = application efficiency (%); W_= water stored in root zone in liters; and
W, = water delivered to the field in liters.

The WUE for each treatment was computed using the following formula for
both micro sprinkler and surface irrigation methods:

WUE = Y/(WR) ®

where, WUE = water use efficiency, kg.m3; Y = crop yield, kg; and WR = total
amount of water used, m>.

10.3.12 DUTY AND DELTA

Duty of water is the relationship between the area irrigated and the quantity of water
that is used to irrigate it for the purpose of maturing the crop. Delta is the depth of
water applied over a base period.

10.3.13 ECONOMICS

Economics of micro sprinkler irrigation and check basin irrigation methods was de-
termined to compute the net returns and benefit-cost ratio (BCR). For this purpose,
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the life period of polyvinyl chloride (PVC) items was considered as 10 years [49]
and that of the submersible pump unit was taken as 15 years [50]. The fixed cost,
operation cost and total cost were worked out. Sample calculations are presented in
Appendix III.

Fixed cost consisted of interest on initial cost and depreciation on the system.
The interest calculated on the capital was @ of 12% per annum. In calculations, ap-
portioned value was taken as fixed cost.

Operating cost is the amount, which is actually paid by the cultivator in cash
throughout the crop period for carrying various agricultural operations. Total op-
erational cost of the system is the operating cost plus interest on operational cost
@ 12%.

The total cost is a sum of fixed cost and operating cost. The BCR was worked
out as follows:

Benefit cost ratio = [Gross returns, Rs./ha]/[Cost of cultivation, Rs./ha] 9)

While calculating gross returns, the prevailing market rate of 4800 Rs./100 kg
for groundnut was considered.

10.3.14 STATISTICAL ANALYSIS

The data were analyzed using the standard analysis computer package “DESIGN.”
The test of significance was carried at 5% level of significance.

Degree of freedom = (T-1) x (R-1) (10)

where, T = number of treatments = 5; and R = number of replications = 4.

10.4 RESULTS AND DISCUSSION

During December 2011 through April 2012, a field experiment was conducted in
farmer’s field at Yeragera village of Raichur — India, to determine water require-
ment of groundnut crop under different levels of micro sprinkler irrigation, and to
compare with surface irrigation method. The experiment also involved the study of
irrigation efficiencies and the economic feasibility of micro sprinkler and surface
irrigation methods.

10.4.1 WATER REQUIREMENT OF GROUNDNUT CROP

After sowing the first irrigation was given up to the field capacity to all the plots of
different irrigation treatments for better establishment of crop. Then the irrigation
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treatments were imposed based on ET for both under micro sprinkler and in surface
irrigation.

The amount of water delivered to groundnut crop under different levels of mi-
cro sprinkler irrigation and surface irrigation are presented in Table 10.2. It was
observed that in case of micro sprinkler irrigation at 60% ET, the water application
(mm per day) varied from 0.40 to 0.65 in December, 0.59 to 2.86 in January, 1.8
to 3.7 in February, 1.7 to 3.57 in March and 1.76 to 2.84 in April. In case of micro
sprinkler irrigation at 80% ET, water application (mm/day) varied from 0.53 to 0.86
in December, 0.78 to 3.82 in January, 2.46 to 4.93 in February, 2.27 to 4.76 in March
and 2.34 to 3.78 in April, respectively. Similarly, for micro sprinkler irrigation at
100% ET, water application (mm/day) varied from 0.6 to 1.08 in December, 0.98
to 4.77 in January, 3.08 to 6.16 in February, 2.84 to 5.95 in March, and 2.93 to 4.73
in April. For micro sprinkler irrigation at 120% ET, the water application (mm/day)
varied from 0.80 to 1.29 in December, 1.18 to 5.73 in January, 3.70 to 7.39 in Febru-
ary, 3.40 to 7.14 in March and 3.52 to 5.67 in April.

The amount of water application per month for different levels of micro sprin-
kler irrigation and surface irrigation are presented in Table 10.3. For micro sprinkler
irrigation at 60% ET, the mean monthly water requirement (mm/day) varied from
2.73 in December to 39.94 in February; and for 80% ET water requirement varied
from 3.63 in December to 53.25 in February. Similarly, for 100% ET water require-
ment varied from 4.54 in December to 66.56 in February; and for 120% ET the
monthly water requirement varied from 5.54 in December to 79.87 in February.
For surface irrigation the water requirement varied from 50 in December to 100 in
February and March. It is also observed that the monthly water requirement was
maximum in February and minimum in December for micro sprinkler irrigation.

TABLE 10.2 Daily Water Application (mm/day) Groundnut Crop Under Different Levels of
Micro Sprinkler and Surface Irrigation Methods

Date Pan evapora- Water requirement of groundnut, mm/day
tion mm/day

Surface irrigation

T1 T2 T3 T4 s
6th Dec * 3 25 25 25 25 25
7th Dec to - - - - — -
20th Dec **
21-Dec 4 0.42 0.56 0.70 0.84 25
23-Dec 3.8 0.40 0.53 0.67 0.80 —
25-Dec 4 0.42 0.56 0.70 0.84 -
27-Dec 4.2 0.44 0.59 0.74 0.88 -

29-Dec 3.8 0.40 0.53 0.67 0.80 —
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TABLE 10.2 (Continued)

163

Date Pan evapora- Water requirement of groundnut, mm/day
tion mm/day —
Surface irrigation
TT T2 T3 T4 TS
31-Dec 2.2 0.65 0.86 1.08 1.29 25
02-Jan 4 1.18 1.57 1.96 2.35 -
04-Jan 3.8 1.12 1.49 1.86 2.23 -
06-Jan 4 1.18 1.57 1.96 2.35 -
08-Jan 3.5 1.03 1.37 1.72 2.06 -
10-Jan 3 0.88 1.18 1.47 1.76 25
12-Jan 0.59 0.78 0.98 1.18 -
14-Jan 1.18 1.57 1.96 2.35 -
16-Jan 4.8 1.41 1.88 2.35 2.82 -
18-Jan 1.18 1.57 1.96 2.35 -
20-Jan 1.18 1.57 1.96 2.35 25
22-Jan 42 1.23 1.65 2.06 247 -
24-Jan 4.2 1.94 2.59 3.23 3.88 -
26-Jan 4 1.85 2.46 3.08 3.70 -
28-Jan 6.2 2.86 3.82 4.77 5.73 -
30-Jan 4 1.85 2.46 3.08 3.70 25
01-Feb 52 2.40 3.20 4.00 4.80 -
03-Feb 52 2.40 3.20 4.00 4.80 -
05-Feb 6 2.77 3.70 4.62 5.54 -
07-Feb 52 2.40 3.20 4.00 4.80 25
09-Feb 4 1.85 2.46 3.08 3.70 -
11-Feb 3.70 4.93 6.16 7.39 -
13-Feb 5.8 2.68 3.57 4.47 5.36 -
15-Feb 5.8 2.68 3.57 4.47 5.36 25
17-Feb 6 2.68 3.57 4.46 5.36 -
19-Feb 6.3 2.81 3.75 4.69 5.62 -
21-Feb 6 2.68 3.57 4.46 5.36 -
23-Feb 52 2.32 3.09 3.87 4.64 25
25-Feb 2.68 3.57 4.46 5.36 -
27-Feb 3.12 4.17 5.21 6.25 -
29-Feb 6.2 2.77 3.69 4.61 5.53 25
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Date Pan evapora- Water requirement of groundnut, mm/day
tion mm/day

Surface irrigation

T1 T2 T3 T4 TS
02-Mar 7.4 330 440 550  6.60 -
04-Mar 6.2 277 369 461 553 -
06-Mar 6 268 357 446 536 -
08-Mar 8 357 476 595 7.4 25
10-Mar 7.9 353 470 588  7.05 -
12-Mar 8.2 232 310 387 465 -
14-Mar 6 170 227 284  3.40 25
16-Mar 6 170 227 284  3.40 -
18-Mar 8.4 238 318 397 476 -
20-Mar 8 227 302 378 454 25
22-Mar 8 227 302 378 454 -
24-Mar 6 170 227 284  3.40 -
26-Mar 8.4 238 318 397 476 25
28-Mar 8 227 302 378 454
30-Mar 72 204 272 340 408
01-Apr 6.2 176 234 293 352 25
03-Apr 8.2 232 310 387 465 -
05-Apr 8 227 302 378 454 -
07-Apr *** 10 284 378 473 567 25
Total 13437 170.83 20728 243.74 400

* Soil moisture was brought up to field capacity by applying irrigation.

** No irrigations was applied from 7th Dec to 20th Dec to restrict the vegetative growth.
*** After 7th April 2012 irrigation was stopped.

T1 — Water application at 60% of ET using micro sprinkler irrigation.

T2 — Water application at 80% of ET using micro sprinkler irrigation.

T3 — Water application at 100% of ET using micro sprinkler irrigation.

T4 — Water application at 120% of ET using micro sprinkler irrigation.

T5 — Water application at 100% of ET using surface irrigation.
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TABLE 10.3 Monthly Depth of Water Applied to Groundnut Under Different Treatments

Monthly irrigation depth, mm/day

Micro sprinkler irrigation Surface irrigation
Month
T1 T2 T3 T4 TS

6th December 25 25 25 25 25.00
December 2.73 3.63 4.54 5.45 50.00
January 20.64 27.52 34.41 41.29 75.00
February 39.94 53.25 66.56 79.87 100.00
March 36.88 49.17 61.46 73.76 100.00
April 7th 9.19 12.25 15.31 18.37 50.00
Total 134.37 170.83 207.28  243.74 400.00
%o saving water 66.41 57.29 4818 39.07

over surface -

TABLE 10.4 Irrigation Depth Under Micro Sprinkler and Surface Irrigation Methods, For
Each Crop Growth Stage

Growth Stage Irrigation depth, mm/day
(days) Micro sprinkler irrigation Surface irrigation
T1 T2 T3 T4 T5
Initial
26.24 26.65 27.07  27.48 50.00
(20 days)
Crop Development
22.13 29.15 36.88 44.26 100.00
(35 days)
Mid-season
59.80 79.74 99.67  119.61 150.00
(40 days)
Late
26.2 34.93 43.66 52.39 100.00
(25 days)
Total
134.37 170.47  207.28 243.74 400.00
(120 days)

Amount of water applied under micro sprinkler irrigation methods based on
crop growth stages are presented in Table 10.4. In Mid-season stage, the highest
water application was for irrigation level at 120% ET (119.61 mm), and lowest
water quantity was applied for 60% ET (59.80 mm); and surface irrigation was sig-
nificantly higher (150 mm). The water applied at initial stage for 120% ET (27.48
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mm) was highest with lowest value in 60% ET (26.24 mm); and surface irrigation
was significantly higher (50 mm) compared to micro sprinkler irrigation treatments.

The water requirement of groundnut crop during growth period showed that the
water requirement was maximum in February. This may be attributed to the growth
stage of the crop, and higher temperature during this month. The water saving over
surface irrigation was maximum for 60% ET treatment (66.41%), followed by 80%
ET (57.29%), 100% ET (48.18%) and 120% ET (39.07%) treatments. And there was
9.11% water saving among all the micro sprinkler irrigation treatments compared to
each of the individual micro sprinkler irrigation treatments among themselves. From
these results, it may be concluded that there is a substantial amount of water saving
under micro sprinkler irrigation system as compared to surface irrigation. This may
be attributed to the fact that maximum amount of water applied is stored in the root
zone in case of micro sprinkler irrigation treatments and the deep percolation losses
are eliminated. Further it can be observed that the water loss in surface irrigation is
more because of high deep percolation losses. Under surface irrigation, water front
does not spread instantaneously over the entire area. Invariably it takes certain time
to spread the water and to build up certain water depth. During this time, certain
quantity of water might have percolated below root zone. These results are in agree-
ment with the earlier findings of Krishnamurthi et al. [26] and Vijayalakshmi [71].

In this study, the crop water requirements are determined based on soil, plant
and climatological factors prevailing during the experimental period at the study
site. Therefore, one has to be careful in applying these results for any other location.
However, the results may be used as guidelines and not as exact values. The contrib-
uting factors to the water requirement namely soil, plant and climatological factors
are location-specific and therefore, if similar conditions exist, one can use these
results with appropriate allowance so that crop growth and yield are not adversely
affected. However, there could be variations in water requirement of groundnut with
season due to change in climatological factors.

10.4.2 GROWTH PARAMETERS OF GROUNDNUT UNDER
DIFFERENT LEVELS OF IRRIGATION

The effects of different levels of micro sprinkler irrigation on vegetative growth
parameters of groundnut were compared with surface irrigation. The plant height,
number of primary branches and leaf area index are the most important parameters.
The crop under micro sprinkler irrigation had superior growth compared to sur-
face irrigation (Tables 10.5-10.7). Better plant growth led to higher yield in micro
sprinkler irrigation treatments as against surface irrigation. The increase in plant
height, number of primary branches and leaf area in micro sprinkler irrigation over
surface irrigation may be due to frequent application of irrigation water at lower
rates, resulting in even distribution of soil moisture in the root zone. Therefore under
micro sprinkler irrigated plots, soil moisture was maintained fairly close to the field
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capacity throughout the crop season, which resulted in high level of plant water use.
This shows that adequate supply of soil moisture to groundnut resulted in the devel-
opment of efficient photosynthetic system and also due to increasing the available
nutrient status of the soil due to mineralization and transformation of soil nutrients.
The results are in accordance with the findings of Kale et al. [23] and Manjunatha
et al. [29].

10.4.2.1 PLANT HEIGHT

The Table 10.5 shows effects of different levels of micro sprinkler irrigation and
surface irrigation on plant height at 30, 60, 90 and 120 DAS. The results indicated
that at 30 DAS, plants receiving water at 120% ET recorded significantly maximum
height (5.50 cm) over surface irrigation (4.53 cm) and 60% ET (4.03 cm), but it was
on par with 100% ET (5.05 cm) and 80% ET (5.03 cm). At 60 DAS, plants receiving
water at 120% ET recorded maximum height (13.9 cm) that was significantly higher
over control treatment (11.68 cm), 100% ET (11.4 cm) and 80% ET (10.78 cm). The
minimum height was found in 60% ET (10.6 cm).

TABLE 10.5 Effects of Irrigation Methods and Irrigation Levels on Plant Height (cm) of
Groundnut

Plant height, cm
Treatments Days after sowing, DAS
30 60 90 120

T1 4.03 10.60 14.22 18.73
T2 5.03 10.78 14.33 18.85
T3 5.05 11.40 15.03 19.75
T4 5.50 13.90 18.65 24.05
T5 4.53 11.68 15.45 20.20
SEM + 0.34 0.49 0.73 0.93
CD (0.05) 1.04 1.51 2.26 2.86
Mean 4.77 11.67 15.54 20.32

Similar trends were noticed at 90 DAS. The plants receiving water at 120% ET
recorded maximum height (18.65 cm) that was significantly higher over control
treatment (15.45 cm), 100% ET (15.03 cm) and 80% ET (14.33 cm). The lowest
value was found in case of 60% ET (14.22 cm). Finally at 120 days after sowing,
plants receiving water at 120% ET recorded the maximum height (24.05 cm) that
was significantly higher over control treatment (20.20 cm), 100% ET (19.75 cm)
and 80% ET (18.85 cm). The minimum height was found at 60% ET (18.73 cm).
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The effect of irrigation methods and irrigation levels on plant height of groundnut at
different intervals is shown Fig. 10.8.
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FIGURE 10.8 Effects of irrigation methods and irrigation levels on plant height of
groundnut.

TABLE 10.6 Effects of Irrigation Methods and Irrigation Levels on Number of Primary
Branches of Groundnut At Different Intervals

Number of primary branches of groundnut

Treatments Days after sowing, DAS

30 60 90 120
T1 3.85 4.50 5.50 6.50
T2 4.95 5.75 6.90 7.75
T3 5.40 6.50 7.25 8.75
T4 4.25 5.50 6.65 7.50
T5 4.00 5.25 5.75 7.25
SEM =+ 0.05 0.29 0.18 0.25
CD (0.05) 0.17 0.88 0.54 0.76
Mean 4.49 5.50 6.41 7.50

10.4.2.2 NUMBER OF PRIMARY BRANCHES

The Table 10.6 indicates number of primary branches during 30, 60, 90 and 120
DAS. The number of primary branches at different intervals was different signif-
icantly among irrigation levels. Among the treatments, plants receiving water at
100% ET recorded significantly maximum number of primary branches (5.4) that
was significant over the control treatment (4), followed by 80% ET (4.95), 120% ET
(4.25) and it was significantly lower in 60% ET (3.85) at 30 DAS.
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FIGURE 10.9 Effects of irrigation methods and irrigation levels on number of primary
branches of groundnut at different intervals.

Similarly at 60 DAS, plants receiving water at 100% ET recorded significantly
maximum number of primary branches (6.5) that was significant over control treat-
ment (5.25), followed by 80% ET (5.75), 120% ET (5.5), and it was significantly
lower in 60% ET (4.5). Similar trends were noticed at 90 DAS, plants receiving wa-
ter at 100% ET recorded significantly maximum number of primary branches (7.25)
that was significant over control treatment (5.75), followed by 80% ET (6.9), 120%
ET (6.65) and it was significantly lower in 60% ET (5.5).

Similar trends were observed at 120 DAS, plants receiving water at 100% ET
recorded significantly maximum number of primary branches (8.75) that was sig-
nificant over control treatment (7.25), followed by 80% ET (7.75), 120% ET (7.5)
and it was significantly lower in 60% ET (6.5). The effects of irrigation methods and
irrigation levels on number of primary branches of groundnut at different intervals
are shown in Fig. 10.9.

10.4.2.3 LEAF AREA INDEX

The Table 10.7 indicates effects of irrigation methods and different levels of irriga-
tion on LAI of groundnut at 30, 60, 90 and 120 DAS. The LAI at different intervals
differed significantly due to irrigation levels. The results indicated that at 30 DAS,
plants receiving water at 100% ET recorded significantly maximum LAI (0.41) that
was significant over control treatment (0.30), followed by 80% ET (0.37), 120% ET
(0.33) and it was significantly lower in 60% ET (0.28) which is on par with control
treatment. Similarly at 60 DAS, plants receiving water at 100% ET recorded sig-
nificantly maximum LAI (1.44) that was significant with control treatment (1.26)
followed by 80% ET (1.36), 120% ET (1.33) and it was significantly lower in 60%
ET (1.23).
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TABLE 10.7 Effects of Irrigation Methods and Irrigation Levels on Leaf Area Index of
Groundnut At Different Intervals

Treatments Leaf area index, LAI
At days after sowing, DAS

30 60 90 120
Tl 0.28 1.23 1.59 1.11
T2 0.37 1.36 1.72 1.24
T3 0.41 1.44 1.78 1.36
T4 0.33 1.33 1.66 1.19
T5 0.30 1.26 1.63 1.14
SEM + 0.01 0.01 0.01 0.01
CD (0.05) 0.03 0.02 0.02 0.02
Mean 0.34 1.32 1.68 1.21

120 DAS, T 1AL
DAS, T5,1.1

WPAS, 14,041
LAS,T4,033
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FIGURE 10.10 Effects of irrigation methods and irrigation levels on leaf area index (LAI)
of groundnut at different intervals.

Similar trends were noticed at 90 DAS, plants receiving water at 100% ET re-
corded significantly maximum LAI (1.78) that was significant over control treat-
ment (1.63) followed by 80% ET (1.72), 120% ET (1.66) and it was significantly
lower in 60% ET (1.59). Similarly the results indicated at 120 DAS, plants receiving
water at 100% ET recorded significantly maximum LAI (1.36) that was significant
over control treatment (1.14) followed by 80% ET (1.24), 120% ET (1.19) and it
was significantly lower in 60% ET (1.11). The effects of irrigation methods and
irrigation levels on leaf area index of groundnut at different intervals are shown in
Fig. 10.10. A view of the groundnut crop at different intervals is shown in Fig. 10.11.
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FIGURE 10.11 View of the groundnut crop at different growth stages.

10.4.3 PERFORMANCE PARAMETERS OF GROUNDNUT
10.4.3.1 NUMBER OF PODS PER PLANT

The Table 10.8 shows effects of irrigation methods and irrigation levels on number
of pods per plant. The maximum number of pods per plant was for 100% ET (28.25)
that was significantly higher than the control treatment (22.25), followed by 80%
ET (26.50), 120% ET (24.50) and it was significantly lower in 60% ET (20.75). The
effects of irrigation methods and irrigation levels on number of pods per plant at
different intervals are shown in Fig. 10.12.

TABLE 10.8 Effects of irrigation methods and irrigation levels on yield, number of pods
per plant and weight of pods.

Treatments No. of Weight Groundnut grain yield
pods per plant of pods, gm kg/plot q/ha
T1 20.75 12.81 15.50 19.13
T2 26.50 18.02 17.50 21.60
T3 28.25 21.24 19.33 23.86
T4 24.50 16.16 16.28 20.09
TS 22.25 14.53 16.00 19.75
SEM =+ 0.46 0.49 0.30 0.37
CD (0.05) 1.41 1.52 0.93 1.15
Mean 24.45 16.55 16.92 20.89

1.00 quintal, q = 100 kg.
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10.4.3.2 WEIGHT OF PODS

The Table 10.8 shows the effects of different irrigation treatments on average pod
weight. The maximum average pod weight of (21.24 gm) was in 100% ET, which
was significantly higher than control treatment (14.53 gm), 80% ET (18.02 gm),
120% ET (16.16 gm) and it was significantly lower in case of 60% ET (12.81 gm)
that was on par with control treatment. The effects of irrigation methods and irriga-
tion levels on weight of pods at different intervals are given in Fig. 10.12.
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FIGURE 10.12 Effects of irrigation methods and irrigation levels on number of pods per
plant and weight of pods at different intervals.
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FIGURE 10.13 Effects of irrigation methods and irrigation levels on shelling percentage
and weight of 100 kernels.

10.4.3.3 WEIGHT OF 100 KERNELS

The weight of 100 kernels weight (g) is presented in Table 10.9. It is observed that
maximum 100- kernel weight was in 100% ET (45.89) that was significantly over
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control treatment (40.51) followed by 80% ET (43.83), 120% ET (42.04) and was
significantly lower in 60% ET (39.40). The effect of irrigation methods and irriga-
tion levels on 100-kernel weight is shown in Fig. 10.13.

10.4.3.4 SHELLING PERCENTAGE

The data on shelling percentage are presented in Table 10.9. The maximum average
shelling percentage was in 100% ET (68.36%) that was significantly higher than
control treatment (63.13%), 120% ET (64.78%) and 60% ET (61.47%), but it was
on par with 80% ET (66.18%). The effects of irrigation methods and irrigation lev-
els on shelling percentage are shown in Fig. 10.13.

10.4.3.5 YIELD PER PLOT

The yield (kg per plot and (100 kg = q)/ha) data under different irrigation treat-
ments are presented in Table 10.8. The plants receiving water at 100% ET recorded
maximum yield (19.33 kg) that was significantly maximum over control treatment
(16 kg) followed by 80% ET (17.50 kg), 120% ET (16.28 kg) and the lowest yield
was noticed in 60% ET (15.50 kg) that was on par with control treatment. A view of
groundnut pods is depicted in Fig. 10.14.
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FIGURE 10.14 View of groundnut pods under different irrigation treatments.
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FIGURE 10.15 Effects of irrigation methods and irrigation levels on yield of groundnut.

TABLE 10.9 Effects of Irrigation Methods and Irrigation Levels on 100-Kernel Weight (g)
and Shelling Percentage (%).

Treatments Weight of 100 kernels, g Shelling percentage (%)
T1 39.40 61.47
T2 43.83 66.18
T3 45.89 68.36
T4 42.04 64.78
TS 40.51 63.13
SEM + 0.21 0.81
CD (0.05) 0.64 2.50
Mean 42.33 64.78

10.4.3.6  YIELD PER HECTARE

The Table 10.8 shows effects of irrigation methods and levels of micro sprinkler
irrigation on total marketable yield (quintals per ha). Significant differences were
noticed in yield due to irrigation methods as well as micro sprinkler irrigation lev-
els. The plants receiving water at 100% ET recorded significantly maximum yield
(23.86 q.ha™) over control treatment (19.75 q.ha™) followed by 80% ET (21.60
g-ha™), 120% ET (20.09 g.ha™') and the lowest yield was recorded in case of 60%
ET (19.13 gq.ha') that was on par with control treatment. The effects of irrigation
methods and irrigation levels on yield of groundnut are shown in Fig. 10.15.

The groundnut crop performed well in terms of yield and yield contributing
factors under micro sprinkler irrigation compared to surface irrigation (Tables 10.7
and 10.8). The performance of crop in terms of number of pods, weight of pods,
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100-kernel weight, shelling percentage and yield was superior in 100% ET com-
pared to 60% ET and surface irrigation, which have performed poorly.

The number of pods per plant was higher in 100% ET (Table 10.7). The results
are in agreement with the findings of Krishnamurthi [26]. Pod yield of groundnut
depends on the number of branches and pods per plant and on LAI that increas-
es production of dry matter [47]. The overall trend for all growth parameters was
superior in 100% ET. This may be attributed due to the frequent and consistent
application of water, which provided better soil moisture regime in the crop root
zone and the better development of kernels at optimum soil moisture conditions, as
evidenced by the increase in 100-kernel weight and shelling percentage. The pod
weight, 100-kernel weight and shelling percentage were superior in micro sprinkler
irrigation treatments than control treatment. The results are in agreement with the
findings of Shinde et al. [59] and Varshney [70].

The crop yield decides the superiority of a crop production system. Among all
the micro sprinkler irrigation treatments, 100% ET level was superior in yield (Table
10.8). The best yield (kg per plot) was achieved in 100% ET level (19.33 kg.plot™)
that was higher when compared to surface irrigation treatment (16 kg.plot™) and
60% ET level (15.50 kg.plot™). Krishnamurthi et al. [26] indicated that the higher
yield can be mainly due to high frequency of irrigation, which in turn maintained
the soil moisture content in the active root zone at adequate level throughout the
crop period. Micro sprinkler irrigation is very important innovation in agricultural
production. Plant growth is restricted by water deficits caused by excessive transpi-
ration during hot afternoon. A change of a few degrees leaf temperature can make
a major difference in the biological functions of a plant. Small amount of water,
intermittently sprinkled, cool the air and plants, reduce the transpiration rate so that
a plant, which would wilt on a hot afternoon, can continue to function normally and
improves the produce quality and yield. The results confirm the findings of Hubbs
[17].

The yield is the ultimate factor, which decides the superiority of any treatment
in terms of not only its biological returns but also its economic returns. In the pres-
ent investigations, highest groundnut yield was recorded in 100% ET level (23.86
g-ha™) followed by 80% ET (21.60 q.ha™') under micro sprinkler irrigation. The
yield levels achieved in100% ET were higher compared to surface irrigation (19.75
g-ha™) and 60% ET (19.13 q.ha™!). The higher yield was obtained due to the uniform
and frequent application of water at right time and right amount; and these are two
important factors for higher yields in the plots under micro sprinkler system com-
pared to yields obtained in the plots irrigated through surface method. This advan-
tage is not only in terms of superior yields but also in terms of water saved. These
results corroborate the findings of Manjunatha et al. [28].



176 Sustainable Micro Irrigation Design Systems for Agricultural Crops

10.4.4 QUALITY PARAMETERS OF GROUNDNUT CROP

The effects of different levels of micro sprinkler irrigation over surface irrigation on
quality parameter of groundnut were analyzed. Any crop production system will be
appreciated when it is not only quantitatively superior but also qualitatively promis-
ing.

TABLE 10.10 Effects of Irrigation Methods on Oil Content (%)

Treatments QOil content, %
Tl 39.85

T2 43.20

T3 43.38

T4 42.88

T5 42.05

SEM + 0.40

CD (0.05) 1.23

Mean 42.27

10.4.4.1 OIL CONTENT

The oil content of groundnut as influenced by irrigation methods and different ir-
rigation levels is presented in Table 10.10. The highest oil content was observed
in 100% ET (43.38%) which was significantly higher than the control treatment
(42.05%) and 60% ET (39.85%). But it was on par with 80% ET (43.20%) and
120% ET (42.88%). The significant increase in oil content in kernels in frequently
irrigated treatments may be attributed to better availability and uptake of phospho-
rus and may be due to increased soil moisture availability. The present results are in
accordance with the findings of Mehrotra et al. [31].

10.4.5 IRRIGATION EFFICIENCIES

This section discusses effects of irrigation methods and irrigation levels on applica-
tion efficiency, distribution efficiency and WUE.
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TABLE 10.11  Effects of Irrigation Methods and Different Levels of Irrigation on Irrigation
Efficiencies

Yield Water applied WUE Application efficiency
Treatments
kg/ha cm kg/ha-em %
T, 1913 13.43 142.44 82.80
T, 2160 17.08 126.46 82.05
T, 2386 20.72 115.15 81.87
T, 2009 24.37 82.43 80.90
T 1975 40.00 49.37 72.70

The irrigation efficiencies are very important factors in deciding the efficiency
of micro sprinkler systems and status of availability of water to plants. In the present
study the application efficiency was higher in micro sprinkler irrigation treatments
than that of surface irrigation (Table 10.11). The higher application efficiency in mi-
cro sprinkler irrigation compared to surface irrigation system was due to controlled
application of quantity of water to replenish the crop root zone. In micro sprinkler
irrigation, water is applied as per plant water requirement over the entire area at a
rate less than the infiltration rate. In general, water application efficiency decreases
as the amount of water applied in each irrigation increases. This eliminates the deep
percolation losses, as water is conveyed through pipes, which results in higher ap-
plication efficiency. The results are in agreement with the findings of Koumanov et
al. (1997).

The lowest WUE in surface irrigation (0.49 kg.m~) may be due to higher irriga-
tion water use with comparatively less yield. The above discussion suggests that
higher groundnut yield is possible by adopting micro sprinkler irrigation scheduled
at 60 and 80% of ET. The results are in agreement with findings of Krishnamurthi
et al. [26].

10.4.5.1  APPLICATION EFFICIENCY

Application efficiency shows: How well the irrigation water is applied to the field?,
and the percentage of water applied stored in the crop root zone as required and
available for plant use. The application efficiency for different treatments is given in
Table 10.11. It is observed that application efficiency ranged from 82.80% in 60%
ET to 80.90% in 120% ET for micro sprinkler treatments; and it was 72.70% for
surface irrigation treatment. Therefore, the application efficiencies were higher in
all the micro sprinkler treatments compared with the surface irrigation treatment.
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10.4.5.2 WATER USE EFFICIENCY

The water use efficiency (WUE) for groundnut crop is influenced by irrigation meth-
ods and irrigation levels as shown in Table 10.11. The WUE varied from 142.44 in
60% ET to 82.43 kg/ha-cm in 120% ET under micro sprinkler irrigation treatments
as compared to 49.37 Kg.ha'.cm™ in surface irrigation. Among different micro
sprinkler irrigation treatments, plant receiving water at 120% ET recorded the low-
est WUE (82.43 Kg.ha'.cm™) that is on increasing trend for 100% ET (115.15 Kg.
ha'.cm™), 80% ET (126.46 Kg.ha'.cm™) and 60% ET (142.44 Kg.ha'.cm™). The
WUE in 60% ET level was significantly promising over all other treatments.

TABLE 10.12 TIrrigation Capacity (Duty) of 1 m® of Water and Delta of Water For Different
Treatments for the Crop Period

Watt.zr ) Watt.zr Duty Delta
Treatments applied in applied

liters/plot m’/ha ha/m? cm
T1 10883.89 1343.69 7.44 x 10 13.44
T2 13808.23 1704.72 5.87 x 10+ 17.05
T3 16789.28 2072.75 482 %10 20.73
T4 19742.78 2437.38 410 x 10 24.37
TS 32400.00 4000.00 2.50 x 107 40.00

10.4.5.3 IRRIGATION CAPACITY (DUTY) AND DELTA

The capacity of unit quantity of water to irrigate a crop is an important factor for
any irrigation system. Table 10.12 presents the capacity of one meter® of water to
irrigate groundnut crop. The irrigation capacity was lowest (2.50 x 10~* ha.m) for
surface irrigation. The highest irrigation capacity of 7.44 x 10~*ha.m™ was obtained
in 60% ET.

Delta is the depth of irrigation (cm) required during the crop period. Delta of
water for different treatments is presented in Table 10.12. The delta was highest
(4.94 cm) for surface irrigation, It was lowest (1.66 cm) in 60% ET and was highest
(3.01 cm) in 120% ET.

10.4.6 ECONOMICS

For determining the benefit-cost ratio, the fixed cost, operating cost and net returns
were calculated for micro sprinkler irrigation and surface irrigation. All costs were
expressed in Rs/ha. The sample calculations for cost economics are given in Ap-
pendix III.
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The performance of micro sprinkler irrigation system can be valued both in
terms of biological and economical returns. So far the superiority of micro sprinkler
irrigation at 100% ET level in terms of water economy and better crop response
have already been discussed in this chapter. However, it is important that a techni-
cally feasible proposition should be financially sound for its successful adoption.
One of the main constraints under micro sprinkler irrigation is its high initial invest-
ment in the form of mains, sub mains, filter, tank and accessories to design the unit.
The economic analysis of groundnut crop with micro sprinkler and surface irriga-
tion was determined by considering fixed cost, cost of cultivation, water used and
yields obtained.

The initial cost of installing the micro sprinkler irrigation system for field crops
are high but over a period of time the cost is recovered and the benefits derived are
higher than surface irrigation. Based on Tables 10.13 and 10.14, the micro sprinkler
irrigation system at 100% ET and 80% ET showed higher net returns compared to
other micro sprinkler irrigation treatments and surface irrigation. The net returns
in 100% ET was higher compared with surface irrigation. Similar trend was also
exhibited in terms of BCR, which was highest (3.42) in 100% ET and was lowest in
60% ET (2.75). The results agree with the findings of Manjunatha et al. [28].

10.4.6.1 NET RETURNS AND BENEFIT: COST RATIO

The net returns and benefit-cost ratio for irrigation methods and irrigation levels
are presented in Table 10.13. It is seen that among all the micro sprinkler irrigation
treatments the highest net return of 81,079 Rs.ha™! was obtained in 100% ET, fol-
lowed by 80% ET (70,231 Rs.ha™), control treatment (66,244 Rs.ha™') and 120% ET
(62,983 Rs.ha™). The lowest net return was in 60% ET (58,375 Rs.ha™).

It was also observed that among all the micro sprinkler irrigation treatments the
lowest BCR was 2.75 in 60% ET and the highest BCR was 3.42 in 100% ET, fol-
lowed by control treatment (3.32), 80% ET (3.10) and 120% ET treatment (2.88).

TABLE 10.13 Economics of Micro Sprinkler and Surface Irrigation Methods in Groundnut

Crop yield  Gross returns T(mfl c ost of Net returns B:C
Treatments cultivation ratio

gq/ha Rs//ha -
T1 19.13 91,824 33,449 58,375 2.75
T2 21.60 1,03,680 33,449 70,231 3.10
T3 23.86 1,14,528 33,449 81,079 342
T4 20.09 96,432 33,449 62,983 2.88
TS 19.75 94,800 28,556 66,244 3.32

One quintal, q = 100 kg.




180 Sustainable Micro Irrigation Design Systems for Agricultural Crops

TABLE 10.14 Projected Additional Return From Saved Water in Micro Sprinkler Irrigation
in Groundnut Crop

Treat- Water Yield Net Additional Total Yield In- Projected
ments saved re- yield yield increase crease net returns
over turns with =(3+5) over in net  with micro
surface saved surface returns sprinkler
irriga- water irriga- with irrigation
tion tion saved  from water
water  used in
surface
irrigation
= (4+8)
% g/ha Rs/ha q/ha q/ha q/ha Rs/ha Rs/ha
ey @ 3 @ 0O (6) Q) (®) ©)
T1 66.41 19.13 58,375 37.82 56.95 37.20 1,15,412 1,73,787
T2 57.29 21.60 70,231 28.97 50.57  30.82 94,206 1,64,437
T3 48.18 23.86 81,079 22.18 46.04  26.29 75,384 1,56,463
T4 39.07 20.09 62,983 12.88 3297 1322 40,386  1,03,369
T5 - 19.75 66,244 - - - - 66,244

One quintal, g =100 kg.

10.4.6.2 PROJECTED ADDITIONAL RETURNS FROM SAVED
WATER

Auvailability of water is a main constraint rather than land. Efforts are being made
to judiciously use the available water using the concept of deficit irrigation. So, if
water can be saved through its judicious use and more efficient irrigation methods,
the saved water can be used to irrigate additional area, which will result in additional
yield and overall net returns.

Therefore, an attempt was made to calculate additional benefits that can be ob-
tained, if the water needed to raise one ha of groundnut crop through surface irriga-
tion is used through micro sprinkler irrigation. It was assumed that the land is not a
constraint and the crop response to other inputs remains constant.

In Table 10.14, it can be observed that by using the saved water, highest ad-
ditional yield (37.82 q.ha™) was obtained in 60% ET, closely followed by 80% ET
(28.97 gq.ha™'). When the water required to irrigate one ha groundnut crop by surface
irrigation was completely used by micro sprinkler irrigation, the net returns were
1,73,787 Rs.ha™ in 60% ET and closely followed by 80% ET (1,64,437 Rs.ha™).
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The lowest net returns were observed in 120% ET (1,03,369 Rs.ha™') and 66,244
Rs.ha™) for surface irrigation.

Practical applications of the findings are:

1. Water requirements for groundnut under micro sprinkler irrigation were
1343.69 m’ha' at 60% ET, 1704.72 m.ha'in 80% ET and 2072.75
m?*.ha'100% ET. The maximum was 4000 m>.ha™! in surface irrigation.

2. Yieldin 100% ET (23.86 q.ha™') was maximum, followed by 80% ET (21.60
q.ha™).

3. Water use efficiency was higher in 60% ET (142.44 kg.ha'.cm™) followed
by 80% ET (126.46 kg.ha'.cm™).

10.5 CONCLUSIONS

A field experiment was conducted from December 2011 to April 2012 in farmer’s
field at Yeragera village, Raichur, with a view to work out water requirement of
groundnut crop under different micro sprinkler irrigation levels and surface irriga-
tion. The comparison was made in terms of growth, yield and quality parameters
between surface and different levels of micro sprinkler irrigation. Further the ex-
periment also aimed to compare various irrigation efficiencies and economics of
different levels of micro sprinkler irrigation versus surface irrigation. The irrigation
treatments were 60, 80, 100, 120% ET using micro sprinkler and surface irrigation
as control. The crop was irrigated once in two days under micro sprinkler irrigation
and in surface irrigation the crop was irrigated at 50% depletion of available soil
moisture.

The water requirement of groundnut crop under micro sprinkler irrigation was
low at initial stage of the crop and it gradually increased in crop development stage,
attained peak in mid stage of the crop, and it gradually decreased in late stage of the
crop. The net amount of water applied were 134.37 mm for 60% ET, 170.47 mm
for 80% ET, 207.28 mm for 100% ET and 243.74 mm for 120% ET, respectively.
Under surface irrigation, 400 mm of water was applied. The water saved over sur-
face irrigation was 66.41% in 60% ET, 57.29% in 80% ET, 48.18% in 100% ET and
39.07% in 120% ET.

The plant height was superior in 120% ET. Number primary branches and leaf
area index plant receiving water at 100% ET and 80% ET were significantly supe-
rior.

Groundnut crop, in all micro sprinkler irrigation treatments (T2, T3, T4) except
60% ET performed very well in terms of number of pods, pod weight, 100-kernel
weight and shelling percentage and marketable yield. The highest yield of 2386 kg.
ha! was obtained in100% ET which was closely followed by 80% ET (2160 kg.
ha™). The yield in surface irrigation (1970 kg.ha™) and 60% ET (1913 kg.ha™) were
significantly lower.



182 Sustainable Micro Irrigation Design Systems for Agricultural Crops

Among the different micro sprinkler irrigation treatments, the treatment 100%
ET (43.38%) gave significantly maximum oil content which was closely followed
by 80% ET (43.20%). The minimum oil content was in 60% ET (39.85%) and sur-
face irrigation (42.05%).

The application efficiency was higher with micro sprinkler irrigation treatments
(T1 to T4) as compared to surface irrigation. Among the micro sprinkler irrigation
treatments, water applied at 60% ET was recorded the highest application efficiency
followed by 80% ET.

The water use efficiency was highest in 60% ET (142.44 Kg.ha'.cm™), closely
followed by 80% ET (126.46 Kg.ha'.cm™). The lowest WUE was noticed in surface
irrigation (49.37 Kg.ha'.cm™).

All the micro sprinkler irrigation treatments recorded higher benefit — cost ratio
(2.75 to 3.42). In surface irrigation, benefit: cost ratio was 3.32. The highest net
return of (81,097 Rs.ha!) was in 100% ET closely followed by 80% ET (70,231
Rs.ha™!). The lowest net returns were noticed in surface irrigation (66,244 Rs.ha™')
and 60% ET (58,375 Rs.ha™!).

The estimation of projected additional returns also showed encouraging trends.
The water saved by different micro sprinkler irrigation levels varied from 39.07%
for 120% ET to 66.4% in 60% ET. By using the saved water, an additional yield of
37.82 g-ha! was produced in 60% ET followed by 80% ET (28.97 q.ha™"). In conclu-
sion, the projected net return were highest in 60% ET (1,73,787 Rs.ha™).

10.6 SUMMARY

During December 2011 to April 2012, field experiment was conducted at Raichur —
India under semiarid climatic conditions. The performance of micro sprinkler irriga-
tion for groundnut at 60, 80, 100 and 120% of ET was compared with surface irriga-
tion. The experiment was laid out with groundnut variety R-2001-2 in a randomized
block design with five treatments replicated four times with plot size of 81 m?. The
soil of experimental field was sandy loam. The study revealed that maximum water
use efficiency was (142.44 kg.ha™'.cm™) at 60% of ET followed by (126.46 kg.ha™'.
cm™) at 80% of ET and minimum of (49.37 kg ha™' cm™) with surface irrigation.

Irrigating at 100% ET (23.86 100 kg.ha™) recorded the highest yield with the
water usage of 207.2. The water saved in micro sprinkler over surface irrigation
was 66.41%, 57.29%, 48.18% and 39.07% for 60, 80, 100 and 120% of ET. The
uniformity coefficient of the system was 87.69% at 1.4 kg/cm? pressure. The maxi-
mum application efficiency was for 60% ET (82.80%) and 72% in surface irrigation,
respectively. The treatment T, (100% of ET) was best in terms of yield and growth
parameters in sandy soils under semiarid conditions.
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APPENDIX I - LIST OF ABBREVIATIONS

% Percent

@ At the rate of

ASAE American Society of Agricultural Engineers
BBF Broad bed furrow

CDh Critical difference

cm Centimeter

cm hr! Centimeter per hour

cm™ Square centimeter

CPE Cumulative pan evaporation

CU Coefficient of uniformity

cucC Christiansen’s uniformity coefficient
Ccv Coefficient of variation

DAS Days after Sowing

DPR Delivery performance ratio

dS/m Deci Siemens per meter

€, Application efficiency

EC Electrical conductivity

€, Distribution efficiency

ET Evapotranspiration

FAO Food and Agriculture Organization
FYM Farm yard manure

gmcc! gram per cubic centimeter

gm | gram per liter

ha hectare

ha cm hectare centimeter
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hp Horse power

hr Hour

w Irrigation water

IWUE Irrigation water use efficiency

k, Crop coefficient

kg Kilogram

kg cm™! Kilogram per centimeter

kg ha'! Kilogram per hectare

kgha'lcm™  Kilogram per hectare per centimeter
kg ha'mm™' Kilogram per hectare per millimeter
kg m™ Kilogram per cubic meter

kgf cm™ Kilogram force per square centimeter
km hr™! Kilometer per hectare

K Pan coefficient

Kpa Kilo Pascal

LAI Leaf area index

LLDPE Linear low density polyethylene

Ipd liters per day

Iph liters per hour

m Meter

M ha Million hectare

m? Square meter

Mg ha™! Million gram per hectare

MIS Micro irrigation system

mm millimeter

MSI Micro sprinkler irrigation

MSL Mean sea level

Mt Metric ton

NPK Nitrogen, Phosphorus and Potassium
PVC Poly vinyl chloride

qha™ quintals per hectare

RBD Randomized block design

RPM Revolutions per minute

Rs Rupees

Rsha™ Rupees per hectare

SEM Standard error mean

SMC Soil moisture content

tha! Tons per hectare

TSS Total soluble salts

WUE Water use efficiency
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APPENDIX Il - SAMPLE CALCULATION OF WATER REQUIREMENT
OF GROUNDNUT

a. The daily water requirement of groundnut crop for micro sprinkler irriga-
tion was calculated by using the following equation:
Q=[AxBxCJ[E]=[(6 % 0.7) x 0.85 x 1][0.8] = 4.46 mm/day
where, Q = quantity of water required mm/day, A = daily evapotranspira-
tion, mm/day = pan evaporation x pan coefficient, B = amount of area cov-
ered with foliage (canopy factor), fraction, C = crop coefficient, fraction, E
= efficiency of micro sprinkler irrigation system, % (80%)

b. The amount of irrigation water to be delivered through surface method of ir-
rigation for groundnut crop was calculated by using the following equation:
d=AWC x A xd =[(18-7.56)/100] x 1.61 x 15=2.52 cm = 25.2 mm or
25 mm

APPENDIX 111 - ECONOMICS OF GROUNDNUT CROP UNDER
MICRO SPRINKLER AND SURFACE IRRIGATION

A. Establishment Cost of Micro Sprinkler Irrigation System, Rs ha!

1%0. Particulars CROSS.t Appo;l;i:;:g)value
1 Submersible pump 17,400 1,160
2 Screen filter ( m® hr') 3,500 350
3 Main line PVC 63 ¢ mm 23,435 2,343.5
4 Sub main PVC 32 ¢ mm 51,150 5,115
5 Micro sprinklers 3,705 370.5
6 Control valves 63 ¢ mm 1,260 126
7 Control valves 32 ¢ mm 8,928 892.8
8 PVC Tee 32 ¢ mm 1,815 181.5
9 Coupler PVC 32 ¢ mm 300 30
10 Elbow PVC 32 ¢ mm 913 91.3
11 Tee four way PVC 63 ¢ mm 3,100 310
12 PVC fitting and accessories 2,500 250
13 Installation charges 1,200 120
Sub Total 119,206 11,340.6
Interest on fixed investment @ 14,304.72 1,360.87
12%

Total 133,510.72 12,701.47
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Fixed cost for submersible pump == 17,400 /15 =1,160 Rs/Year

Fixed cost for PVC pipe == 3,500/10 =350 Rs/Year

B. Cost of Micro Sprinkler Irrigation

S. No. Particulars Cost Rs.
1 Ploughing ( Rs ha™) 350.00

2 Harrowing ( Rs ha™) 350.00

3 Manure spreading ( Rs ha™) 480.00

4 Bed preparation ( Rs ha™') 480.00

5 Weeding ( Rs ha™) 1600.00
6 Spraying ( Rs ha™) 240.00

7 Harvesting ( Rs ha™') 1000.00
8 Electricity charges (Lump sum) 800.00

9 Seed (Rs ha™) 9,600

10 FYM (Rs ha') 3,125

11 Fertilizers ( Rs ha™) 9073.30
12 Variable cost ( Rs ha™) 27,098.3
13 Fixed cost ( Rs ha™) 6,350.74
14 Total cost ( Rs ha™') 33,449.04

Fixed cost for micro sprinkler irrigation is the apportioned value of the

establishment cost of micro sprinkler irrigation system. Apportioned value is the life

of the material.
Sub Total of the apportioned value (fixed investment) = Rs 11,340.60
Interest on fixed investment @ 12% = Rs 1,360.87

Fixed cost = Rs 12,701.47

The system can be used for two seasons in a year. Therefore, the fixed cost for
one season will be Rs. 12,701.47/2 = Rs. 6,350.74 per season.
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C. Cost of Surface Irrigation
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S. No. Particulars Cost Rs.
1 Ploughing ( Rs ha') 350.00

2 Harrowing ( Rs ha™') 350.00

3 Manure spreading ( Rs ha™) 480.00

4 Weeding ( Rs ha) 2,200.00
5 Spraying ( Rs ha™) 640.00

6 Harvesting ( Rs ha™') 1,000.00
7 Electricity charges (Lump sum) 800.00

8 Seed (Rs ha™) 9,600

9 FYM (Rs ha™) 3,125

10 Fertilizers ( Rs ha™) 9,073.30
11 Variable cost ( Rs ha™) 27,618.30
12 Fixed cost (Rs ha) 938.28

13 Total cost (Rs ha™) 28,556.58

Fixed cost of the surface irrigation is calculated by considering apportioned

value of

- Submersible pump Rs 1,160.00
- Pipeline = Rs365.50

- Fittings and accessories = Rs 100.00

- Installation charges = Rs50.00
Sub Total = Rs 1,675.50
- Interest on fixed = Rs201.06

investment @ 12%
Grand Total

Rs 1, 876.56 for two seasons
= Rs 938.28 for one season.
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11.1  INTRODUCTION

Agriculture contributes about 35% of national income in India. Since agricultural
production is mainly affected by inputs provided, one of the most important input
is irrigation. The average annual rainfall in the Maharashtra State is about 1300 mm
of which 88% occurs during the south-west monsoon. The net irrigated area of Ma-
harashtra State in 2006—07 was 3.246 million-ha with gross irrigated area of 3.958
million-ha. The percentage of gross irrigated area to gross cropped area in 200607
was 17.5 [2].

Water is a key input for all recommended agronomic practices and therefore
efficient utilization of irrigation water is essential. The objective of irrigation is to
maintain the soil moisture at optimum levels in the plant root zone, so that root zone
will have a constant supply of moisture with adequate aeration.

Wheat is the leading source of protein in human food, having higher protein
content than either maize (corn) or rice and the other major cereals. In terms of total
production used for food, it is currently second to rice, as the main human food in
India. Wheat grain is a staple food used to make flour for leavened, flat and steamed
breads, biscuits, cookies, cakes, breakfast cereal, pasta, noodles, couscous and for
fermentation to make beer, other alcoholic beverages or biofuel. Wheat is one of
the most important cereal crops of the world on account of its wide adaptability to
different agro climatic and soil conditions. Global wheat production has declined
substantially in past few years. In 2007-08, the global wheat production was 604
million-tons.

Wheat is the most important cereal crop in India also. It is sown in 27.5 million-
ha with total production of 80.58 million-tons (2008-2009). The average yield of
wheat is 2700 kg/ha. Area and production of wheat in Maharashtra was 1.022 mil-
lion-ha and 14.83 million-tons, respectively during 2008—-2009 with the productivity
of 1452 kg/ha [10]. Average productivity is much lower than the national average
because of high temperature and low humidity. In cultivation of high yielding wheat
varieties, irrigation assumes greater importance because during growing season of
crop (October to April), weather remains relatively dry.

In Wheat, different growth stages are crown root initiation, tillering, jointing,
boot flowering, milk and dough that are well delineated. Experiments conducted
to study the important stages critical in their demand for water have clearly indi-
cated that some stages can tolerate moisture stress to a certain extent. Most of the
researchers have observed that in case of dwarf varieties of wheat, irrigation at the
crown root initiation stage (20-25 days after sowing) resulted in maximum produc-
tion per unit of water applied and therefore this stage is considered as the most criti-
cal stage for irrigation.

Crop water requirement is the quantity of water needed for normal growth, de-
velopment and yield and may be supplied by precipitation or by irrigation or by
both. Water is needed mainly to meet the demands of evaporation (E), transpiration
(T) and metabolic needs of the plants. The water requirement of any crop is depen-
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dent upon: variety, growth stage, duration, plant population and growing season;
and soil factors: texture, structure, depth, and topography; climatic factors: tem-
perature, relative humidity and wind speed; and crop management practices: tillage,
fertilization, weeding, etc.

Irrigation aims to restore soil water in the root zone to a level at which crop
can fully meet its evapotranspiration (ET) requirement. The amount of water to
be applied at each irrigation and how often a soil should be irrigated depends on
several factors: the degree of soil water deficit before irrigation, soil type, crops and
climatic conditions.

Over irrigation wastes water, energy and labor, leaches expensive nutrients be-
low the root zone of the plants and reduces the soil aeration and thus crop yields.
Whereas under irrigation stresses the plant and causes yield reduction. Therefore,
adequate irrigation scheduling requires a sound basis for making irrigation deci-
sions. The level of sophistication for decision making is based on personal experi-
ence to expensive computer aided instrument and using soil water and atmospheric
parameters.

Irrigation scheduling is the systematic method by which producer can decide:
when to irrigate and how much water to apply. The goal of effective scheduling
program is to supply the plants with sufficient water while minimizing losses to
deep percolation or runoff. Irrigation scheduling depends on soil, crop, atmosphere,
irrigation systems and operational factors. Several approaches for scheduling irriga-
tion have been used by scientists and farmers.

Irrigation scheduling techniques can be based on soil water depletion approach,
plant indices, climatic approaches, critical growth stage approaches and plant water
status itself. In soil water depletion approaches, the available soil moisture in the
root is a good criterion for scheduling irrigation. When the soil moisture in a speci-
fied root zone depth is depleted to a particular level (which is different for different
crops), it is replenished by irrigation. In plant indices, as the plant is the user of wa-
ter, it can be taken as a guide for scheduling irrigation. The deficit of water will be
reflected by plants itself such as dropping, curling or rolling of leaves and change in
foliage color as indication for irrigation scheduling. In critical growth approaches,
irrigation scheduling at growth stage of crop at which moisture stress level reaches
to irrevocable yield loss. These stages are known as critical period or moisture sensi-
tive period. In plant water status approaches, water content in plant itself is consid-
ered for scheduling irrigation however it is yet common use for wants of standard
low cost techniques. Whereas in climatologically approach, the amount of water
lost by evapotranspiration is estimated from climatic data. When ET reaches to a
particular level, irrigation is scheduled. The amount of irrigation given is either
equal to ET or fraction of ET. Different methods of climatic approaches are IW/CPE
ratio method and pan evaporation method. In IW/CPE approach, known amount of
irrigation water is applied when cumulative pan evaporation reaches predetermined
level. For practical purpose, irrigation should be started when allowable depletion
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of available moisture in the root zone reaches. The available water is soil moisture,
which lies between field capacity and permanent wilting point.

Thus scheduling provides information to the managers to develop irrigation
strategies for each plot of field. Keeping these points in view, this study was con-
ducted:

1. To assess optimum water requirement of wheat crop using different levels

of IW/CPE approach of irrigation scheduling.

2. To study the soil moisture depletion and water use efficiency for different

irrigation scheduling.

3. To study the effects of different irrigation scheduling on growth and yield of

wheat crop.

11.2 REVIEW OF LITERATURE

11.2.1 IRRIGATION SCHEDULING BASED ON CRITICAL
STAGES WHEAT

Choudhary and Kumar [10] compared mild, moderate and severe stress treatments
with a no stress control. At all stages of moderate and severe water stress decreased
plant height, leaf area, ear number, 1000 grain weight, grain yield and water use ef-
ficiency (WUE) of wheat. In stage 3, the effect of water stress on straw yield was not
marked. Wheat was most sensitive to water stress during stage 1, when the reduction
in grain yield was caused by a reduction in number of ears and grains per ear. In
stage 2, grain yield reduction was due to fewer grains per ear and a lower 1000-grain
weight. On rewatering, mild stressed plants showed recovery of plant height, tiller
number and yield. Results indicated that wheat crop should be irrigated at a IW/CPE
ratio of 0.75. Under limited water resources with an unlimited water supply, the ratio
may be increased to 1.2 in stage 2 to maximize the yield.

Hassan et al. [18] identified wheat growth stages that are most sensitive to soil
moisture stress. Treatments included three seeding rates (75, 100 and 150 per ha),
seven drought treatments affected by missing one or two consecutive irrigations at
different growth stages. With holding irrigation at any growth stage prior to anthesis
had detrimental effects on most of the growth characters and stress during crown
root initiation (CRI) and reduced most of the yield characters. Missing two consecu-
tive irrigations at any given growth stage reduced grain yield more than did missing
one irrigation. The greatest reductions in grain yield were 13 and 65% when one
irrigation was missed at CRI and two consecutive irrigations were missed at jointly
(the most sensitive growth stage), respectively of grains, spike number, spike length,
leaf area and number of tillers. A seeding rate of 100 kg/ha produced best wheat
performance.

Chavan and Pawar [9] carried out investigations on wheat (7riticum aestivum) to
find out crop coefficient (Kc) values for various stages using CU of water by wheat
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and ET crop (mm) computed by modified Penman equation. The results indicated
that the Kc values were 1.783, 0.878, 0.919, 0.869, 1.081 and 1.591 for sowing to
crown root initiation (21 days), CRI to tillering (19 days), tillering to jointing (15
days), jointing to flowering (20 days), flowering to milk (15 days) and milk to ma-
turity (21 days) stages, respectively. Vijaykumar et al. (1987) stated that the number
of effective tillers was significantly influenced by irrigation frequencies. Maximum
number of grains per spike was observed up to three irrigations, further increases
with increase in number of irrigations was not significant. Ear-head length increased
with the increase in frequencies of irrigation up to 4000 grain weight followed the
same trend as followed by the grain yield of the wheat.

Chauhan [8] concluded that 6 ds/m EC of water with 4 irrigations (at cross root
initiation, tillering, flowering and milk stage) and EC 12 ds/m (high salt concentra-
tion) with 2 irrigations (cross root and milk stages) were effective to grow wheat.

Rathore and Patel [36] found that five irrigations (at cross root initiation, tiller-
ing, jointing, flowering and dough stages) in late sown wheat were optimum during
dry crop season. Under the normal crop season (with rainfall 108.9 mm), only three
irrigations (at cross root initiation, jointly and milk stage) were needed. Three irriga-
tions were optimum in late sown wheat in clay loam soil, irrespective of seasonal
variations. Application of 120 kg N/ha gave significantly highest grain yield, and
water use efficiency was higher at lower levels of irrigation. Maximum net returns
were recorded with five irrigations and 120 kg N/ha of fertilizer.

Deshmukh et al. [10] observed that most critical stages were CRI and flowering
(F) stages based on moisture stress. Significant reduction in productivity was noticed
due to deleting irrigation at the CRI (33%) and flowering (25%) stages compared
to no stress. Maximum tillering, late jointing and milk stages were less sensitive
(critical) stages in Vidarbha region of Maharashtra State. Bhoi et al. [5] concluded
that wheat can be grown successfully with 1 to 4 irrigations applied at most critical
growth stages, depending on the number of irrigations available. Satisfactory wheat
yield may be obtained under lower investment of fertilizers when NPK doses are
decided on the basis of soil test crop response.

Maliwal et al. [25] indicated that 4 irrigations at presowing, cross root initiation,
tillering and flowering under restricted water supply gave consistently higher grain
yield of wheat during all years. The WUE was also higher. The quality of wheat
grain (Lysine and tryphoton) was not affected due to reduction in number of irriga-
tions under constraint of irrigation water than normal recommended irrigation.

Thakur et al. [43] conducted an experiment on sandy-loam soil at Ranchi to
estimate the energetics of wheat (Triticum aestivum) under different levels of irriga-
tion, seed rate and fertilizer. It was observed that wheat cultivation required 92.9%
more indirect sources of energy than direct sources of energy input. The crop with
4 irrigations at CRI, maximum tillering, best and milk stress produced 4071 Kg of
grain/ha and consequently gave 33.8 and 32.4% higher energy through grain and to-
tal biomass respectively along with higher grain (3.08), total biomass (6.55) energy
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use efficiency and required less specific energy (4,769 MJ/ton) than 3 irrigations at
maximum tillering, root and milk stores (44,717 MJ/ha grains and 96,092 MJ/ha
biomass energy output). Thakur et al. [43] also found that wheat crop receiving 4
irrigations at crown root initiation, maximum boot and milk stages gave maximum
grain (2,707 kg/ha) and straw (4,164 kg/ha) yields, with net return of Rs. 11,855/ha
and benefit-cost ratio (BCR) of 1.31. This treatment showed significant edge over
all over irrigation treatments except the crop receiving 3 irrigations at maximum
tillering, boot and milk stages (2,523 kg/ha grain yield) and Rs. 10474/ha of net re-
turn and 1.23 BCR). At 2 irrigations, wheat irrigated at maximum tillering and milk
stages gave the maximum grain (112,011 kg/ha) and straw (2,823 kg/ha) yields, with
net return of Rs. 7,328/ha and BCR of 0.92/ha.

11.2.2 EFFECTS OF IRRIGATION SCHEDULING BASED ON
IW: CPE RATIOS ON PERFORMANCE OF WHEAT

Prihar et al. [33] suggested that most of the scheduling methods are not sufficiently
simple to be adopted by farmers. Recently a more practicable approach is based on
the ratio of fixed amount of irrigation water (IW) to pan evaporation. IW/EPAN of
0.75 irrespective of growth stage produced as much grain yield as gravity irrigation.
However, the farmer used 12 cm less irrigation depth. There was no grain in the
yield by combining the IW/EPAN with growth stage. These results indicated that
irrigating wheat, sown after a presowing irrigation, on the basis of IW/EPAN ir-
respective of growth stages, offered practical approach to economic irrigation water
without reduction in yield.

Chaudhary and Bhatnagar [7] concluded that the wheat crop developed a more
extensive root system when the first irrigation was applied after 26 days than after
40 and 54 days with the first irrigation on the 26th day. The crop, receiving subse-
quent irrigations less frequently but at a heavier rate, developed a deeper root system
than the crop receiving frequent and light irrigations. The water extraction pattern
was corresponded with the root distribution pattern. A relatively small difference
in root density in the deeper layers caused a greater difference in soil water content
than in the upper layers. Light and frequent irrigations produced maximum grain
yields. However, for developing on extensive root system and enhancing water uti-
lization in the subsoil, an early light irrigation seems desirable with subsequent ir-
rigations applied less frequently at a relatively heavier rate.

Reddy et al. [37] evaluated that irrigation scheduling of 60 mm depth of irriga-
tion when CPE was 60 mm (IW/CPE = 1.00) was optimum for wheat, while 60 mm
depth of irrigation when CPE was 50 mm (IW/CPE = 1.2) was optimum for maize.
The ratios IW/CPE were able to increase with the advance of the season. The ra-
tios were higher in maize than wheat. The CCE during the different stages of crop
growth varied from 60.6 and 69.0 mm in wheat and from 51.5 to 94.0 mm in maize.
Paradkar et al. [27] used IW/CPE ratio of 0.8, 1.0 and 1.2 in wheat. Four irrigation
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depths (30, 50, 70 and 90 mm) were used as sub treatments. The highest grain yield
was obtained at IW/CPE ratio of 1.2 with 30 to 50 mm water per irrigation. The
preirrigation soil water potential was highest in plots under irrigation based on IW/
CPE of 1.2 and it decreased as the number of irrigations was reduced and quantity
of irrigation water was increased. Based on two years crop performance, it was con-
cluded that the irrigation scheduling in moderately sodic clay soil should be based
on the IW/CPE of 1.2 with 50 mm depth of water per irrigation.

Gill and Lenvain [14] found that irrigation interval between 50 to 75 mm COPE
and irrigation depth based on R ., to R, were satisfactory. Lower wheat yields
indicated that physical condition at the soils contributed towards wheat response to
irrigation. They recommended evaluation of open pan based irrigation scheduling
for other climate conditions and consideration of the physical conditions of a soil to
predict crop response to irrigation. Sharma [38] found that an increase in IW/CPE
ratio resulted in greater relative growth rate, yield attributes and yield of wheat.
The seasonal ET of crop with 1.0 IW/CPE ratio was 332.4 and 338.5 mm of which
75.7 and 69.0 mm was extracted from 0—0.90 m soil profile during 1986—1987 and
1987-1988, respectively. Most of the seasonal ET of crop took place from 0-0.15 m
soil layer and increased from lower layers with an increase in IW/CPE ratio. How-
ever, the total among the seasonal ET from all the layers was greater under higher
IW/CPE rate. Maximum WUE of 6.49 and 6.55 kg of grain/mm of ET was recorded,
when irrigation was given at 1.0 IW/CPE ratio than at the other rates.

Mishra et al. [26] concluded that irrigation of the crop at 0.75 IW/CPE ratio gave
the grain yield and yield component similar to that at five critical growth stages of
wheat. However, at 0.75 IW/CPE ratio, 32% irrigation water was saved. The wheat
crop exhausted more moisture at 0—60 cm depth that at deeper layers. The response
of grain yield and yield component to N was significant up to 90 kg/ha. Singh and
Mohan [39] used 6 cm of irrigation depth on the basis of IW/CPE ratio of 0.6,0.8,
1.0 and 1.2 in sugarcane field. CPE values were computed after accounting for rain-
fall in each year individually. The yield and yield attributes were highest. At IW/
CPE ratio of 1.0, WUE was decreased with increase in irrigation efficiency. Nev-
ertheless, relatively more water was extracted from the upper layer in 1.2 IW/CPE
ratio as compared to other treatments. Soil moisture extraction from deeper layer
was comparatively higher under lower ratios (0.6 to 0.8) than 1.0 and 1.2 ratios.

Bandyopadhyay [3] found that the actual evapotranspiration was 239.08 mm
and water uptake was maximum (56.5%) from the 0—15 cm depth and it gradually
changed with soil depth. Also higher rainfall and its good distribution resulted in
sizeable deep drainage and nonsignificant yield response to irrigation regimes.

Imtiyaz et al. [20] found that the higher mean marketable yield of cabbage (71.65
tons/ha), spinach (33.63 tons/ha), rapeseed (73.22 tons/ha), carrot (56.66 tons/ha),
tomato (46.81 tons/ha) and onion (56.05 tons/ha) were recorded for irrigation sched-
uling at CPE of 22, 11, 22, 22, 22 and 11 mm, respectively. The irrigation at CPE of
22 mm resulted in higher irrigation production efficiency of cabbage (11.32 kg/m?),
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spinach (3.35 kg/m?), carrot (9.83 and 6.66 kg/m?), tomato (5.9 kg/m?) and onion
(6.26 kg/m®) but rapeseed (12.03 kg/m?) gave higher irrigation production efficiency
at IW/CPE of 33.55 mm. Irrigation scheduling at 22 mm of CPE resulted in a higher
net return of 4713100, 10439800, 7669100 and 9319200 kg/ha for cabbage, rape-
seed, carrot and tomato, respectively. The spinach and onion gave a higher net return
0f 27086 and 839434 P/ha at 11 mm of CPE (1 US § =4.55 P). Irrigation scheduling
at 22 mm of CPE gave a higher B:C ratio 0f 2.92, 1.94, 5.40, 4.98, 4.91 and 4.82 for
cabbage, spinach, rapeseed, carrot, tomato and onion, respectively. Seasonal water
applied and marketable yield of vegetative crops exhibited quadratic relationship
(R? = 0.85-0.99). The fitted regression models attained the maximum yield, net
return and B:C ratio at CPE of 16—18 mm. The results revealed that rapeseed is the
most remunerative crop followed by tomato, onion, carrot, cabbage and spinach.

Mohamod (23) conducted the experiment on irrigation scheduling on the basis
of cumulative pan evaporation (CPE). Wheat at seed rates of 100, 125 and 150 kg/
ha was irrigated using IW:CPE ratio of 0.70, 0.90, 1.10 and 1.3. Data on agronomic
traits like plant height, tillers/m, grains/spike, 100-grain weight, grain yield, straw
yield, harvest index and WUE were collected. Statistical analysis suggested that
wheat was quite responsible to increase in irrigation as well as seed rate. Highest
irrigation and seed rate produced greater plant population/m? and thus, the com-
petition among plants was increased. There was reduction in important yield attri-
butes like grains/spike and 1000 grains weight, which ultimately produced less grain
yield. It as inferred that wheat should be sown at the rate of 125 kg/ha and should be
irrigated at IW:CPE ratio of 0.9, to obtain maximum production.

Singh et al. [40] found that narrow row spacing of 15 cm using 205 kg of seed/
ha resulted in significant higher grain yield (2990 kg/ha) compared with 2790 kg/
ha under normally used spacing of 22 cm @ 140 kg seed/ha. Significant increase in
yield was recorded upto 150 kg of N/ha and it did not differ significantly with that
obtained with 180 kg of N/ha. Irrigations at IW:CPE of 0.8, with each irrigation of
6.0 cm, recorded significantly higher grain yield (2950 kg/ha) than with irrigation at
IW:CPE 0.6. Increase in irrigation levels decreased WUE. The highest WUE of 76.4
and 66.9 kg grain/ha-cm during 1998-99 and 1999-2000, respectively was recorded
with narrow spacing. Narrow row spacing recorded higher net return (Rs. 11,729
and 10156/ha) and benefit-cost ratio. The highest net returns and benefit-cost ratio
were obtained with 6 cm irrigation depth at IW:CPE ratio of 1.0 and IW:CPE ratio
of 0.8 during 1998-99 and 1999-2000, respectively.

Parihar and Tiwari [28] concluded that irrigation at 1.2 IW:CPE ratio gave sig-
nificantly higher grain yield than 0.6 and 0.9 ratios. Application of 120 kg N/ha
gave higher yield and yield attributes than 80 kg N/ha. Total nutrient uptake was
positively influenced by irrigation and N-levels. Total water use was lowest (29.60
cm), while WUE was highest with 0.6 IW:CPE ratio. The WUE was decreased with
increase in frequency of irrigation. The moisture depletion from upper soil layers
(0-60 cm) was higher than lower layers (60-90 cm). However, total profile moisture
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contribution was highest with limited water supply (0.6 IW:CPE) and decreased
with the increase in number of irrigations. Canopy temperature was comparatively
lower than ambient temperature under higher moisture (1.2 or 0.9 IW:CPE) than
lower moisture regime (0.6 IW:CPE).

Channagoudar and Janawade [6] studied performance of onion under four ir-
rigation scheduling’s based on 0.1, 1.1, 1.3 and 1.5 IW/CPE ratios four sulfur levels
@ 0, 20, 40 and 60 kg of S/ha. The results indicated significantly higher bulb yield
(18929 kg/ha) and yield components like bulb length, bulb diameter and weight of
20 bulb at 1.5 IW/CPE ratio irrigation scheduling compared to 0.9, 1.1 and 1.3 TW/
CPE ratios. The growth components (plant height, number of leaves, leaf area, leaf
area index, leaf area duration and total dry matter production per plant) were also
higher at 1.5 IW/CPE ratio. Application of 40 kg S/ha recorded significantly higher
bulb yield (17060 kg/ha). Similar trend was observed in yield components and sul-
fur uptake. Significantly higher TSS (12.26%) and pyruvic acid (301 p mol/g) con-
tent in onion bulbs were recorded with 60 kg of S/ha compared to 20 kg S/ha and no
sulfur application but was on par with 40 kg S/ha.

Kumar et al. [22] studied the feasibility of using microsprinkler, drip irrigation
system for vegetable production in a canal command area. These systems were com-
pared with the existing flood irrigation method for onion production with four irri-
gation levels based on 0.60, 0.80, 1.00 and 1.20 IW/CPE ratios. Micro-sprinkler and
drip irrigation systems were also compared with fertigation rate of 100 (50:25:25
NPK), 150 (75:37.5:37.7 NPK) and 200 (100:50:50 NPK) kg/ha. Micro irrigation
systems resulted in higher onion yield and greater profitability than surface irriga-
tion at each irrigation level. However, microsprinkler irrigation indicated higher
economic benefits than drip irrigation. Micro-sprinkler, drip and surface irrigation
system based on 1.20 IW/CPE ratio produced maximum crop yields of 34.34, 33.10
and 22.57 tons/ha, respectively. Increased crop yield with microsprinkler and drip
irrigation resulted in higher profitability than existing surface irrigation. Reduction
in nutrient application by 25% in fertigation from the standard dose in flood irriga-
tion did reduce yield and net returns significantly. However, net return was sig-
nificantly higher in microsprinkler (67334 Rs./ha) than drip fertigation ((59930 Rs./
ha)). The overall results of the present study favored microsprinkler over existing
irrigation methods for onion production in a canal command area with higher profit
under limited available surface water.

Patel et al. [29] studied the effect of irrigation levels based on IW:CPE ratio
(0.6, 0.8 and 1.0) and six levels of time of nitrogen application (100% based, 50%
as basal + 50% N at branching, 50% N as basal + 25% N at branching and 25%
N at flowering, 50% as basal + 25% N at branching + 25% N at podding, 50% N
as basal + 25% N at flowering + 25% N at podding, 25% N as basal + 25% N at
branching + 25% N at flowering + 25% at podding shade) on seed yield, straw yield
and economics of French bean. Irrigation scheduling at 1,0 IW:CPE ratio recorded
significantly higher seed and straw yield, net returns and benefit-cost ratio. Among
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the time of nitrogen application, application of half nitrogen as basal and remaining
half nitrogen at branching stage was most effective mode of nitrogen application by
recording the highest seed yield, straw yield, net returns and BCR.

11.2.3 EFFECTS OF IRRIGATION SCHEDULING ON WATER
USE EFFICIENCY

Doorenbos and Pruitt [12] stated that the management allowable depletion (MAD)
is the degree to which volume of water in the soil is allowed to be depleted before
the next irrigation is applied. MAD is considered as the ratio of readily available
water and available water. The desired MAD value of maize crop was 0.65.

Batra and Rai [4] conducted a field studies on root crop production using six
main plot treatments comparing three irrigation intensities (ID/CPE 0.4, 0.8 and 1.2)
and on seed crop using three irrigation intensities (ID/CPE 0.2, 0.4 and 0.6). Plant
height, fresh foliage, weight /plant and root weight/ plant increased significantly
under irrigation scheduling of root crop at 0.8 and 1.2 over 0.4. Length and diameter
of roots were also improved. Irrigation scheduling at 0.8 and 1.2 ID/CPE ratios
resulted in higher yield than under 0.4 ID/CPE. Dry matter content of both root and
leaf increased significantly under 0.8 ID/CPE than 0.4 and 1.2. Care diameter ap-
pearance of premature bolters and number of split roots increased with the increase
in irrigation intensity. Fertility was significantly lowered under ID/CPE 0.8 than
0.4 and 1.2. Carotene content declined with increase in irrigation intensity. Reduc-
ing sugar increased but nonreducing sugar decreased with increased in irrigation
intensity. Plant height and number of primary/ secondary branches per plant were
significantly higher under ID/CPE 0.4 and 0.6 than 0.2, in seed crops. Incidence of
lodging was increased with increased irrigation frequency. Seed yield/plant and per
hectare increased significantly under ID/CPE 0.4 and 0.6 than 0.2. Consumptive
water use increased with the increase in the irrigation frequency, but higher WUE
was observed in the driest moisture regime (ID/CPE 0.4). Leaf water potential was
decreased with aging of crop, irrespective of different irrigation treatments. How-
ever, higher leaf water potential was observed in carrot roots as well as seed crop
irrigated at higher available soil moisture status. Alam [1] observed similar results.

Prasad et al. [32] concluded that optimum irrigation scheduling was at IW/CPE
ratio of 1.0 receiving 3 to 4 irrigations of 6 cm each. Response to N ranged from
60 to 120 kg/ha due to significant interaction between irrigation and N. Water use
efficiency was higher in the drier regime. Phogat et al. [31] studied sugarcane per-
formance under with three irrigations levels of 0.9, 0.7 and 0.5 IW/CPE ratios. Irri-
gation applied at 88 mm open pan evaporation (IW/CPE = 0.9) produced maximum
yield of 85.2 tons/ha. Gajri et al. [13] stated that a small early irrigation and/or deep
tillage reduced soil strength and stimulated crown root development and increased
the rate of root extension down the profile. The better root growth in tilled /early irri-
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gated crop increased profile water depletion, dry matter production and grain yield.
Singh and Uttam [41] found that water use for wheat was higher with 3 irrigations.

Solanki and Patel [42] found that Irrigation at IW/CPE ratio of 1.25 produced
significantly higher dry fodder yield (9920 kg/ha) of Lucerne. Kibe and Singh [21]
evaluated effects of irrigation, nitrogen, zinc and their interactions on yield and
moisture use by wheat. Progressive increases, in irrigations from 0 to 4 and N levels
from 0 to 100 kg/ha, increased wheat yield attributes to grain yield significantly over
the control treatments (I, and N ). The average seasonal consumptive water use (Cu)
by wheat was increased with every additional irrigation level to a maximum of 328.4
mm and 307.7 mm in the first and second season, respectively. On an average WUE
was the highest (1.38 kg grain/m®) with I,. However, the straw yield (680.85 kg/ha)
and grain yield (3962.5 kg/ha) were highest with I,. The average moisture use rate
was increased with increase in irrigation to a maximum of 2.63 mm/day. Maximum
moisture extraction of 59.4 to 65.8% was from the 0—30 cm and minimum (7.10 to
5.32%) from 90—-120 cm soil depth.

Wajid et al. [44] studied the effects of cultivars and irrigation regimes on water
use efficiencies that were calculated from total water applied and crop evapotranspi-
ration. Four irrigations (I, = control, I, = Irrigation up to stem elongation, I, = Irriga-
tion from stem elongation to maturity and I, = full irrigation treatments based on soil
moisture deficit) were applied to each cultivar. Irrigation treatments were managed
to induce a range of drought from full irrigation to no irrigation from the emergence
to physiological maturity. They concluded that for each mm of crop ET, 3.27 g/m?
of total dry matter (TDM). The yield was increased by 10.7%. Fully irrigated crop
produced 93.18%, higher yield over control treatment. In treatments with drought
before or later anthesis, the primary cause of reduced efficiencies was a decrease in
intercepted light.

Hosmani and Janawade [19] found that the groundnut pod yield was higher in
IS, (2230 kg ha') and I S, (2140 kg ha') over no sand application I S, (1665 kg
ha™'). The harvest index was also significantly higher in I S, (0.40) and IS, (0.42)
over no sand application IS, (0.38). Highest consumptive use of water was recorded
in I,S, (control) 522 mm and it was reduced to 494 mm in I,S_. The highest water
use efficiency was observed in LS, (5.35 kg ha' mm') while minimum was 2.80 kg
ha' mm in I,S,. The available nutrients in soil after harvest of groundnut was also
higher in IS, P (25) and K (690 kg ha™") compared to no sand application P (16.5)
and K (510 kg ha™'). The soil moisture extraction was higher from surface layer
(0-15cm) 37.53 in [, to 42.23% in I,. Sand application marginally increased the soil
moisture extraction from surface soil layer 0-15 cm, 38.27% in S, and 37.09% in S
compared to S, (no sand application) 36.40%.

Maheshwari et al. [24] evaluated aerobic rice (Oryza sativa L.) productivity
under four irrigation regimes (at IW/CPE ratio of 0.8, 1.0, 1.2), micro sprinkler ir-
rigation once in three days, four N levels (100, 125, 150 and 175 kg/ha). Irrigation
at 1.2 IW/CPE ratio recorded significantly higher crop growth rate and yield with
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no moisture stress, minimal praline accumulation and sterility coefficient. N levels
with 150 and 175 kg N/ha produced higher yield. Hence, irrigation at 1.2 IW/CPE
ratio with 150 kg N/ha was optimum to realize the maximum productivity under
aerobic rice cultivation.

Patel et al. [30] found that summer groundnut irrigated at 40 mm cumulative pan
evaporation (CPE and 17 irrigations) gave higher values of consumptive use (795.8
mm), WUE (4.76 kg/ha/mm) and pod yield (3.79 tons/ha) compared to irrigation
scheduling at 50 and 60 mm of CPE. The soil moisture extracted from surface (0-30
cm) layers was maximum (49.88%) under 40 mm CPE, whereas from 45-60 cm
layer maximum (20.18%) was noted with 50 mm CPE. From deeper layer (4575
cm), highest moisture extraction was noticed with 60 mm CPE.

Hallikeri et al. [17] found that early sown cotton produced significantly higher
yield (2227 kg/ha) than late sowing in July (1809 kg/ha) and August (1004 kg/ha).
Irrigation at 0.8 IW/CPE ratio produced significantly more cotton yield (1807 kg
of seed /ha) compared to 0.4 or 0.6 IW/CPE ratios but was at par with 0.6 IW/CPE
ratio (1731 kg/ha). Productivity was affected to a greater extent by date of sowing
than irrigation levels. Loss in yield due to late sowing was not compensated with in-
crease in irrigation level. Different moisture regimes did not affect the fiber length,
fiber strength, fiber fineness and uniformity percentage. Fiber maturity was signifi-
cantly increased with 0.6 and 0.8 IW/CPE ratios. Cotton with best fiber quality was
produced with June sowing at 0.6 IW/CPE ratio, which can produce highest fiber
length, fiber strength, uniformity percentage and maturity ratio under transitional
tract of Dharwad.

Ramamoorthy et al. [34] found that hybrid sunflower yield and yield attributes
varied significantly during both summer and kZarif seasons of 2004 and 2005. Ir-
rigation at 0.80 and 0.60 IW/CPE ratios under alternate furrows and paired row sys-
tem of irrigation (80/40 x 30 cm) provided better performance than other treatment
combinations with regard to WUE, gross return, net return and B-C ratio.

Alan et al. (2010) found that a significant increase in average dry bean seed yield
(15% in 2006 and 46% in 2007) and in WUE (30% in 2005 and 50% in 2007) was
found in more frequently irrigated treatments (0-30 m root zone, split 0-30/0—-60
cm root zone, and 12-mm water depth) compared to less frequently irrigated treat-
ments (0—60 cm root zone and 50 mm water depth). Dry bean seed yield and WUE
may be maximized by keeping the majority of roots moist.

Rathod and Vadodaria [35] concluded that to obtain higher grain yield, the crop
should be irrigated either at critical crop growth stages (Crown root initiation, tiller-
ing late jointing, root, flowering, milking and drought stage) or at 0.9 IW/CPE ratio
by irrigating the crop with 8 irrigations each of 50 mm depth including one com-
mon irrigation of 50 cm after sowing for getting uniform plant stand in wheat. Sig-
nificantly highest WUE (20.28 and 24.07 kg/ha-mm) was recorded under 0.7 TW/
CPE. However, post emergence application of 1.0 kg isoproturon/ha significantly
recorded higher WUE (17.59 and 19.23 kg/ha-mm) than the other treatments during
1997-1998 and 1998-1999, respectively.
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11.3 MATERIALS AND METHODS

During winter (Rabi season) of 20102011, a field experiment was conducted to
study effects of open pan evaporation based irrigation scheduling on growth and
yield of wheat crop at the Wheat Ram Research Unit of Dr. Panjabrao Deshmukh
Krishi Vidyapeeth, Akola — India. The topography of the field was fairly uniform
and leveled. The climate of Akola is subtropical semiarid characterized by three
distinct seasons namely: summer becoming hot and dry from March to May, the
warm and rainy monsoon from June to October; and winter with mild cold from
November to February. Akola is situated in the subtropical zone at the latitude of
20°42’ North and longitude of 77° 02’ East. Altitude of the place is 307.41 m above
the mean sea level. Average annual precipitation is 750 mm and the major amount
is received during the period from June to September. Winter rains are few and un-
certain. The normal mean monthly maximum temperature during the hottest month
(May) is 42 °C while the normal mean monthly minimum temperature in the coldest
month (December) is 10.7 °C. The mean daily evaporation reaches as high as 19.0
mm in the month of May and as low as 3.00 mm in the month of August.

To determine important physical/ chemical properties of the soil, samples were
drawn from 0-60 cm depth at randomly selected spots spread over the experimental
area before sowing of the crop. A composite sample was prepared and analyzed.
Physical analysis was done as per the standard procedure. Similarly standard proce-
dure was used to perform chemical analysis of soil (Table 11.1).

TABLE 11.1 Physical and Chemical Properties of Soil

Soil property Value Analytical method

Mechanical composition

Sand (%) 14.78  Bouycous hydrometer method (Piper, 1966)
Silt (%) 33.69

Clay (%) 51.53

Soil texture Clay

Chemical composition
Soil organic carbon (%) 0.63 Walkyey and Black method (Piper, 1966)
Available nitrogen (kg/ha)  238.36  Modified Kjeldahl Method (Piper, 1966)

Available phosphorus (kg/  24.52  Olsen’s Method (Jackson, 1967)
ha)

Available potassium (kg/ha) 266.85 Flame photometric (Jackson, 1967)

pH (1:2.5 soil water ratio) ~ 7.84 Beckman’s Glass electrode pH meter (Jackson,
1967)

EC (ds/m) 0.77 Conductivity bridge from 1:2:5 soil water ratio
paste.
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The soil moisture constant in terms of field capacity and permanent wilting point
was determined using the standard procedure (Table 11.2).

TABLE 11.2  Soil Moisture Constants
Constant Value Analytical method
Bulk density (g/cm®) 0-30 cm layer 1.18 Core sampler method (Piper 1966)

Field Capacity (%) 0-60 cm 38.25 Pressure plate and pressure membrane
apparatus (Dastane, 1972)

Permanents wilting point (0-60 cm) 17.21  Pressure plate and pressure membrane
apparatus Dastane 1972)

The source of water was open well in wheat Research Unit. The water was con-
veyed to the field through pipe line. Before starting experiment, water was analyzed
to the check its suitability for irrigation (Table 11.3).

TABLE 11.3 Chemical Analysis of Irrigation Water

Item Value
pH 7.24
Ec (ds/m) 0.33
CO, 2.00
HCO, 8.00
ClI (meq/lit) 2.40
Ca (meq/lit) 2.00
[Ca + mg] (meq/lit) 2.40
Na (meq/lit) 3.20
SAR 2.63
RSC 0.40

11.3.1 EXPERIMENTAL DETAILS

The field experiment was laid out in randomized block design, with four replica-
tions and five treatments. In four treatments out of five, irrigation was scheduled
on the basis of various IW/CPE ratios and in one control treatment irrigation was
scheduled at critical growth stages of wheat. The layout of experiment is shown in
the Fig. 11.1. The pipe line with water meter is shown in Fig. 11.2. Treatments and
experimental details were:
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I, IW/CPE = 0.6
L IW/CPE = 0.8
I, IW/CPE=1.0
I, IW/CPE=1.2
L Control with six irrigations at Crown Root Initiation (CRI), Maximum
Tillering, Late Jointing, Flowering, Milking Stage and Dough Stage.
Crop details:
Crop Wheat
Scientific name Triticum aestivum L
Variety AKAW —4627
Experimental Design Randomized block design
Number of replications 4
Number of treatments 5
Number of plots 20
Interspace between replication/plot 2m
Season Winter 2010
Crop spacing 18 cm (row to row)
Seed rate 140 kg/ha
Recommended fertilizer dose 80:40:40(N:P:K)
Duration of crop 95 days
Date of sowing 13 Dec. 2010
Date of harvesting 30 Mar. 2011
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FIGURE 11.1 Experimental layout in a randomized block design.
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FIGURE 11.2 Irrigation scheduling with pipeline and water meter.

11.3.2 IRRIGATION SCHEDULING

For the purpose of irrigation scheduling the irrigation in various treatments, pre-
determined soil moisture constants were used. Total available water (TAW) is the
amount of water that is available for plant use. It is actually the difference of soil
moistures between field capacity and permanent wilting point. The total available
water was calculated using following formulae.

Orc = Opyp
TAW—[ 100 ]xyxZ,xlOOO 1)
where, TAW = total available water, (mm), Q,_= field capacity (%); prp = perma-
nent wilting point, y = bulk density (g/cc), and Z_= root zone depth of 60 cm soil
layer (cm).

Using soil moisture constants, firstly total available water was determined for
the experimental soil. For this purpose, depth of effective root zone was taken 60 cm
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for wheat crop. After determining TAW, depth of irrigation (IW in mm) was deter-
mined as follows considering the maximum allowable depletion of 50%:

IW = 0.50 x TAW )

Different moisture regimes were created by different irrigation scheduling based
on IW/CPE ratio. For this purpose, CPE for respective treatments of IW/CPE ratios
were determined using predetermined IW and values of ratios by using following
equation:

CPE =IW = ratio 3)

Pan evaporation data were recorded daily and cumulative figures were calculat-
ed subtracting the rainfall. In IW/CPE approach, a known amount of irrigation water
was applied when CPE reached a predetermined level, determined as per equation
(3).

In the control treatment, six irrigations were scheduled at six critical growth
stages of wheat crop: crown root initiation (CRI), maximum tillering, late jointing,
flowering, milking stage and dough stage. In this treatment, depth of irrigation was
determined by observing actual soil moisture before each irrigation, as follows:

TAW = [M]x yxZ, x1000

100 “)

where, IW = irrigation water, (mm); 0,. = moisture content at field capacity, (%);

0,, = Moisture content before irrigation, (%); y = Bulk density, (gm/cm’); and Z_=
Effective root zone depth, (m).

First common irrigation was given to all treatments just after sowing to bring
the experimental plots to field capacity. For this purpose soil moisture content was
determined before sowing to calculate the depth of irrigation of first common irri-
gation. In all plots, water was conveyed through pipeline and measured quantity of
water was applied using water meter (See Fig. 11.2).

11.3.3 AGRONOMIC PRACTICES

Wheat variety AKW-4627 is sown late and matures in 95 to 105 days. The seed was
obtained from the Wheat Research Unit at Dr. Panjabrao Deshmukh Krishi Vidyap-
eeth, Akola. The details of cultural operations carried out in the experimental plot
during the crop season are presented below:

Preparatory tillage:
Harvesting with disc harrow 1 18-11-2010
Harrowing with a blade harrow 1 19-11-2010
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Collection of crop residues 1 21-11-2010
Leveling 1 27-11-2010
Layout and opening of irrigation channels 1 10-12-2010
Fertilizer application:

Recommended half dose of N at sowing 1 13-12-2010
Recommended full dose of P,O, and K,O at 1 13-12-2010
sowing

Recommended half dose of N top dressing 1 12-1-2011
Sowing:

Marking of row by hand marker 1 13-12-2010
Sowing 1 13-12-2010
Other post sowing operations:

First hand weeding 1 5-1-2011
Second hand weeding 1 28-1-2011

Irrigation — as per treatment:

Harvesting and threshing:

Harvesting 1 30-3-2011
Threshing 1 30-3-2011

On 13th December 2010, sowing was done using seed rate of 140 kg/ha. After
sowing, irrigation was given to each plot for seed germination and it was observed
till 6th day after sowing (DAS). The recommended dose of fertilizer for wheat un-
der late sown condition (80 kg N + 40 kg P,O, + 40 kg K,O /ha) was applied to the
crop. Nitrogen was applied in two split doses. Half dose of nitrogen (40 kg/ha) and
full dose of P,O, (40 kg/ha) and K,O (40 kg/ha) was applied at the time of sow-
ing. Remaining half dose of nitrogen was applied at CRI stages. No incidence of
pest and diseases was noticed crop growth was normal. The crop from net area of
plot was harvested at maturity. The harvested produce was tied in separate bundles,
labeled, weighed and kept for sun drying. As preproduce was completely dried, it
was threshed with wooden batons. The grains were winnowed, cleaned and weighed
separately from each net area of plot.

11.3.4 SOIL MOISTURE DEPLETION PATTERN AND MOISTURE
AVAILABILITY INDEX

Evaluation of soil moisture depletion patterns was necessary to determine amount of
irrigation water that was infiltrated into and percolated through the soil mass around
the root spread of the crop. To evaluate the soil moisture depletion pattern before
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sowing, the soil samples were collected by screw auger and immediately kept in the
oven for 24 h. Then, soil moisture content were determined by gravimetric method
on dry weight basis, and depth of irrigation and volume of water were calculated.

An each before and after irrigation, the moisture was measured by a micro go-
pher profiler. The axis tube was fixed to each plot of field by using screw auger. One
plot moisture content was calibrated with a moisture meter attached with sensor at
bottom of meter. It can automatically measure moisture content at a particular depth
and record it. Daily reference evapotranspiration (ET ) for the growing period of
wheat was calculated using standard Penman-Monteith equation and daily climatic
data, as follows:

00 ) e —e)
T+273)%° ¢
A+ y(1+0.34u,) 3)

(M%M&—®+4

ET, =

where, ET = reference evapotranspiration (mm day '), D = slope of saturation va-
por pressure curve (kPa °C™), T = mean air temperature (°C), g = psychrometric
constant (kPa °C™"), R_= net radiation at the crop surface (MJ m? day '), G = soil
heat flux density (MJ m* day '), u, = wind speed at 2.0 m height (ms™'), e, = actual
vapor pressure (kPa), e = saturation vapor pressure (kPa), and (e —€,) = saturation
vapor pressure deficit (kPa).

Total reference evapotranspiration (ET) during crop season was determined and
it was divided by total water requirement to get moisture availability index.

11.3.5 BIOMETRIC OBSERVATIONS

The various biometric observations were recorded at periodical intervals is given as
shown below:

Pre-harvest observations:

Number of effective tillers per m* 1 At harvest

Plant Height (cm) 3 30 days, 60 days, At harvest
Post harvest observations:

Length of earhead 1 At harvest

Length of peduncle (cm) 1 At harvest

Number of grains per earhead 1 At harvest

Test weight (g) 1 At harvest

Yield:

Grain yield (kg/ha) 1 At harvest

Straw yield (kg/ha) 1 At harvest
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Within each net area of plot, the representative row of one meter or length were
selected randomly and then marked by fixing pegs at the two extreme ends of each
unit. Five observation plants were labeled for recording various observations at
fixed intervals. Throughout the growth period, the plant height was measured at 30
days interval on five randomly selected plants. The height of main shoot was mea-
sured in cm from the ground level, up to the auricle of the fully open top leaf. After
earhead emergence, the plant height was measured up to the base of the earhead.

Total number of effective tillers inclusive of main shoot per meter of row length
were counted and recorded, just before harvesting. Length of peduncle was mea-
sured from base of plant to first inter node of plant from top in centimeter. Length of
earhead was measured (cm) from the ring at the basic of the ear to its tip and mean
earhead length was calculated. About 10 earheads were randomly selected from
each plot and were threshed separately. The grains obtained from earheads were
counted and the average number of grains per earhead was calculated.

From the produce in each plot, representative samples of wheat grains were
collected. The 1000 grains were counted, and weighed. The produce from each plot
was threshed separately. The grains were cleaned, dried and weighed (grain yield
per plot). Straw yield per plot was calculated by deducting the grain yield from the
weight of total produce per plot.

11.3.6 WATER USE EFFICIENCY

Water use efficiency (WUE) of wheat for different irrigation treatments was calcu-
lated using grain yield, straw yield and irrigation water for the entire season [15, 16].

WUE = [Y]/[mm] (6)

where, WUE = water use efficiency (kg/ha-mm), Y = economic yield (kg/ha), and
ET = total evapotranspiration (mm).

11.3.7 STATISTICAL ANALYSIS

The statistical analysis was using analysis of variance. The F — test revealed signifi-
cant effects. The critical difference (CD) was determined at P = 0.05% to compare
the treatments.

11.4 RESULTS AND DISCUSSION
11.4.1 CROP WATER REQUIREMENT

The estimation of the crop water requirement is one of the basic needs for crop plan-
ning on the farm. Unless this is given proper consideration, it results in poor crop
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growth. Crop water requirement varies with kind of crop, degree of maturity, water
availability and climatic conditions (humidity, wind velocity, sunshine hours and
temperature). For this purpose, the authors used the climatological data recorded at
Meteorological Observatory of Department of Agronomy at Dr. PDKV, Akola — In-
dia during the period 13th December 2010 to 30th March 2011.

TAW was determined using soil moisture constants of the soil. Depth of IW
per irrigation was calculated considering 50% maximum allowable depletion. Then,
CPE at predetermined IW and at different IW/CPE ratios was calculated. Accord-
ingly, irrigation scheduling were calculated as listed below:

Total available water (TAW), mm 149.0
Depth of irrigation (IW), mm 75.0
I, AW/CPE = 0.6) 125.0
Cumulative pan evaporation at which irrigation was 1, {W/CPE = 0.8) 93.8
scheduled (CPE), mm LAW/CPE=1.0)  75.0

I, AW/CPE = 1.2) 62.5

Thus, irrigation was scheduled at 125 mm CPE in treatment [ (IW/CPE = 0.6),
at 93.8 mm CPE in treatment I, (IW/CPE = 0.8), at 75 mm CPE in treatment I,
(IW/CPE = 1.0), and at 62.5 mm CPE in treatment I, IW/CPE = 1.2). However, in
control treatment L, irrigation was scheduled at 14, 28, 36, 57, 75 and 82 days after
sowing at six critical growth stages of wheat.

Accordingly the evaporation data, cumulative pan evaporation and dates of ir-
rigation are shown in Table 11.4. The underlined and bold cumulative pan evapora-
tion shows that irrigation was given on that respective day.

Details of irrigation water applied are given in Table 11.5. Irrigation water is
conveyed through pipe and water meter was used to apply the measured amount of
water at each irrigation. First common irrigation was applied in each treatment to
bring the soil to field capacity. Depth of irrigation of this first common irrigation
was determined on the basis of actual soil moisture content available before sowing.
The depth of irrigation water to be applied in control treatment was determined by
observing the soil moisture before irrigation.

TABLE 11.4 Evaporation Data During Growing Period of Wheat

Treatments
Date Evaporation Cumulative Evaporation, mm I
(mm) (Con_
I,(125) | 1,(93.8) | L (75) | L, (62.5) | trol)

13-Dec-2010 | Date of sowing Common irrigation after sowing
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14-Dec-2010 | 2.9 2.9 2.9 29 |29
15-Dec-2010 | 3.4 6.3 6.3 63 |63
16-Dec-2010 | 3.6 9.9 9.9 99 9.9
17-Dec-2010 | 3.8 137|137 137 | 13.7
18-Dec-2010 | 3.9 176 |176 176 | 17.6
19-Dec-2010 | 3.4 21 21 21 21
20-Dec-2010 | 4.6 256|256 256|256
21-Dec-2010 | 3.3 289  |289 289 |289
22-Dec-2010 | 3.2 321|321 321|321
23-Dec-2010 | 3.2 353|353 353|353
24-Dec-2010 | 3.4 387  |38.7 387 |[387
25-Dec-2010 | 3.8 25 425 05 |45
26-Dec-2010 | 3.4 459  |459 459 | 45.9
27-Dec-2010 | 52.1 52.1 521 |52.1 rFllng:lgn
28-Dec-2010 | 4.8 569 | 56.9 569 |56.9
29-Dec-2010 | 4.1 61 61 61 61
30-Dec-2010 | 6.1 67.1 | 67.1 67.1 | 67.1
31-Dec-2010 |32 703|703 703 |32
1-Jan2011 | 5.6 759 | 75.9 759 |88
2-Jan-2011 |3 789 | 78.9 3 11.8
3-Jan2011 | 3.1 82 82 6.1 14.9
4-Jan2011 |35 855 |85.5 96 | 184
5-Jan-2011 |32 88.7 | 88.7 128 |21.6
6-Jan-2011 |38 925 925 166 | 25.4
7-Jan-2011 | 3.6 96.1 | 96.1 202 |29
8-Jan-2011 |38 99.9 |3.8 24 32.8
9-Jan-2011 | 3.6 1035 |74 276|364
10-Jan-2011 1, ¢ 1083 | 122 324 412 isr:icgo;?on
11-Jan-2011 | 3.2 115|154 356 | 444
12-Jan-2011 | 3.2 1147 |186 388 [476
13-Jan-2011 | 3.8 1185 |224 426 |514
14-Jan2011 | 4.4 1229 |268 47 55.8
15-Jan-2011 |5 1279 |318 52 60.8
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16-Jan-2011 52 52 37 57.2 66
17-Jan-2011 | 4.3 9.5 41.3 61.5 43
18-Jan-2011 1 4 5 13.8 | 456 658 |86 ;{Igl:t(liolrz
19-Jan-2011 5.8 19.6 514 71.6 14.4
20-Jan-2011 5.6 252 57 77.2 20
21-Jan-2011 | 3.4 28.6 60.4 3.4 234
22-Jan-2011 3.6 322 64 7 27
23-Jan-2011 | 4.4 36.6 68.4 11.4 314
24-Jan-2011 | 4.4 41 72.8 15.8 35.8
25-Jan-2011 | 4.2 45.2 77 20 40
26-Jan-2011 5.4 50.6 82.4 254 45.4
27-Jan-2011 | 4 54.6 86.4 29.4 494
28-Jan-2011 | 4.4 59 90.8 33.8 53.8
29-Jan-2011 | 6.4 65.4 97.2 40.2 60.2
30-Jan-2011 |6 71.4 6 46.2 66.2
31-Jan-2011 3.8 752 9.8 50 3.8
1-Feb-2011 4.7 79.9 14.5 54.7 8.5
2-Feb-2011 52 85.1 19.7 59.9 13.7
3-Feb-2011 6 91.1 25.7 65.9 19.7
4-Feb-2011 6 97.1 31.7 71.9 25.7
5-Feb-2011 5 102.1 36.7 76.9 30.7
6-Feb-2011 7.8 109.9 44.5 7.8 38.5
7-Feb-2011 6.8 116.7 51.3 14.6 453
8-Feb-2011 | 5, 1219 |56.5 198 |505 Ecg)gt::(:;
9-Feb-2011 4.6 126.5 61.1 244 55.1
10-Feb-2011 | 5.9 59 67 30.3 61
11-Feb-2011 | 7.6 13.5 74.6 37.9 68.6
12-Feb-2011 | 6.6 20.1 81.2 44.5 6.6
13-Feb-2011 |6 26.1 87.2 50.5 12.6
14-Feb-2011 | 6.4 325 93.6 56.9 19
15-Feb-2011 | 7.4 39.9 101 64.3 26.4
16-Feb-2011 | 7.8 47.7 7.8 72.1 342
17-Feb-2011 | 6.8 54.5 14.6 78.9 41
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18-Feb-2011 | 6.4 60.9 |21.4 64 |474
19-Feb-2011 | 6.2 67.1 |272 126 |53.6
20-Feb-2011 | 7.6 747 | 34.8 202|612
21-Feb-2011 | 4.9 796|397 25.1 | 66.1
22-Feb-2011 | 5.2 848  |44.9 303 |52
23-Feb-2011 | 7.8 9026 |52.7 381 |13
24-Feb-2011 | 6.4 99 59.1 445 [19.4
25-Feb-2011 | 5.7 1047 | 648 502 | 25.1
26-Feb-2011 | ¢ 1107 | 708 562|311 rFllgf;ltllgn
27-Feb-2011 | 6.6 1173|774 628 |37.7
28-Feb-2011 | 5.4 1227|828 682 |43.1
1-Mar-2011 | 7.6 1303 | 90.4 758 | 50.7
2-Mar-2011 | 7.2 72 97.6 72 |57.9
3-Mar-2011 | 6.2 134 |62 134 |64.1
4-Mar-2011 | 7.6 21 13.8 21 7.6
>-Mar-2011 | 5 26 18.8 26 12.6 flg:g(;fl
6-Mar-2011 | 6.8 328  |256 328 |194
7-Mar-2011 | 6.4 392 |32 392|258
8-Mar-2011 |82 474|402 474 |34
9-Mar-2011 | 10 574|502 574 |44
10-Mar-2011 | 9.8 672 |60 672 |53.8
11-Mar-2011 | 10.6 778 | 70.6 778 | 644
12-Mar-2011 | 6.8 84.6 |77.4 68 |68
13-Mar-2011 | 9.4 94 86.8 16.2
14-Mar-2011 | 7.2 10120 | 94 234
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TABLE 11.5 Details of Irrigation Water Applied

Irriga- |Irrigation treatments

tion
11 12 13 14 15
(IW/CPE=0.6) | IW/CPE=0.8) |(IW/CPE=1.0) |[(IW/CPE=1.2) |(Control)
Irrigation water (IW) applied, mm
Date |IW |Date IW  |Date Iw Date IW  |Date [IW
Post- 75 mm of common irrigation after Sowing on 13—-12-2010
sowing

First 15-1- |75 7-1- 75 1-1-2011 |75 30-12—- |75 27— |67
2011 2011 2011 12—
2010

Second [9-2- |75 29-1- |75 20-1- 75 16-1- |75 10-1- (83.2
2011 2011 2011 2011 2011

Third 1-3- 715 |[15-2- |75 5-2-2011 {75 30-1- |75 18-1- |61.7

2011 2011 2011 2011

Fourth |- - 2-3- 715 |17-2- 75 11-2- 75 8-2- [100.8
2011 2011 2011 2011

Fifth - - 14-3- |72 1-3-2011|71.5 |21-2- 75 26-2-(80.7
2011 2011 2011

Sixth - - - - 11-3- 72 3-3- 71.5 |5-3- |71.5
2011 2011 2011

Seventh |- - - - - - 11-3- 72 — —
2011
Total 296.5 443.5 518.5 593.5 539.9

Rainfall received during the crop season = 6.50 mm.

It is seen from Table 11.5 that highest number of irrigations (seven) were applied
in treatment I, (IW/CPE = 1.2), whereas six irrigations were applied in treatments
I, (IW/CPE=1.0) and I, (Control), followed by treatment I, IW/CPE=0.8) with five
irrigations. However, in treatment I, (IW/CPE=0.6), only three irrigations were ap-
plied. During the crop season, 6.5 mm rainfall was received. It is observed that the
total amount of irrigation water applied during crop season was highest in treatment
1,(593.5 mm), followed by I, (539.9 mm), I, (518.5 mm), I, (443.5 mm) and I, (296.5
mm). Table 11.6 indicates crop water requirement for each treatment and at different
growth stage.
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TABLE 11.6 Crop Water Requirements

Crop growth stage DAS, days Water requirement, mm
I1 IZ l3 l4 lS
Post sowing 0 75 75 75 75 75
Crown root initiation 14 - 75 75 75 67
Maximum tillering 28 75 - - 75 83.2
Late jointing 36 - 75 150 75 61.7
Flowering 57 75 75 75 150 100.8
Milking stage 75 75 75 75 75 84.2
Dough stage 82 3 75 75 75 74.5
Seasonal water requirement 303 450 525 600 546.5
TABLE 11.7 Total Water Requirement of Wheat

No. of Irrigation wa- . Total water Saving of

Irrigations ter applied Rainfall requirement water over
Treatment g pp q control

- mm %
I, AW/ 3 296.5 6.5 303 45
CPE=0.6)
L AW/ 5 443.5 6.5 450 18
CPE=0.8)
L AW/ 6 518.5 6.5 525 4
CPE=1.0)
L, AW/ 7 593.5 6.5 600 (-) 10
CPE=1.2)
L, (Control) 6 539.9 6.5 546.4 -

It is seen from Table 11.6 that irrigations were scheduled for all growth stages
in I, and I, whereas irrigation was not scheduled during maximum tillering stage
in I, and I,. Similarly in I , irrigation was not scheduled during three growth stages:
crown root initiation, late jointing and dough stage.

Total water requirement and saving of water for different treatments is presented
in Table 11.7. Number of irrigations applied were highest in I, (7), followed by I,
and L (6), I, (5), I, (3). Irrigation water applied under different irrigation schedul-
ing varied from 593.5 to 296.5 mm. Total water requirement of wheat was highest



Irrigation Scheduling of Wheat Under Micro-Sprinkler Irrigation 219

(600 mm) under irrigation scheduling at I, IW/CPE = 1.2), followed by I, (Control:
546.4 mm), I, IW/CPE = 1.0, 525 mm) and I, (IW/CPE = 0.8, 450 mm). It was
lowest (303 mm) under irrigation scheduling at I, (IW/CPE = 0.6). Hence highest
saving of water over control treatment was achieved in I, (45%), followed by I,
(18%) and I, (4%), whereas more water was required in I, (10%) as compared to
control treatment.

11.4.2 SOIL MOISTURE DEPLETION PATTERN

The moisture depletion in soil under different irrigation treatments are presented in
Table 11.8. The soil moisture depletion curves are presented in Fig. 11.3.

TABLE 11.8 Soil Moisture Data Obtained Under Different Irrigation Treatments

Days after . .
sovzing Soil molsture at depth, % Avefrage soil Depletion before next irriga-
015 30 Icltl)(:ts::ll:e% tion, %
cm cm
IW/CPE ratio = 0.6, I, treatment
2 377 3835 39.05 38.37 -
33 21.05 2529 28.04 24.79 63.97
35 36.04 37.80 37.24 37.02 -
57 20.12 24.34 2720 23.88 68.30
60 35.40 3547 36.85 3591 -
77 19.24 2333 26.29 22.95 72.72
81 33.42 35.05 35.60 34.69 -
IW/CPE ratio = 0.8, I, treatment
2 37.70 3835 38.53 38.19 i
24 25.47 28.23  29.60 27.77 4981
27 37.23 38.14 38.85 38.07 i
42 24.25 27.00 29.04 26.76 54.61

46 36.54 3748 38.14 37.38
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60 22.85 26.65 27.84 25.78 59:27
63 35.78 36.40 37.40 36.53 i
IW/CPE ratio = 1.0, I, treatment

2 37.70 38.35  39.05 38.37 i

19 25.51 29.47 3037 28.45 46.58

22 37.60 3855  39.17 38.44 i

37 26.35 2822 31.40 28.66 45.58

40 37.27 37.89 38.95 38.03 i

53 26.05 29.47  30.93 28.82 44.82

57 37.22 38.28 38.99 38.16 i

65 26.69 29.07 3140 29.05 43.73

67 36.87 37.40 38.55 37.61 i

77 26.88 29.40 31.14 29.14 43.30

81 36.45 38.00 38.83 37.76 i

88 27.35 30.54  31.83 29.91 39.64

91 36.60 37.49 38.47 37.52 i

IW/CPE ratio = 1.2, I, treatment

2 37.70 3835 39.05 38.37 i

17 25.90 29.23  30.33 28.48 46.43

19 36.95 38.07 39.79 38.27 i

33 25.69 30.14  30.95 28.92 44.34

37 38.00 38.82  39.76 38.86 i

48 26.05 29.47 31.68 29.07 43.63

50 37.82 38.08 39.00 38.30 i
42.35

60 26.94 29.19  31.90 29.34
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64

70

73

79

82

88

91

14

17

28

31

36

39

57

60

75

77

82

85

38.35

26.45

38.02

26.79

37.82

28.52

37.70

37.70

26.55

37.87

23.68

38.18

25.60

36.37

21.67

36.92

22.94

36.10

25.67

36.25

38.15

31.93

38.03

31.92

37.12

32.19

36.73

I, control treatment

38.30

29.23

37.52

25.83

39.13

30.27

38.27

23.27

37.48

28.00

37.37

28.49

37.42

39.85

3230

39.70

33.60

39.95

33.19

38.63

38.55

30.58

38.35

30.00

39.70

32.73

39.07

27.10

39.29

29.63

38.59

30.30

38.20

38.78

30.23

38.58

30.77

38.30

31.30

37.69

38.18

28.78

3791

26.50

39.01

29.53

37.90

24.01

37.89

26.85

37.35

28.15

37.29

38.12

35.55

33.03

45.01

55.85

41.44

67.68

54.18

48.00

FC =38.25%, PWP = 17.21%, and MAD = 27.73%.
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It can be observed in Table 11.8 that soil moisture depletion before each irriga-
tion in treatment I, was more than 50%, which shows the inadequacy of moisture
available to crop. Figure 11.3a shows that soil moisture depletion was inadequate
in treatment [, as it was depleted below maximum allowable depletion level before
each irrigation. Therefore sufficient amount of soil moisture was not maintained
throughout of growing period of wheat crop.

In treatment I, Table 11.8 reveals that soil moisture depletions before four ir-
rigations were depleted slightly below maximum allowable depletion, which shows
the inadequacy of soil moisture in later stages of crop. Figure 11.3b indicates that
soil moistures were depleted below allowable depletion limit before three irriga-
tions. The favorable soil moisture was not maintained throughout growing period,
as it was depleted slightly below allowable depletion limit.

In treatment I,, Table 11.8 reveals that soil moistures before irrigation were
within the allowable depletion limit of 50%, which shows favorable soil moisture
was maintained throughout the growing season of crop. Figure 11.3c indicates that
favorable soil moisture was maintained, as the depletion of moisture was within al-
lowable limit.

In treatment I, Table 11.8 shows that soil moisture depletions before each irriga-
tion were always more than maximum allowable depletion that shows the adequacy
of soil moisture throughout the growing season of crop. Figure 11.3d indicates that
soil moisture was sufficient throughout the growing period of wheat crop

In the control treatment I, Table 11.8 shows that soil moisture was depleted
below maximum allowable limit of 50%, before three irrigations only. It may be
due to the interval of those stages of crop were enough to deplete the soil moisture
below allowable limit. Figure 11.3e shows that in control treatment L, soil moisture
depleted below allowable depletion before three irrigations only.

11.4.3 MOISTURE AVAILABILITY INDEX

Daily reference evapotranspiration rate for the growing period of wheat was calcu-
lated using standard Penman-Monteith model (FAO-56) using daily climatic (tem-
peratures, relative humidity, sunshine hours and wind speed). Total water require-
ment of wheat was used to determine the moisture availability index (MAI), as
shown in Table 11.9.
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FIGURE 11.3 Soil moisture depletion pattern versus days after sowing (DAS), under
different irrigation treatments.
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TABLE 11.9 Moisture Availability Index Under Different Irrigation Scheduling Treatments,
During the Growing Season

Treatment Total water require- Reference evapotranspiration = MAI
ment, mm (ETo), mm

I, AW/CPE=0.6) 303 312.97 0.97

I, IW/CPE=0.8) 450 312.97 1.44

I, {W/CPE=1.0) 525 312.97 1.68

I, AW/CPE=1.2) 600 312.97 1.92

L, (Control) 546.4 312.97 1.75

It is seen that MAI was more than unity for all the treatments except I . MAI was
highest in I, which indicates the availability of sufficient moisture in the root zone

throughout the season, followed by I, I,, and L,

11.4.4 PERFORMANCE OF WHEAT

View of wheat crop at time of dough stage for different treatments is shown in Fig.
11.4. The Table 11.10 shows plant height at various growth stages and number of
effective tillers per meter as influenced by different irrigation scheduling treatments.

Plant height of wheat (AKAW-4627) was different significantly due to irriga-
tion scheduling at 30 DAS, 60 DAS and at harvest. At 30 DAS, highest plant height
(36.90 cm) was significantly different in I, treatment compared to I, (32.38 cm).
The lowest plant height was in I, irrigation scheduling. At 60 DAS and at harvest,
significantly highest plant height of 91.25 cm and 92.33 cm was recorded in treat-
ment I, respectively. The lowest plant height was recorded in I, irrigation schedul-
ing treatment.

The effective tiller per meter of row length was influenced significantly by ir-
rigation scheduling at harvest. Highest number of effective tillers was observed in I,
(88.00), but was on par with I, (81.25) and I, (79.50). The lowest number of effective
tillers was observed in I, (70.75), which were on par with L, (77.00).
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Treatmentl,

Treatment|;

FIGURE 11.4 View of wheat crop at time of dough stage for different treatments.
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TABLE 11.10 Plant Height and Number of Effective Tillers Per Meter Under Different
Irrigation Treatments

Sustainable Micro Irrigation Design Systems for Agricultural Crops

Plant height at days after sowing,

Number of effective tillers

Treatment cm
per meter of row length
30 60 At harvest
I, A{W/CPE=0.6) 32.38 83.45 84.85 70.75
L, (IW/CPE=0.8) 34.46 84.05 86.00 77.00
I, {W/CPE=1.0) 35.26 84.80 87.70 81.25
I, AW/CPE=1.2) 36.09 91.25 92.33 88.00
I, (Control) 36.90 86.33 87.20 79.50
Mean 35.02 85.98 87.62 79.30
F —test Sig. Sig. Sig. Sig.
SE(m)+ 0.705 1.564 1.261 3.016
CD at 5% 2.173 4.819 3.886 9.293
CV (%) 4.029 3.639 2.879 7.607
TABLE 11.11 Growth Characteristics Observed at Harvest
Length of Length of No. of grains/  Weight of 1000
Treatment peduncle, .
em earhead, cm earhead grains, gm
I, IW/CPE=0.6) 30.96 6.97 40.10 38.63
I, {W/CPE=0.8) 31.84 7.10 42.85 42.33
I, {W/CPE=1.0) 35.19 7.42 45.35 44.38
I, IW/CPE=1.2) 35.28 7.50 47.50 45.30
L, — Control 32.35 7.29 43.75 43.00
Mean 33.12 7.26 43.91 42.73
‘F’ test Sig. Sig. Sig. Sig.
SE(m)+ 0.644 0.111 1.500 0.848
CD at 5% 1.985 0.342 4.621 2.614
CV (%) 3.890 3.060 6.832 3.971

At harvest, Table 11.11 indicates length of peduncle, length of earhead, number
of grains per earhead and weight of 1000 grains. Significant differences in length
of peduncle (cm) were observed among different irrigation treatments. Significantly
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highest length of peduncle was observed in I, (35.28 cm) compared to I, (30.96 cm)
and I, (31.84 cm) but was at par with I, (35.19 ¢cm). Significantly lowest length of
peduncle was observed in I, (30.96 cm). Significant differences in length of earhead
(cm) were observed among different irrigation scheduling’s. Significantly highest
length of earhead was observed in I, (7.50 cm) compared to I, (6.97 cm) and I, (7.10
cm). Significantly lowest length of earhead was observed in I, (6.97 cm), however,
it was on par with L, (7.10 cm).

A significant differences in number of grain per earhead were observed
among different irrigation scheduling’s. Significantly highest number of grains per
earhead was observed in I, (47.50) but was at par with I, (45.35) and I, (43.75).
Significantly lowest number of grains per earhead was observed in I, (40.10). There
was significant influence of irrigation scheduling on weight of 1000 grains of wheat.
Significantly highest 1000-grain weight (45.30 gm) was recorded in I, (IW/CPE
=1.2) compared to I, (38.63) and I, (42.33), but was at par with I, (43.00 g). Signifi-
cantly lowest 1000 grain weight (38.63 gm) was observed in I irrigation scheduling
treatment.

TABLE 11.12  Grain Yield (100-kg/ha) and Water Use Efficiency (100-kg/ha-cm)

Grain yield, Straw yield, Consump- WUE,

Treatments 100-kg/ha 100-kg/ha tiveuse, 100-kg per
ha-cm ha-cm

I, IW/CPE=0.6) 32.15 78.08 30.30 1.06

I, IW/CPE=0.8) 38.01 85.48 45.00 0.85

I, IW/CPE=1.0) 40.35 89.52 52.50 0.77

I, IW/CPE=1.2) 43.80 92.99 60.00 0.73

L, (Control) 38.40 86.12 54.64 0.70

Mean 38.54 86.44

‘F’ test Sig. Sig.

SE(m)+ 0.508 1.099

CD at 5% 1.565 3.386

CV (%) 2.636 2.543

11.4.5 GRAIN YIELD AND WATER USE EFFICIENCY

The Table 11.12 indicates yield attributes and WUE under different irrigation sched-
uling treatments. The irrigation scheduling influenced the grain yield of wheat sig-
nificantly. The significantly highest grain yield (4380 kg/ha) was noticed in I, irriga-
tion scheduling compared to I, (32.15 100-kg/ha), 1, (3801 kg/ha) and I, (3840 kg/
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ha) but was on par with I, (4035 kg/ha). But treatment I, (control) was at par with
treatment I, (IW/CPE = 0.8). Significantly lowest (3215 kg/ha) grain yield was re-
corded in I, (IW/CPE = 0.6). Highest yield in I, and I, may be due to favorable soil
moisture maintained in the root zone throughout the growing period. Grain yield
recorded in treatment I, (IW/CPE = 1.0) was significantly higher than that in treat-
ment L (control) with saving of water of 4%.

The straw yield differed significantly due to irrigation scheduling. Significantly
highest straw yield (9299 kg/ha) was recorded in I, compared rest of treatments.
Similarly straw yield recorded in treatment I, (control) was at par with that of treat-
ment L. Significantly lowest straw yield was observed in I, (7808 kg/ha).

WUE (100-kg/ha-cm) was increased progressively with decreasing number
of irrigations. Highest WUE (1.06 x 100-kg/ha-cm) was observed in I, irrigation
scheduling closely followed by L, I, and L (0.85, 0.77, 0.73 and 0.70 x 100-kg/ha-
cm), respectively. The lowest WUE was noticed in I, (0.70 100-kg/ha-cm) irrigation
scheduling.

It was observed that water use in treatment I, was higher than treatment I,. The
WUE in I, was higher than I.. It may be due to higher grain yield recorded in treat-
ment I, compared to treatment L.

11.5 CONCLUSIONS

Following conclusions are drawn in this study:

1. Seasonal water requirement of wheat was highest (600 mm) under I, ir-
rigation scheduling at IW/CPE = 1.2, followed by I, (Control with six ir-
rigations: 546.50 mm), I, (IW/CPE=1.0, 525 mm) and I, (IW/CPE=0.8, 450
mm). It was lowest (303 mm) under I, irrigation scheduling at IW/CPE =
0.6.

2. Highest saving of water (45%) compared to control treatment was achieved
in I, IW/CPE=0.6), followed by I, (18%) and I, (4%), whereas 10% more
water is required in I, compared to control treatment.

3. Favorable soil moisture was maintained in the irrigation scheduling treat-
ments of IW/CPE=1.2 (I,) and IW/CPE=1.0 (I,) throughout the growing pe-
riod and it was always maintained in allowable depletion regime. However,
soil moisture was not adequate in irrigation scheduling at IW/CPE=0.6 (I ).
Whereas with irrigation scheduling treatments I, and I, soil moistures were
slightly depleted below allowable limit.

4. The MAI was greater than unity for all the irrigation scheduling treatments
expect I . This indicates the availability of sufficient moisture in the root
zone throughout the season.

5. Number of effective tillers, length of earhead, number of grains per earhead
and 1000-grain weight were highest in I, (IW/CPE = 1.2), but were at par
with [, (IW/CPE = 1.0) and I, (Control with six irrigations). Length of pe-
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duncle in I, was highest and at par with I,. Plant height in I, treatment was
significantly highest compared to all other treatments.

6. Irrigation scheduling at IW/CPE = 1.2 (I,) recorded significantly highest
grain yield and was superior than rest of the treatments, followed by treat-
ments [, IW/CPE=1.0), I, (Control-six irrigations) and I, (IW/CPE=0.8).
Treatment I, IW/CPE=0.6) recorded significantly lowest yield compared to
all other treatments.

7. Highest straw yield was recorded in treatment I, IW/CPE=1.2), which is
significantly superior over other treatments and followed by treatment I,
(IW/CPE=1.0). Similarly straw yield recorded in treatment I, (Control) was
found at par with that of treatment I, IW/CPE=0.8).

8. Highest water use efficiency was recorded in treatment I, which may due
to lowest water use, followed by 1, I, and I,. However, lowest WUE was
recorded in treatment I (Control). Water use and WUE in treatment I, was
higher than treatment L. It may be due to higher grain yield recorded in
treatment I, compared to treatment L.

11.6 SUMMARY

A field experiment was conducted at Wheat Research Unit of Dr. PDKYV, Akola
during rabi season 0of 2010-2011 to study the effects of open pan evaporation based
irrigation scheduling on growth and yield of wheat.

The total water requirement and number of irrigations were highest (600 mm
and seven) under irrigation scheduling at I, (IW/CPE = 1.2) followed by I, (546.4
mm), I, (525 mm) and I, (450 mm). Highest Water use efficiency was recorded in
treatment I (IW/CPE = 0.6), which may be due to lowest water use followed by I,
L,and I,

Soil moisture depletion patterns showed that favorable soil moisture was main-
tained in the treatment I, and I, throughout the growing period. The soil moisture
was always maintained in allowable depletion regime. Soil moisture was inadequate
in treatment I as it was depleted below maximum allowable depletion before each
irrigation. MAI was more than unity for all the treatments expect I,. The MAI was
highest in I,, which indicates the availability of sufficient moisture in the root zone
throughout the season followed by I, L, L.

Results indicated that the grain and straw yield were significantly higher
4380 kg/ha and 9299 kg/ha, respectively in I, irrigation scheduling using seven ir-
rigations. The values of growth and yield parameters were also significantly higher

inI, over I, I, I, and I, treatments.
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APPENDIX | — LIST OF SYMBOLS

% Percent

/ Per

°C Degree Celsius

p-mol/g  Micro molecular per gram

B:C Benefit cost ratio

Ca Calcium

cm Centimeter

Cu Coefficient of uniformity

CU Consumptive water use

ds/m Desi Siemen per meter

E Evaporation

ha Hectare

I No irrigation

I Irrigation at IW/CPE = 0.6

L Irrigation at IW/CPE = 0.8

I Irrigation at IW/CPE = 1.0

I, Irrigation at IW/CPE = 1.2

I Irrigation at Control

K Potassium

Kc Crop coefficient

kg/ha Kilogram per hectare

Mm/day  Millimeter per day

N Nitrogen

PAN-E Cumulative evaporation from US weather Bureau Class A pan less rain
since previous irrigation

g/ha Quintal per hectare, 1 q =100 kg

R Ratio

Rs Rupees

t/ha Tons per hectare

viz. Namely
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Y. Economic yield
Zn/ha Zinc per hectare
Zr Root zone of soil layer

p Bulk density
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12.1 INTRODUCTION

Throughout world, water supply is a major constraint to crop production due to
water demand for rapid industrialization and high population growth. The further
scarcity of irrigation water for crop production should be checked for sustaining the
food supply through efficient water conservation and management practices even in
high rainfall areas. Moreover, the harvest per every drop of irrigation water should
be enhanced while considering the best water use efficiency (WUE) associated with
any crop.

In recent years, irrigated agriculture is shifting the paradigm of irrigation man-
agement from full to partial supply of water needs, which becomes a need in water
scarce regions. Water scarcity in irrigation sector demands for the improvement in
water use efficiency as a critical goal [11]. One of the most promising techniques is
the use of partial root-zone drying (PRD) irrigation in crop production. The PRD is a
practice of using irrigation to alternately wet and dry, two spatially prescribed parts
of the plant root system to simultaneously maintain plant water status at optimum
water potential and control transpiration without bringing a significant change in
photosynthesis rate of leaves [8]. Achieving higher WUE in any crop can be pos-
sible by enhancing yield and/or reducing the water losses through deep percolation
and evaporation from the field [12].

Past research has revealed the potential of PRD technique as a way of reducing
water use in tree crops and vines with little or no impact on yield and fruit quality
[5, 7, 8, 18]. Besides increased transpiration efficiency, another effect of PRD is the
limitation of vegetative growth of the trees [3]. Overall, PRD strategy under deficit
irrigation can produce optimum yield with higher WUE under limited water avail-
ability conditions.

Citrus is grown under irrigated conditions in northern region of India. The sub-
optimum productivity with poor fruit quality is the major pomological constraint,
affecting the economics of Kinnow production in this region. Limited irrigation
water availability following faulty irrigation method (surface irrigation) is one of
the major reasons of low productivity of citrus [14]. Micro irrigation is an efficient
irrigation method compared to surface irrigation in Kinnow mandarin. Due to posi-
tive impact of drip irrigation on crop production with less water, the area under drip
irrigation has been increased substantially in last few years in India [13, 15].

Irrigation scheduling with full water requirement of the crops including citrus
is a common irrigation practice in India. The irrigation water shortage in arid and
semiarid areas of India forces the orchard growers to impose deficit irrigation in
crop production. PRD has been found successful in grape [3], peach [5], apple [9]
and sweet orange [6]. However, there is not enough research related to the effects of
PRD on citrus in India. Moreover, the studies in relation to the response of mandarin
cultivars of citrus to PRD are very limited worldwide.

This chapter discusses the effects of PRD on citrus production, taking Kinnow
as a test crop, under a semiarid subtropical conditions of India.
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12.2 MATERIALS AND METHODS
12.2.1 EXPERIMENTAL SITE

During 2010, the study was conducted with 10-year-old ‘Kinnow’ mandarin (Citrus
reticulata Blanco) trees budded on Jatti Khatti (Citrus jambhiri Lush) rootstock
at New Delhi (latitude 28°38'23" N, longitude 77°09'27" E and at an elevation of
228.6 m above the mean sea level). The plant to plant spacing was 4 m, whereas row
to row spacing was 5 m.

The soil at the experimental site varied from sandy loam (top 40 cm soil) to
sandy clay loam (40—100 cm) with bulk density of 1.47-1.61 g.cm™. The irrigation
water was free from salinity (EC, 1.15 dS m™), alkalinity (pH, 7.3) and sodicity
(SAR, 4.4). The ground water contribution to plant water requirement is assumed
to be negligible as water level in the nearby wells of the experimental plot was at
15-18 m depth from ground surface.

The experimental site encounters semiarid, subtropical climate with hot and dry
summers. The hottest months of the year are May and June with mean daily tem-
perature of 39°C, whereas January is the coldest month with mean temperature of
14°C. The mean annual rainfall at the site is 770 mm, out of which around 85% falls
mainly during June to September.

12.2.2. EXPERIMENTAL LAYOUT

Two irrigation regimes viz., 50% and 75% of the crop evapotranspiration (ETc) were
imposed through PRD and traditional deficit irrigation strategy (DI), and compared
with irrigating both sides of the root zone at 100% ETc (FI). Irrigation was switched
over from one side to another side of the plant basin under PRD, when the available
soil water at drying side was depleted by 40%, as suggested for citrus. The treat-
ments were:

PRD.;: Irrigation at 50% ETc through PRD,

PRD..: Irrigation at 75% ETc through PRD,

FI: Full irrigation (100% ETc),

The irrigation was continued from mid-January to June and mid-October to De-
cember in each year of experiment. Thirty-two Kinnow trees were selected for this
experiment and four treatments except FI were imposed using randomized complete
block design, with four replications per treatment and two trees per replication. The
trees imposed under FI in RDI experiment were taken for comparison with PRD-
irrigated trees.
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12.2.3 IRRIGATION SCHEDULING AND CROP MANAGEMENT
PRACTICES

Irrigation water was applied on alternate day using six on-line § Iph pressure com-
pensating emitters per tree mounted on two 12 mm diameter lateral pipes (3 emit-
ters per lateral). The emitters were located at 1.0 m away from tree stem. The water
quantity applied under FI was calculated based on 100% Class A pan evaporation
rate for Kinnow mandarin in Delhi conditions, using the following formula [4]:

ETc =Kp x Kex Ep (1)

where, ETc = crop evapotranspiration (mm/day), Kp = pan coefficient (0.8), Kc =
crop coefficient (0.85 for mature Kinnow tree), and Ep = 2-days cumulative pan
evaporation (mm). The volume of water applied under FI was computed following
the formula:

v, =m (D¥4) x (ET.- R)/E, 2)

where. V, = irrigation volume (liter/tree) applied in each irrigation, D = mean tree
canopy diameter measured in N-S and E-W directions (m), ETc = crop evapotrans-
piration (mm), R _= effective rainfall depth (mm), and E, = irrigation efficiency of
drip system (90%). The effective rainfall during the experiment was worked out as
the summation of changes in soil water content in root zone before and after rainfall
and potential crop evapotranspiration for the day of rainfall.

The depth of mean daily water applied per tree in various months of the study
years are presented in Table 12.1. The required amount of water to each irrigation
treatment was regulated by adjusting the operating hours based on the actual dis-
charge of the emitters from time to time. The flow of irrigation water in lateral pipes
was controlled by lateral valves provided at the inlet end of lateral pipes.

TABLE 12.1 TIrrigation Water (mm) Applied to Kinnow Mandarin Under Various Irrigation
Treatments

Treatment Months

Jan. Feb. Mar. Apr. May June Oct. Nov. Dec. Total
PRD,, 8.2 125 664 940 999 1059 35.6 29.7 21.8 474.0
PRD,, 123 187 99.6 1409 149.8 158.8 534 445 327 710.7
FI 164 249 1328 1879 199.7 211.7 712 593 43.6 9475

100

The NPK-based fertilizers (354 g N, 160 g P,O, and 345 g K O per tree) as
per recommendation were applied through drip irrigation system in monthly inter-
vals from January to June. Intercultural operation and the plant protection measures
against insect pests and diseases were adopted uniformly for all trees in the experi-
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mental block, following the recommendations given for Kinnow mandarin in Delhi
region.

12.2.4 MEASUREMENTS AND ANALYSIS

Soil samples at 30 cm, 60 cm, 90 cm, 120 cm, and 150 c¢cm distances from tree trunk
along and in between the drip emitters were collected from 0-20 c¢cm, 20—40 cm,
40-60 cm, 60—80 cm, and 80—100 cm depths during January of each year and ana-
lyzed for available macronutrients (N, P and K) and micronutrients (Fe, Mn, Cu and
Zn) following the standard procedures [17]. Four tree basins from each treatment
were taken for soil sampling.

For leaf nutrients (N, P, K, Fe, Mn, Cu and Zn) determination, 3- to 5- months
old leaf samples (3rd and 4th leaf from tip of nonfruiting branches) were taken from
each side of tree canopy, at a height of 1.5 m from ground surface during October
and analyzed following the standard methods [17].

The mid-day leaf water potential was determined fortnightly taking two leaves
per tree (sun-exposed) from the outer canopy using a pressure chamber (PMS instru-
ment, Oregon, USA). For determination of stem water potential, two leaves per tree
near to the trunk or a main scaffold branch was selected and covered with aluminum
sheet and black polythene sheet to measure its potential at mid-day (12:00-13:00
PM). The leaves were enclosed in black polythene and aluminum sheet cover before
2 h of measurement for determination of both leaf and stem water potential. The
water stress integral (S, under each treatment was calculated for midday leaf and
stem water potential data, according to the equation [10]:

i=1
Sy = Absolutevalueof Z{(l//i,i+1)—c}n 3)
i=0
where, Sw = water stress integral (MPa day), y, ., = average midday leaf/stem water
potential for any interval i and i+1 (MPa), ¢ = maximum leaf/stem water potential
measured during the study. and n = number of days in the interval.

Relative leaf water content (RLWC) and leaf water concentration (LWC) were
determined for two leaves per tree (4 trees per treatment) using procedures by Bow-
man [2].

The measurement of net photosynthesis rate (P ), stomatal conductance (g ), and
transpiration rate (T ) of leaves was performed fortnightly from 9:00 am to 3:00 pm
on a clear-sky day with a portable photosynthesis meter (LI-COR-6400, Lincoln,
Nebraska, USA). Four mature leaves per tree (3rd or 4th leaf from tip of shoot) from
exterior canopy position (one leaf in each North, South, East and West direction),
and two trees per treatment were taken for this measurement. Leaf water use effi-
ciency (LWUE) was defined as a ratio of P_to T of leaves.
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The vegetative growth of trees (tree height, stem height, canopy diameter, stock
girth diameter and scion girth diameter) was measured annually by using a metric
tape. Tree canopy volume was estimated as follows:

V.. =0.5238 H (D) @)

where, V. = tree canopy volume (m?), H = tree canopy height (difference between
tree height and stem height, meter), and D = mean tree canopy spread diameter
(North-South and East-West) in meter.

The number of fruits harvested from each tree was counted and the total weight
was recorded, and the mean yield per tree under various treatments was estimated.
Five fruits per tree were taken randomly for determination of fruit quality param-
eters, such as: juice percent, acidity, total soluble solids (TSS), ascorbic acid, sugars
(total and reducing) using the methodology by Ranganna [16]. Water use efficiency
(WUE) and irrigation water use efficiency (IWUE) were worked out as the fruit
yield per total tree water use and fruit yield per unit quantity of irrigation water ap-
plied, respectively.

12.2.5 STATISTICAL ANALYSIS

The analysis of variance (ANOVA) for the data was done using SPSS statistical
software, and separation of means was obtained using Duncan multiple range test
(DMRT).

12.3 RESULTS AND DISCUSSION
12.3.1 AVAILABLE NUTRIENTS IN SOIL

The available N, P and K status in the soil under different irrigation strategies shows
an increasing trend (Table 12.2). The maximum increase in the available nutrients
was observed under FI, whereas the minimum was with PRD,. The higher avail-
ability of N, P and K under FI was due to increased soil moisture in this treatment,
which induced better nutrient concentration in soil water in the rhizosphere. The
annual increase in available nutrients under the treatments suggests for both annual-
soil nutrients based and yield-based fertilization strategies for Kinnow plants. The
available micronutrients (Fe, Mn, Cu and Zn) in the soil showed a decreasing trend
under all the irrigation strategies. The maximum decrease in available micronutri-
ents was observed with FI and minimum was with PRD, . However, the consistent
reduction of micronutrients in soil suggests the application of appropriate quantity
of micronutrients-based fertilizers to mandarin plants for sustaining higher yield for
long run.
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Table 12.2. Changes in Available N, P, K, Fe, Mn, Cu and Zn (mg kg soil) in Soil Under
Different Irrigation Treatments in Kinnow Mandarin

Treatments Macro-nutrients Micro-nutrients

N P K Fe Mn Cu Zn
PRD,, +3.442 +0.71*  +3.90> -0.82* -0.73° -0.17¢# -0.18°
PRD,, +3.91° +0.81*  +3.95¢ -0.92* -0.92° -0.24¢ -0.20*
FI +4.29¢ +0.93*  +4.25¢ -1.19° -1.06° -0.22» -0.23°

100

Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”

12.3.2 LEAF NUTRIENTS COMPOSITION

The leaf nutrient (N, P, K, Fe, Mn, Cu and Zn) analysis shows that all the nutri-
ents except P and Cu were significantly affected by irrigation treatments (Table
12.3). The highest concentration of the nutrients was registered with FI, followed
by PRD,,. The higher concentration of leaf-nutrients with fully irrigated trees was
resulted by higher plant uptake with increased availability of such nutrients in root
zone under FI. Among micronutrients, the magnitudes of all nutrients (Fe, Mn and
Zn) were at par under PRD,; and PRD_,. The higher micronutrient concentration
was observed with fully irrigated plants.

TABLE 12.3 Total N, P, K, Fe, Mn, Cu and Zn in Leaves (%, Dry Weight Basis) of ‘Kinnow’
Mandarin As Affected By Various Irrigation Treatments

Treatments Macro-nutrients Micro-nutrients

N P K Fe Mn Cu Zn
PRD,, 2.35° 0.18*  1.48* 55.6* 51.2# 742 25.2¢2
PRD,, 247%  021* 1.59° 59.9® 58.4® 7.6° 25.82
FI 2.69¢ 0.22*  1.64° 62.6° 61.5° 8.2 26.9°

100
Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”

12.3.3 LEAF AND STEM WATER POTENTIAL, RELATIVE LEAF
WATER CONTENT AND LEAF WATER CONCENTRATION

The midday-leaf (‘¥) and -stem water potential (‘), leaf water stress integral (S'¥),
and stem water stress integral (S'¥ ) of the mandarin trees were affected significantly
by irrigation treatments (Table 12.4). The mean ¥, and ¥ were higher under FI,
followed by PRD. . Earlier the similar responses of leaf and stem water potential to
PRD was observed in citrus [6, 18].
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The mean relative leaf water content (RLWC) and leaf water concentration
(LWC) under different irrigation treatments were affected significantly under vari-
ous irrigation treatments (Table 12.4). The highest value of RLWC and LWC were
observed with fully irrigated trees, whereas the lowest values were observed with
the trees under PRD,.

TABLE 12.4 Mean Seasonal Mid-Day Leaf Water Potential and Content of Kinnow
Mandarin as Affected By Partial Root Zone Drying

Treatments Leaf water contents

P, Y, SY, SY RLWC |LWC

MPa MPa MPa-day | MPa-day |% %
PRD,, -1.7° —1.1% |48.4" 25.8" 87.8° 71.1°
PRD,, —1.4¢ -0.9¢ 31.5¢ 21.1¢ 90.4¢ 75.14
F1,,, —1.2¢ -0.7¢ 24.5¢ 18.9¢ 92.7¢ 78.3¢
Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”

12.3.4 LEAF PHYSIOLOGICAL PARAMETERS

The mean net photosynthesis rate (P, ), stomatal conductance (g,), transpiration rate
(T), and leaf water use efficiency (LWUE = P /T ) under different irrigation treat-
ments were significantly affected (Table 12.5). The maximum Pn value was reg-
istered with fully irrigated trees, followed by the trees under PRD... The lowest
value of P_ was recorded under PRD, . The g and T, followed the same trend of P_
under different treatments. However, the LWUE was maximum in PRD, | treatment,
whereas the minimum LWUE was in PRD_ treatment.

TABLE 12.5 Net Photosynthesis Rate (Pn, pmol m~s™), Stomatal Conductance (gs, mmol
m2 s7!), Transpiration Rate (Tr, mmol m? s') and Leaf Water Use Efficiency (LWUE) of
Kinnow Mandarin Under Different Irrigation Treatments

Treatments Leaf physiological parameters

Pn gs Tr LWUE
PRD,, 3.11° 20.13° 1.432 2.17¢
PRD_, 3.20¢ 23.13¢ 1.79¢ 1.78°
FI 3.884 37.78¢ 2.08° 1.86¢

100
Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”
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12.3.5. PLANT VEGETATIVE GROWTH

The plant vegetative growth parameters (tree height, PH; stem girth diameter, SD;
canopy diameter, CD and canopy volume, CV) were significantly affected by irriga-
tion treatments (Table 12.6). The highest growth of the trees was observed with FI,
followed by PRD. . Previously, the similar findings of decrease in vegetative growth
were observed with deficit-irrigated citrus [13].

TABLE 12.6 Tree Growth of Kinnow Mandarin Under Various Irrigation Treatments

Treatments Tree growth parameters

TPH, cm SD, mm CD, cm CV, m?
DL, 33.42 20.4° 25.8 0.80*
DL, 36.2° 22.5¢ 31.3¢ 0.83°
PRD,, 32.5° 19.7* 25.32 0.79*
PRD,, 35.9° 22.0° 30.9¢ 0.80°
FI 40.7¢ 26.2¢ 48.7 0.86°

100
TPH: total tree height; SD: stem diameter; CD: canopy diameter;

CV: canopy volume.

Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”

12.3.6 FRUIT YIELD AND WATER PRODUCTIVITY

The number of fruit dropped and harvested per tree, average fruit weight and total
fruit yield in various treatments are presented in Table 12.7. The maximum num-
ber of fruits was dropped in PRD, . The minimum fruit drop took place in FI. The
fruit drop decreased with increase in irrigation regime under PRD. The number of
fruit harvested under different treatments followed the reverse trend of fruit drop.
However, the mean fruit weight recorded under PRD_; was maximum, followed by
FI. The increased number of fruits with FI may be a reason for smaller fruits in this
treatment. Both fruit number per tree and mean fruit weight decreased with decreas-
ing irrigation regime from 75% ETc to 50% ETc with PRD. The highest fruit yield
was recorded in FI, followed by PRD. .. The increased irrigation regime from 50%
ETc to 75% ETc enhanced the fruit yield under PRD, resulting from less number of
fruits with lower fruit weight under lower regime of irrigation. The IWUE and WUE
were maximum under PRD, . The higher INUE in PRD, was attributed to higher
increase in fruit yield with comparatively less increase in irrigation water use under
this treatment over other treatments.



244 Sustainable Micro Irrigation Design Systems for Agricultural Crops

TABLE 12.7  Fruit Drop (Number Fruit), Yield Harvested (Number of Fruits, Average Fruit
Weight, Fruit Yield), Irrigation Water Use Efficiency (IWUE) and Water Use Efficiency
(WUE) of Kinnow Mandarin Under Different Irrigation Treatments

Treatments Yield parameters

No. fruits  No. fruits Average Fruit IWUE WUE
dropped  harvested fruit weight yield

No./tree No./tree g t/ha t/ha-mm t/ha-
mm
PRD,, 148 (80, 703° 160.7° 56.48° 0.1194 0.062¢
48, 20)
PRD_, 100 755¢ 163.0° 58.73° 0.082° 0.053°
(61,28, 11)
F1,,, 92 7634 162.3° 61.91° 0.065* 0.0472
(64, 15, 13)

Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”

TABLE 12.8 Fruit Quality Parameters (Fruit Size, Juice Content, TSS, Acidity, Vitamin-C,
Reducible Sugar, Total Sugar) of Kinnow Mandarin Under Different Irrigation Treatments

Treatments Fruit quality parameters
Juice TSS TA (%)  Ascor- Reducing Total
content (°Brix) bic acid  sugar (mg/l) sugar
(%) (mg/l) (mg/)
PRD,, 44.3° 11.4° 0.83° 123.6° 61.7° 69.3°
PRD_, 479¢ 11.12 0.80 111.9¢ 49.22 63.22
FI 49.5¢ 10.9® 0.792 119.1° 38.72 68.7°

100

Data in each column followed by a different letter are significantly different at P < 0.05,
based on “separation by Duncan’s multiple range test.”

12.3.7 FRUIT QUALITY

The fruit quality (juice content, total soluble solids, titratable acidity (TA), ascorbic
acid content, reducible sugar and total sugar) were significantly affected by irri-
gation treatments (Table 12.8). Higher level of irrigation resulted in higher juice
content in fruits, even under PRD. Earlier study also observed the juicy fruits under
PRD in comparison to DI in citrus [6, 18]. The TSS of juice decreased with increase
in irrigation regime under PRD. The TA increased with increase in irrigation from
50% ETc to 75%, etc. The ascorbic acid content of the fruits decreased from irriga-
tion at 50% ETc to irrigation at 75% ETc, probably due to dilution effect of higher
juice content on it under higher regime of irrigation. The total sugar (TS) and reduc-
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ing sugar (RS) of fruits under different irrigation treatments followed the same trend
of TSS. The highest TS and RS were observed in PRD,,. Moreover, the percent of
reduction of reducing sugar with respect to total sugar content from irrigation at
100% ETc to irrigation at 75% ETc was higher than that from irrigation at 75% ETc
to irrigation at 50% ETc treatment.

12.4 CONCLUSIONS

Water scarcity is one of the major causes of citrus decline in arid and semiarid re-
gions. Drip irrigation has been found to be a potential water saving technique. PRD
is a recently proposed water saving technique in irrigated agriculture. The present
study was planned with a hypothesis that drip irrigation scheduling with PRD tech-
nique can save substantial amount of irrigation water over full irrigation (FI), be-
sides improving the fruit yield and quality of citrus trees grown in a semiarid region.
Keeping this in view, an experiment was conducted to study the response of citrus
trees to PRD at 50% ET,. (PRD,)), PRD at 75% ET_ (PRD_;) and FI.

The higher vegetative growth and fruit yield were recorded with fully irrigated
trees. However, the fruit yield in PRD_; was statistically at par with that in FI. The
maximum irrigation water use efficiency was observed with PRD, followed by
PRD_,. The maximum net photosynthesis rate, stomatal conductance, and transpira-
tion rate of leaves were registered with fully irrigated trees, followed by the trees
under PRD_.. However, the maximum leaf water use efficiency was observed with
PRD, . The leaf nutrients content followed the same trend of vegetative growth
under different treatments. Overall, these results reveal that partial root zone drying
under drip irrigation scheduled at 50% ETc is a productive and potential water sav-
ing technique in citrus cultivation in arid and semiarid regions of Northern India.
The adoption of such technique can bring more area under irrigation, resulting in
higher production of quality citrus fruits.

12.5 SUMMARY

The maximum irrigation water use efficiency and water use efficiency were ob-
tained from irrigation at 50% crop evapotranspiration under partial root zone drying,
with some minor reduction in yield over that under full irrigation. It also produced
the fruits with superior quality than that produced under full irrigation. The adoption
of partial root-zone drip irrigation scheduled at 50% crop water requirement is a vi-
able option against traditional full irrigation for citrus cultivation in sandy loam soils
under similar agro-climatic conditions such as those found in Delhi region, India.
The optimal NPK-fertigation strategy under partial root zone drying is suggested for
drip-irrigated Kinnow mandarin.
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13.1 INTRODUCTION

Nagpur mandarin (citrus reticulata var. Blanco) is commonly cultivated in India
under furrow or basin method of irrigation [8, 10, 12]. Recently, water table is de-
clining in bore wells creating water shortage in summer for sustaining the crop.
Therefore, every year thousands of hectare of orchards is permanently wilted due
to short of water, causing economical loss. Water management studies in Nagpur
mandarin show that optimum soil water regime under drip irrigation can increase
growth and yield [6, 9]. Plastic PE mulching has also proved its effectiveness in
conserving the soil moisture and in increasing growth, yield and quality of different
citrus cultivars [1, 3-5, 7]. However, information on the interactive effect of drip
irrigation and mulching for Nagpur mandarin is meager. Therefore, this study was
undertaken to evaluate the performance of drip irrigation in conjunction with plastic
mulch in young Nagpur mandarin.

13.2 MATERIALS AND METHODS

During 2003-2007, the experiment was carried out at Research farm of National
Research Center for Citrus, Nagpur — India. The Nagpur mandarin plants budded
on rough lemon root stock under the study were one-year-old with 6 ~ 6 meter row
spacing. The alternate day irrigation treatments imposed were:

T1 = Irrigation at 40% of pan evaporation with plastic mulch,

T2 = Irrigation at 60% of pan evaporation with plastic mulch,

T3 = Irrigation at 80% of pan evaporation with plastic mulch,

T4 = Irrigation at 100% of pan evaporation with plastic mulch, and

Control (C) = Basin irrigation at 50% depletion of available soil moisture.

The study consisted of randomized block design with three replications and
three trees per replication. The black linear low-density poly ethylene (LLDPE)
plastic mulch having thickness 100 micron was used. Mulching was 1.0 * 1.0 m? size
polythene sheets on each tree basin keeping the tree at the center. The experimental
soil type was clay loam with field capacity and permanent wilting point of 24.8%
(weight basis) and 15.7% (weight basis), respectively. Recommended dose of fertil-
izers [13] and irrigation water through one dripper (4 Iph)/tree were used.

The volume of water requirement was computed using the equation:

V=Ep Kc Kp Wp D (1)

where, V = volume of water (liter/tree/day), Ep = cumulative pan evaporation for
two consecutive days (mm), Kc = crop factor, Kp = pan factor, Wp = wetting factor,
and D = canopy diameter observed at noon. The crop factor was taken as 0.6 and pan
factor was 0.7 in winter and 0.8 in summer based on FAO-24 [2].

The moisture content at 0—15 cm depth was estimated by gravimetric meth-
od, whereas at 0-30 cm depth it was recorded by neutron moisture probe (Troxler
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model-4300) once in a week. The leaf physiological parameters such as photosyn-
thesis rate (P), transpiration rate (E) and stomatal conductance (C) were recorded
fortnightly and the seasonal pooled data was compared for different treatments. The
vegetative growth parameters (tree height, stem height, canopy diameter, stock and
scion girth) were measured and the incremental magnitudes under different treat-
ments were compared. Analysis of leaf samples for macronutrients (N, P and K) and
micronutrients (Fe, Mn, Cu and Zn) were also done under different levels of irriga-
tion with mulch and control.

13.3 RESULTS AND DISCUSSION
13.3.1 IRRIGATION WATER

Drip irrigation scheduling based on cumulative pan evaporation on alternate day
under plastic mulching from November to June (Table 13.1) indicates that the maxi-
mum water was applied at 100% of pan evaporation with mulch, which varied from
42.1 to 160.2 mm during different months. On the whole, the total amount of water
applied was 262.34, 396.62, 524.68 and 655.85 mm at irrigation levels 40%, 60%,
80% and 100% of pan evaporation, respectively. The amount of water applied was
maximum in the month of May and lowest in the month of December due to highest
and lowest evaporation demand in these months, respectively.

TABLE 13.1 [Irrigation Water Applied Under Different Irrigation Treatments With Plastic
Mulch During November to June in Nagpur Mandarin

Treatment Irrigation water applied, mm
Months
Nov. Dec. Jan. Feb. Mar. Apr May June Total

Irrigation at

40%evapo-  1g 4> 1684 1724 2031 4168 5125 641 325 26234
ration +

Mulch
Irrigation

at 60%
. 27.63 2527 25.87 3046 62.52 76.87 91.2 51.8 396.54
evaporation

+ Mulch
Irrigation

atSO%, 36.84 33.69 3450 40.62 8332 8336 12816 69.1 509.59
evaporation

+ Mulch
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TABLE 13.1 (Continued)

Treatment Irrigation water applied, mm
Months
Nov. Dec. Jan. Feb. Mar. Apr May June Total
Irrigation
at100% 4606 42.12 43.12 5078 1042 1042 1602 863 636.98
evaporation+
Mulch

Irrigation at

S0%ASMD 3961 3767 395 47.84 965 103 1289 705 563.52
through

Basin irriga-

tion

13.3.2 SOIL MOISTURE VARIATION

The soil moisture values at different depths (Table 13.2) indicates that the irrigation
at 100% of pan evaporation and 80% of pan evaporation with mulch maintained the
soil moisture nearly or more than field capacity during the study period. There were
less fluctuations of soil moisture at 0.3 m depth in different months. But there was a
significant effect of irrigation and mulch on soil moisture at 0.15 m depth, whereas
at 0.3 m depth it was nonsignificantly affected.

TABLE 13.2 Average Soil Moisture Content (v/v) in Different Months at 15 cm and 30 cm
Depths Under Different Irrigation Regimes With Plastic Mulch

Treatment 0.15m Mean 0.30 m Mean
Nov- Jan- Mar- May- Nov- Jan- Mar- May-
Dec Feb Apr. Jun. Dec. Feb Apr. Jun.

Irrigation at

40% evapo- 571 974 284 296 284 314 325 320 319 320
ration +

Mulch
Irrigation at

60% evapo- g6 286 296 298 294 317 326 321 320 322
ration +

Mulch
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TABLE 13.2 (Continued)

Treatment 0.15m Mean 0.30 m Mean
Nov- Jan- Mar- May- Nov- Jan- Mar- May-
Dec Feb Apr. Jun. Dec. Feb Apr. Jun.

Irrigation at

80% evapo- 305 301 310 314 309 322 332 319 32.6 326
ration +

Mulch
Irrigation at

100% evap- 353 340 341 349 335 331 33.1 321 330 33.0
oration+

Mulch

Irrigation at

0% ASMD 554 251 273 279 265 315 325 321 321 321
through Ba-

sin  irriga-
tion
CD (0.05) — — — — 08 - - — — NS

13.3.3 LEAF PHYSIOLOGY

The physiological parameters such as photosynthesis rate (P), transpiration rate (E)
and stomatal conductance (C) were recorded by CO, gas analyzer CI-301PS (CID,
Inc.) during December to March from 11:00 AM to 3:00 PM in one hour interval
twice in a month (Table 13.3). It was observed that P was highest in IW/CPE = 0.6
with mulch in winter. Leaf water use efficiency (LWUE) in IW/CPE = 0.6 with
mulch was highest in both winter and summer. It was also observed that all the pa-
rameters were affected significantly in both summer and winter, with exception to
transpiration and stomatal conductance in summer.
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TABLE 13.3 Photosynthesis Rate (P), Transpiration Rate (E), Stomatal Conductance (C)
and Leaf Water Use Efficiency (LWUE) of Nagpur Mandarin Under Different Irrigation
Regimes and Mulch in Winter and Summer

P E C LWUE
Treatments (nmol/m?/s) (m mol/m?/s) (mmol/m?/s)
*Win. *Sum. Win. Sum. Win. Sum. Win. Sum.

Irrigation at

40% evapora- 3931 3794 2342 2434 696 461 1609 1.630
tion + Mulch

Irrigation at

60%evapora- 4935 4312 2746 2467 578 516 1.829  1.880
tion + Mulch

Irrigation at

80%evapora- 3973 3938 2753 2723 774 719 1484 1418
tion + Mulch

Irrigation at

100% evapora- 5 )51 2163 2004 2736 381 748 0896  0.980
tion+ Mulch

[rrigation at

50% ASMD. 3152
through Basin

irrigation

CD ( 0.05) 039  0.62 0.28 NS 3.03 NS 0.18 0.09

Win.: winter; and Sum: summer

1.712 2324 1.891 76.1 315 1.123  0.961

13.3.4 LEAF NUTRIENT COMPOSITION

Leaf samples were collected and analyzed for macronutrients (N, P and K) and
micronutrients (Fe, Mn, Cu and Zn) under different levels of irrigation with mulch
and basin irrigation (Table 13.4). A highly significant response was found in case of
nitrogen, potassium and iron due to irrigation and mulching. The highest leaf — N
(2.41%), — K (1.97%), — Fe (122.6 ppm) were observed in irrigation level at 60%
pan evaporation under mulch, whereas lowest values were found at irrigation at
40% pan evaporation treatment. These results are in agreement with the findings of
Shukla et al. [11].
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TABLE 13.4 Leaf Nutrients of Nagpur Mandarin Under Different Irrigation Regimes With

Plastic Mulch

Treatment Macro-nutrients, % Micro-nutrients, ppm

N P K Fe Mn Cu Zn
Irrigation at 40% evapo-
ration + Mulch 123 0073 122 996 485 112 102
Irrigation at 60% evapo-
ration + Mulch 241 0209 197 1226 616 124 147
Irrigation at 80% evapo-
ration + Mulch 177 0167 177 1057 585 158 155
Irrigation at 100% evap-
oration+ Mulch 167 0075 126 1013 493 123 229
Irrigation at 50% ASMD
through Basin irrigation 4 55 092 124 998 4966 85 103
CD (0.05) 0.4 NS 028 53 NS NS NS

13.3.5 TREE GROWTH

The tree growth parameters (average tree height, stock and scion girth and canopy
spread) were recorded during July, to March (Table 13.5). It was observed that all
the incremental growth parameters were highest in irrigation at 60% pan evapora-
tion with mulch followed by irrigation at 80% pan evaporation with mulch. During
October to December, none of the parameters were affected significantly, whereas
during July to September except scion girth all the parameters, and during January
to March none of the parameters except scion girth responded significantly to irri-
gation and mulch. In case of cumulative growth data during observation period, all
the parameters except stock girth were significantly affected by different treatments.
This may be due to optimum soil moisture supply and favorable soil temperature un-
der mulch, which resulted in better availability and uptake of nutrients by the plants.
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TABLE 13.5 Incremental Vegetative Growth of Nagpur Mandarin Under Different Irrigation
Regimes With Plastic Mulch

Treatments Tree Stock Scion Canopy
height girth girth volume
(m) (mm) (mm) (m*)

Irrigation at 40% evaporation + Mulch

0.48 42 40 0.582
Irrigation at 60% evaporation + Mulch

0.62 52 49 0.988
Irrigation at 80% evaporation + Mulch

0.53 48 45 0.661
Irrigation at 100% evaporation+ Mulch

0.45 40 38 0.503
Irrigation at 50% ASMD through Basin
frrigation 0.43 36 36 0.451
CD (0.05) 0.06 ns 6.3 0.07

13.4 SUMMARY

A field experiment was carried out during 2003—07 at Nagpur to study the effects
of alternate day irrigation levels (40% of pan evaporation, 60% of pan evapora-
tion, 80% of pan evaporation and 100% of pan evaporation) under black linear low
density polythene mulch (100 micron) for Nagpur mandarin. The results were com-
pared with conventional irrigation (Basin irrigation at 50% depletion of available
soil moisture). It was found that the irrigation at 60% of pan evaporation under
plastic mulch gave the best growth along with 29.63% of irrigation water saving
compared to control.

This study concludes that optimum drip irrigation scheduling (60% of pan evap-
oration) along with plastic mulch improved the vegetative growth of young Nagpur
mandarin trees and enhances nutrient uptake efficiency, besides conserving a good
quantum of irrigation water against basin irrigation. Thus, adoption of drip irriga-
tion under plastic mulch is the most suitable approach for cultivation of Nagpur
mandarin in Central India.
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The study also reveals that there was a significant effect of drip irrigation and
mulch on soil moisture at 15 cm depth, whereas at 30 cm depth it was nonsignifi-
cantly affected. It was also observed that all the physiological parameters (photo-
synthesis rate (P), transpiration rate (E) and stomatal conductance (C)) were affect-
ed significantly in both summer and winter with the exception of transpiration and
stomatal conductance in summer. Analysis of leaf samples for macronutrients (N, P
and K) and micronutrients (Fe, Mn, Cu and Zn) under different levels of irrigation
with mulch and control indicated a highly significant response in case of N, K and
Fe that is correlated well with all the growth parameters.
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14.1 INTRODUCTION

Nagpur mandarin (Citrus reticulate var. Blanco) is commercially grown in around
0.185 million-ha of Central India [21]. The productivity of the crop (9 tons/ha) is
too low as compared to productivity of mandarin varieties (25-30 tons/ha) in other
countries like USA, Spain, Brazil and China. One of the major causes of low pro-
ductivity of citrus in India is shortage of irrigation water in critical growth stages of
the crop. The crop is conventionally cultivated with surface irrigation using ground
water and conventional fertilizer application methods [13, 15]. Low water use ef-
ficiency (WUE) and fertilizer use efficiency (FUE) under surface irrigation are the
two major drawbacks of surface irrigation systems [16, 17]. Moreover, the substan-
tial loss of nutrients from plant rhizosphere through surface runoff and deep percola-
tion under traditional methods of fertilization and irrigation causes regional water
pollution, which is a threat to human life [6]. Thus, the strategy, which allows judi-
cious use of water as well as nutrients in concurrence with plant demand, is likely
to impart an improvement in quality of citrus production. Drip irrigation has higher
WUE and FUE, resulting in improved productivity in different citrus varieties of the
world [3, 7, 9, 14, 20].

In recent years, drip irrigation is gradually gaining popularity among the citrus
growers of India [12, 21]. The growers are more interested in application of fertiliz-
ers through drip irrigation, as it saves manpower over traditional fertilization meth-
ods. However, the information regarding optimal fertilizer and irrigation scheduling
through drip, and it’s efficacy over conventional irrigation and fertilization methods,
is meager in citrus cultivation in India. This lack of information keeps the orchard
growers in stack to adopt the fertigation technology in citrus.

Therefore, this chapter discusses the interactive effects of micro-irrigation and
fertilizers and compares these results with conventional band placement of fertil-
izers under basin irrigation, in Nagpur mandarin grown under hot subhumid tropical
climate of central India.

14.2 MATERIALS AND METHODS

The field experiment was conducted at experimental farm of National Research
Centre for Citrus, Nagpur (21°08'45” N, 79°02'15"E and 340 m above mean sea
level) during 20062007 and 2007—2008 in a 12-year-old Nagpur mandarin (Citrus
reticulata var. Blanco) plants budded on rough lemon (Citrus Jambhiri Lush) root
stock with spacing of 6 x 6 m? The experimental soil was clay loam (31.65% sand,
23.6% silt and 44.8% clay) with a field capacity (at —0.33 bar) and permanent wilt-
ing point (at —15.00 bar) of 29.26% (v/v) and 18.5% (v/v), respectively. The bulk
density of soil was 1.18 g.cm™. The mean available N, P, K, Fe, Mn, Cu, and Zn
in the upper 30 cm of soil were of 115, 10.0, 144, 18.2, 9.4, 1.1 and 0.72 mg/kg,
respectively. The average daily Class-A pan evaporation rate varied from 2 mm/day



Micro-Irrigation and Fertigation Scheduling in Citrus 261

in month of December to as high as 12 mm/day in May at the experimental site.
Rainfall of 10 to 15 mm/day was observed during irrigation seasons (Nov to Jun).
The water level in the well near the experimental site was around 15 m deep from
ground surface.

The irrigation treatments were:

Drip irrigation at 50% of daily pan evaporation (Ep): I,

Drip irrigation at 75% Ep: 1,

Drip irrigation at 100% Ep: 1,, and

Basin irrigation at 50% depletion of available soil water, control: I,.

Irrigation was applied using four pressure compensated on-line drippers/plant
of 8 Iph, placed at 1.0 m away from plant stem and basin (ring of 1.2 m in radius)
irrigation at 50% depletion of available soil water at 0—0.30 m soil profile. Irrigation
quantity for different drip irrigation treatments was calculated using the formula [4]:

V=[S xKp x K, x (E - ER)J/r (1)

Where, V = the irrigation volume (liters/tree), S = the tree canopy area (m?), Kp =
the pan coefficient (0.7), Kc = the crop coefficient (0.6) [1], E = the daily Class A
pan evaporation rate (mm/day), ER = the effective rainfall (mm/day), and r = the
water application efficiency of irrigation system (~90%). Under basin irrigation,
water was supplied through flexible hosepipe, when the soil moisture at 30 cm depth
attained 50% of available soil water (23.9%, v/v). Water quantity applied in basin
irrigation method was computed using the equation:

V=(FC-RSM)xdxA )

where, V = volume of irrigation water (m?), FC = field capacity (v/v, %), RSM =
required soil water level » 23.9 (v/v, %), d = depth of effective root zone (0.30 m),
and A = mean canopy area of tree. No runoff during irrigation cycle was observed in
the orchard, assuming effective rainfall » rainfall.

The fertilizers applied under each drip irrigation treatment were at:

25% of recommended dose of fertilizer (RDF), F ,

50% RDF, F,, and

75% RDF, F,.

RDF was taken as N: P,O,: K,O = 600 g: 200 g: 100 g annually, as suggested
for bearing Nagpur mandarin [22]. Water soluble form of urea phosphate (N: P: K =
18:44:0) and murate of potash (N: P: K = 0:0:60) were used for supplying required
quantity of P and K, respectively. Some quantity of N was also applied through urea
phosphate and the rest amount was supplied through urea (N: P: K= 46:0:0). Month-
ly fertigation was done using fertilizer injection pump during November to June,
with equal splits of annually required fertilizers as estimated in various treatments.
The circular band placement of granular fertilizers (urea, single super phosphate and
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murate of potash) at one meter radius from tree stem under basin irrigation (control)
was performed three times in a year.

As a whole, ten treatments (LF, LF, LF, LF LF, LF, LF, LF, LF, and control)
were imposed in split plot design (SPD), with four replications and three adjacent
trees in a row per replication. The orchard floor was kept cleaned and all the experi-
mental trees were grown under uniform cultural and management practices.

The soil water content was monitored twice in a week at 0.30 m, and 0.60 m
depths by neutron moisture meter (Troxler model-4300, USA). The indexed leaf
samples (2nd and 4th leaf from tip of branches) surrounding the trees at a height of
1.5 m to 1.8 m from the ground were collected at the end of irrigation seasons and
nutrient (N, P, K, Fe, Mn, Cu, and Zn) analysis was done as per the standard pro-
cedure. The vegetative growth parameters (tree height, stem height, canopy width,
and stem (stock and scion) girth) were measured for all trees and their polled annual
incremental magnitudes were compared. The canopy volume was calculated as fol-
lows {10}:

Canopy volume = 0. 5233 H W2 3)

where, H = (tree height—stem height), and W = the canopy.

The weight of total fruits from each tree for various treatments was recorded and
5 fruits per tree were taken randomly for determination of fruit quality parameters
(juice percent, acidity and total soluble solids). The total soluble solid (TSS) and
acidity were measured using standard methods [18]. All the data generated were
subjected to analysis of variance (ANOVA) and the critical difference (CD) at P =
5% was obtained using standard method [5].

14.3 RESULTS AND DISCUSSION
14.3.1 IRRIGATION WATER QUANTITY

The daily water applied under various irrigation treatments (Table 14.1) was lowest
in December (12.5 to 41 L.day '.plant') and highest in May (75.6 to 165.5 L.day .
plant™). The basin irrigation consumed higher quantity of water (41 to 165.5 L.day~
!.plant ) over drip irrigation (12.5 to 151.2 L.day '.plant ') during both the years
of study. Overall, the water requirement under drip irrigation were 2798, 4196 and
5595 m?ha! year ' under 50%, 75% and 100% Ep irrigation regimes, respectively,
compared to 6340 m*ha'year! in basin irrigation. Earlier studies also demonstrated
40% reduction of water consumption in Verna lemon in Spain [19], 30% in Thomp-
son Navel orange in Chile [7] and 35% in Kinnow in North India [20] under drip
over conventional basin irrigation.
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TABLE 14.1 Mean Daily Irrigation Water Applied (liters.day—1.plant—1) Under Different
Irrigation Treatments In Citrus Orchard

Treatment Daily irrigation water applied, liters.day—1.plant—1 TWA,
Months m3

Nov. Dec. Jan. Feb. Mar. Apr. May Jun. ha-1

yr-1

1 21.8 12.5 196 317 476 618 756 593 2798
12 32.8 19.0 294 476 714 926 1134 889 4196
I3 43.7 25.0 392 634 952 1235 1512 1186 5595

+BI+BPF 50.5 41.0 452 823 107.8 1346 1655 1324 6340
(Control)

Note: Mean data during 2006-2008;

TWA: Total water applied, I1: Drip irrigation (DI) at 50% Class A pan evaporation (Ep),
12: DI at 75% Ep, 13: DI at 100% Ep; +BI, 14: Basin irrigation and BPF = Band placement
of fertilizers.

14.3.2 SOIL WATER VARIATION

The mean monthly soil water variation observed at 0.30 and 0.60 m depths during
irrigation periods indicated that all the drip irrigation regimes (except 50% Ep) with
fertigation showed significantly higher soil water content (25.8-28.0%, v/v) com-
pared to basin irrigation with band placement of fertilizer (24.2—26.7%, v/v) at 0.30
m depth (Fig. 14.1). The soil water content at 0.30 m depth increased invariably in
all the treatments during January—February due to some un-seasonal rains (10 to 15
mm) in these months. The fluctuation of soil water content between two measure-
ments in a week under basin irrigation was observed to be wider than that under
any of the drip irrigation treatments. It was due to higher rate of evaporation from
larger wetted surface area under basin irrigation, as reported by Cohen [2]. Among
different drip irrigation regimes, the range of soil water depletion at 0.30 m depth
was progressively increased with increasing irrigation level, indicating the higher
rate of evapotranspiration (ET) of the trees under higher level of irrigation, even
under low volume irrigation system. However, the soil water fluctuation under drip
irrigation treatments was almost nil at 0.60 m depth, suggesting the confinement of
effective root zone of drip-irrigated trees within top 0.30 m soil profile (Fig. 14.1b).
The higher soil water content at 0.60 m depth under basin irrigation indicated the
percolation of irrigation water from 0 to 0.30 m soil profile under basin irrigation.
The fluctuation of soil water content at 0.60 m depth in basin irrigation was rela-
tively higher during April to June than November to March, probably due to higher
percolation caused by higher quantity of irrigation water supply during summer
months (April to June) under basin irrigation. The higher soil water depletion was
observed in higher levels of fertilizer with any irrigation regime. It might be due to
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increased plant ET caused by higher vegetative growth of the plants under higher
fertilizer levels.

30 - —e—I1F1
2
>28 -
J
= —m—I1F2
T
$26 -
)
S
(8]
24 —A—1F3
8
©
3
-‘gzz :

Fig.1(a). —m—12F1
20 ! T T T T T T T 1
° De Ja Fe Ma Apr Ma Ju
Y c " Month’ y n

30 -
X —e—I1F1
v 28 1 —m—11F2
2 —A—I1F3
5 26 - —&—12F1
o —=—12F2
9 ) - —0—12F3
g —&—I3F1
=2 - —13F2
02 _. ——13F3
» > Fig 1) —e—BI+BPF

20 T T T T T T T T 1

Nov. Dec Jan Feb Mar Apr May Jun

Months

FIGURE 14.1 Soil water content at 0—0.30 m and 0.30-0.60 m depths, under various
irrigation treatments during different months in Nagpur mandarin.
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14.3.3 LEAF NUTRIENTS COMPOSITION

The various irrigation and fertigation treatments were observed to produce a sig-
nificant response on leaf nutrient composition (Table 14.2). Increase in irrigation
regime from 50% Ep (I,) to 75% Ep (1) under drip irrigation enhanced the leaf — N
content in corresponding fertilizers levels. The further increase in irrigation to 100%
Ep (I,) reduced leaf — N content. However, the leaf — N content increased with in-
crease in fertilizer levels under each irrigation regime. Overall, the highest leaf — N
(2.15%) was registered under LF, and lowest under [ F, (1.65% N) versus 1.98%
leaf — N in BI with BPF. Leaf — K content followed the similar pattern of response
as leaf — N. The higher leaf N and K under optimal irrigation and fertilizer level
was also observed earlier in ‘Thompson Navel’ orange [7] and Valencia orange [3].
Leaf — P content increased with increasing both irrigation and fertilizer levels ap-
plied through drip-irrigation, with highest magnitude under LF,. The response of
irrigation and fertigation in relation to leaf — P corroborates the prefindings [11] in
citrus in Florida. Among micro -nutrients (Fe, Mn, Cu, Zn), only Fe concentration
was observed to be significantly higher in LF, (113.99 ppm) over other treatments.

TABLE 14.2 Leaf Nutrients Composition Under Different Irrigation and Fertigation
Strategy in Nagpur Mandarin.

Treatment N Macronutrients, % Micronutrients. Ppm.
P K Fe Mn Cu Zn
11 F1 1.65 0.071 1.16 79.52 28.87 13.00 15.03

F2 1.88 0.081 1.34 86.52 3190 13.76 15.27
F3 1.93 0.081 1.55 92.69 32.70  13.23 15.28
12 F1 1.99 0.080 1.76 98.06 29.90  14.47 1543
F2 2.12 0.082 1.78 99.53 29.97  15.17 15.84
F3 2.15 0.084 1.87 101.67 33.10 15.10 16.63
I3 F1 1.97 0.084 1.67 108.46 2993  16.00 15.50
F2 2.08 0.108 1.71 109.68 30.77  15.80 15.89
F3 2.09 0.110 1.78 113.99 29.77 1637 15.50
+BI+BPF =14 1.98 0.081 1.64 13.52 31.90 13.76 15.27
I 0.02 0.006  0.07 1.2 NS NS NS
#CD0.05 F 0.04 0.008  0.08 NS NS NS NS
IxF  0.12 0.01 0.10 0.8 NS NS NS
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14.3.4 PLANT GROWTH

The annual incremental vegetative growth parameters (plant height, stock girth, sci-
on girth, canopy volume) under different treatments were recorded for two years and
the mean values are presented in Table 14.3. The trend of increase in all the growth
parameters in relation to irrigation and fertigation was similar in both the years of
observation. The mean annual increase varied in the range 0.25-0.55 m, 3.1-5.6
cm, 2.9-5.4 cm and 6.23-9.98 m?, for in plant height, stock girth, scion girth, and
canopy volume, respectively, under drip-fertigation treatments (except I,F ) over
0.22 m (plant height), 3.0 m (stock girth), 2.8 cm (scion girth), and 5.96 m* (canopy
volume) under BI with BPF. However, among different growth parameters, only
plant height and canopy volume showed a significant response to irrigation and
fertigation individually as well as in combination. All the growth parameters were
increased with increasing irrigation level from 50% Ep to 100% Ep under drip ir-
rigation with corresponding fertilizer dose (except LF,). The similar response of
plant growth parameters to fertigation levels was also observed within any irrigation
treatments. However, the highest magnitude of all incremental growth parameters
was recorded under drip irrigation at 75% Ep with 75% RDF. The higher plant
growth under drip-fertigation over BI with BPF was also observed earlier in Valen-
cia orange [8] and in Thompson Navel orange [7].

TABLE 14.3 Annual Incremental Vegetative Growth of the Nagpur Mandarin Plants Under
Different Irrigation and Fertigation Strategies

Treatment Plant Stock Scion Canopy
height, m girth, cm girth, cm volume, m3

I F1 0.20 2.8 2.6 5.68

F2 0.26 3.1 2.9 6.23

F3 0.30 3.1 3.0 7.44
12 F1 0.25 34 2.9 6.91

F2 0.37 3.8 3.7 9.67

F3 0.55 5.6 54 9.98
I3 F1 0.37 3.9 34 9.32

F2 0.46 4.0 3.7 9.73

F3 0.48 44 4.2 9.79
+BI+BPF =14 0.22 3.0 2.8 5.96

I 0.02 NS NS 0.41
CDO0.05 F 0.009 NS NS 0.26

IxF 0.024 NS NS 0.73
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14.3.5 FRUIT YIELD AND QUALITY

Fruit yield was changed significantly in response to irrigation and fertigation levels
individually and in combination (Table 14.4). The highest fruit number (523) and
fruit weight (110.3 g) was recorded in LF, followed by L,F.. The average annual fruit
yield was increased with increase in fertilizer level under each drip-irrigation re-
gime. However, the annual fruit yield was observed to increase from 8.5 t/hain I F,
to as high as 16.03 t/ha in LF, against 10.0 t/ha in BI with BPF. The higher fruit yield
under optimal drip-fertigation over surface irrigation with conventional fertilization
was also observed earlier in various citrus cultivars [3, 7, 9].

All the fruit quality parameters (juice content, TSS and acidity) varied signifi-
cantly with irrigation and fertigation levels. The fruits having highest juice con-
tent (41.8%) and TSS (10.2 °Brix) and lowest acidity (0.82%) were harvested in
LF.. The BI with BPF produced the fruits with 38.4% juice content, 0.84% acidity
and 9.4 °Brix TSS. The higher TSS and lower acidity in fruits under optimal water
supply and fertilization through drip system over surface irrigation with broadcast-
ing method of fertilization were also observed earlier in Valencia orange [8] and
‘Thompson Navel’ orange [7].

TABLE 14.4 Yield and Fruit Quality As Affected By Irrigation and Fertigation in Nagpur
Mandarin

Treatment Yield parameters Fruit quality parameters
No. of fruits/ Average  Totalyield Juice Acidity — T.S.S
plant Fruit weight, ton/ha % % °Brix

g

1 Fl1 364 84.0 8.50 37.4 0.85 9.4

F2 384 87.2 9.30 38.6 0.83 9.5

F3 421 89.6 10.48 38.7 0.83 9.5

12 Fl1 409 89.8 10.21 38.4 0.81 9.6

F2 447 98.5 12.24 393 0.82 9.6

F3 523 110.3 16.03 41.8 0.82 10.2

I3 Fl1 411 96.2 11.00 39.9 0.84 10.1

F2 468 102.6 13.35 40.2 0.85 10.0

F3 518 109.5 15.77 40.4 0.86 9.7

+BI+BPF =14 380 94.6 10.00 38.4 0.84 9.4

I 5.6 9.8 0.82 1.08 0.006 0.62

CDO0.05 F 42 5.6 0.67 0.87 0.008 0.44

IxF 6.8 10.2 0.97 1.12 0.01 0.87




268 Sustainable Micro Irrigation Design Systems for Agricultural Crops

14.4 CONCLUSIONS

A study was conducted to optimize the combine use of irrigation water and fertil-
izers through drip irrigation for citrus trees at Nagpur, Maharashtra, India. The ir-
rigation at 50% (I,), 75% (1,), and 100% (I,) of daily Class A pan evaporation rate
(Ep) along with 25% (F)), 50% (F,) and 75% (F,) of RDF were applied through drip
emitters to 11 year-old mandarin plants. The band placement of fertilizer (BPF) at
100% RDF under basin irrigation (BI) was taken as control for comparison.

All the irrigation and fertilizer interacted treatments (except I,F,) imposed
through drip system produced higher plant growth and fruit yield, with better qual-
ity fruits over BI with BPF. The highest fruit yield (16.03 t/ha) with superior quality
fruits (41.8% juice content, 10.2 °Brix TSS and 0.82% acidity) was recorded under
LF,. Leaf nutrients (N, P, K, Fe, Cu, Zn and Mn) analysis indicated that LF, reg-
istered significantly higher leaf-N (2.15%) and K (1.87%), whereas L,F, produced
higher P (0.11%) and Fe (113.99 ppm) as compared with BI with BPF (1.98% N,
0.081% P, 1.64% K, and 93.52 ppm Fe).

The application of irrigation and fertilizers through drip system is found to be
a potential water and fertilizer saving technique in Nagpur mandarin. The optimal
drip irrigation regime (75% of Class A pan evaporation) in combination with 75%
of RDF saved around 50% water and 25% fertilizer over basin irrigation with band
placement of fertilization. Drip-fertigation also enhanced the fruit yield to the tune
of 60% and improved the fruit qualities (Juice percent, TSS, acidity) over basin ir-
rigation with band fertilization method in Nagpur mandarin. The higher productivity
with superior quality fruits using less water and fertilizers under drip-fertigation
warrants its adoption in Nagpur mandarin orchards of central India. This can help
in bringing more area under irrigation, resulting in large increase in production of
citrus with prolonged orchard longevity.

The overall results of this study demonstrated that the application of optimum
quantity of water and fertilizers (LF,) through drip irrigation saved 50% of water
and 25% of fertilizers, respectively, besides producing 60% higher fruit yield with
better quality fruits over BI with BPF.

14.5 SUMMARY

Efficient use of water and nutrients is essential for sustainable production of citrus.
Drip irrigation and application of fertilizers through this irrigation system has been
found as one of the potential practices to save water and nutrients in different crops.
The present study was conducted to evaluate effects of irrigation levels and fertiliz-
ers through drip irrigation on citrus trees at Nagpur, Maharashtra, India. All the irri-
gation and fertilizer interacted treatments (except I F ) imposed through drip system
produced higher plant growth and fruit yield, with better quality fruits over BI with
BPF. The highest fruit yield (16.03 t/ha) with superior quality fruits (41.8% juice
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content, 10.2 °Brix TSS and 0.82% acidity) was recorded under LF,. Leaf nutrients
(N, P, K, Fe, Cu, Zn and Mn) analysis indicated that L F, registered significantly
higher leaf-N (2.15%) and K (1.87%), whereas I,F, produced higher P (0.11%) and
Fe (113.99 ppm) as compared with BI with BPF (1.98% N, 0.081% P, 1.64% K, and
93.52 ppm Fe). The overall results of this study demonstrated that the application of
optimum quantity of water and fertilizers (L,F,) through drip irrigation saved 50%
and 25% of water and fertilizers, respectively, besides producing 60% higher fruit
yield with better quality fruits over BI with BPF.
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15.1 INTRODUCTION

Water scarcity is one of the major causes of low productivity and decline of citrus
orchards in tropical and subtropical regions of the world. In India, it is third impor-
tant fruit crop after banana and mango. Nagpur mandarin (Citrus reticulata Blanco)
is mostly grown on Vertisol of gently sloppy lands, which is characterized with
producing abundant runoff during monsoon on one hand and soil moisture shortage
for sustaining the crop in post monsoon period on the other hand [4, 10]. Although,
some in-situ runoff conservation measures for different crops such as lemon [3] and
sweet orange [1] were advocated for better growth and production, yet such infor-
mation is lacking for Nagpur mandarin. Moreover, rainwater harvesting in tank and
recycling it in orchards is one of the potential options for enhancing productivity of
citrus in water scarce regions.

The citrus in central India is basically irrigated by basin or furrow irrigation
method. Proper irrigation water management by optimum use of available water re-
sources along with water resource development in the region is quite necessary. Wa-
ter management studies in Nagpur mandarin show that optimum soil water regime
under drip irrigation can increase its growth and yield [8, 9]. Also plastic polythene
mulching [5, 6] and deficit irrigation [7] have proved the effectiveness in conserv-
ing the soil moisture and increasing the growth, yield and quality of different citrus
cultivars. However, the information on rainwater harvesting and recycling it through
drip irrigation and mulching for citrus is meager. Keeping this in view, a study was
undertaken to evaluate the performance of rainwater harvesting and recycling the
harvested water through drip irrigation in Nagpur mandarin under plastic mulch.
The impact of rainwater harvesting on groundwater of the study site was also stud-
ied.

15.2. MATERIALS AND METHODS

During 2006-2009, the experiment was carried out at research farm of National
Research Center for Citrus, Nagpur — India on one-year-old Nagpur mandarin trees
budded on rough lemon root stock with 6 ~ 6 m? tree spacing. The treatments were:

T,: continuous bunding,

T,: continuous trenching,

T,: staggered trenching between rows, and

control (C): without any soil and water conservation measures.

The randomized block design was used with seven replications in block size
of 36x18 m? on a slope of 4.2%. The soil type was clay loam with field capacity
and permanent wilting point of 24.8% (weight basis) and 15.7% (weight basis),
respectively. Runoff was measured through multislot divisor and well-stirred run-
off samples were collected for estimation of sediment yield and nutrients loss after
each rainfall under different treatments. Runoff sample analysis consisted of alka-
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line KMNO, distillation for available N, NaHCO, (pH 8.3) extractable-P as Olsen-P,
IN neutral NH,OAc — K [11]. The moisture content at 0-30 cm depth was recorded
each week by neutron moisture probe (Troxler model-4300) in various treatments.

A water harvesting tank of size 35 x 35 x 3 m® was constructed in 2005. Prior to
construction of the tank, the groundwater level in the well was recorded. The trees
were irrigated by groundwater during initial years (2003—2005). The irrigation sys-
tems in the orchards were traditional surface irrigation and drip irrigation with and
without mulch and compared with rain-fed treatment. After construction of the tank,
the harvested water was used at the best level of drip irrigation (60% of pan evapo-
ration) with black plastic mulch (100 micron thickness). Mulching was done with
a 1.0~ 1.0 m? size polythene sheets on each tree basin keeping the tree at the center
in one ha of Nagpur mandarin. The harvested water also recharged the groundwater
and water from wells was used for irrigation purpose after drying of tank during
May and June. The volume of water required was computed using the equation:

V=Ep Kc Kp Wp’'D €]

Where, V = volume of water (liter/plant/day), Ep = cumulative pan evaporation
for two consecutive days (mm), Kc = crop factor, Kp = pan factor, Wp = wetting
factor, and D = canopy diameter observed at noon. The crop factor was taken as 0.6
and pan factor as 0.7 in winter and 0.8 in summer [2].

Recommended dose of fertilizers was applied. The vegetative growth param-
eters (tree height, stem height, canopy diameter, stock and scion girth) were mea-
sured and their incremental magnitudes under different treatments were compared.

The fruits were harvested from each tree and the weight was measured to esti-
mate the yield in different treatments. Five fruits per tree were taken randomly for
determination of fruit quality (juice percent, acidity and total soluble solids) param-
eters. Juice was extracted manually by juice extractor and the percent was estimated
on weight basis with respect to fruit weight. The total soluble solid (TSS) was de-
termined by digital refractometer and acidity was measured by volumetric titration
with standardized sodium hydroxide, using phenolphthalein as an internal indicator.
The economics of citrus cultivation under different treatments was determined with
indices such as net return and benefit-cost ratio (BCR).

The data were subjected to analysis of variance (ANOVA), and significance of
the data within the treatments was determined using SAS-9.2 statistical software.

15.3 RESULTS AND DISCUSSION
15.3.1 RUNOFF, SOIL AND NUTRIENT CONSERVATION

The mean annual rainfall, runoff and soil loss data under different treatments indi-
cated that the maximum runoff (38.15%) and soil loss (4.98 t/ha) occurred in con-
trol, whereas the minimum (runoff 27.3%; soil loss 3.74 t/ha) was under continuous
trenching, followed by continuous bunding (Table 15.1). The runoff and soil loss,
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occurred under staggered trenching, were 10 and 6% lower over control. Continu-
ous trenching conserved the maximum runoft (28.4%) and soil (24.9%) among the
conservation measures over control due to higher runoff conservation in trenches
between the rows.

TABLE 15.1 Runoff, Soil Loss, and Nutrient Loss Under Drip Irrigation With Different Soil
and Water Conservation Measures in Nagpur Mandarin

Treatment Runoff, Soil loss, Nutrient loss, kg/ha
mm t/halyr N P K

Drip irrigation + Mulch + Con- 263 4.11 0.75 0.15 1.24

tinuous bunding (28.8)""

Drip irrigation + Mulch + Con- 249 3.74 0.62 0.13 1.09

tinuous trenching (27.3)

Drip irrigation + Mulch + Stag- 313 4.67 0.87 0.17 1.57

gered trenching (34.3)

Without conservation measure 348 4.98 1.08 0.24 2.08

(Control) (38.15)

" ARF, Annual Rainfall, Mean ARF =912 mm,;

ok

Numbers in parenthesis indicate runoff as % of mean annual rainfall.

The analysis of runoff samples under different treatments for available N, P and
K (Table 15.1) showed that nutrient loss was maximum in control (1.08 kg N/ha,
0.24 kg P/ha and 2.08 kg K/ha), and lowest in continuous trenching (0.62 kg N/ha,
0.13 kg P/ha and 1.09 kg K/ha) followed by continuous bunding. The lowest nutri-
ent loss under continuous trenching was attributed to the lowest soil loss. Due to
heavy loss of upper fertile soil through runoff, the nutrient concentration in eroded
soil was invariably higher than the original soil, irrespective of the treatments.

15.3.2 SOIL MOISTURE VARIABILITY AND GROUNDWATER
RECHARGE

The mean monthly moisture content at 0—30 cm soil profile revealed that the soil
moisture status was improved considerably in various conservation treatments with
drip irrigation over control (Table 15.2). Among different treatments, the highest
soil moisture content (24.55-30.52%, v/v) was observed under continuous trench-
ing followed by continuous bunding (24.25-28.33%, v/v). The moisture content
under staggered trenching was 23.43-26.92% (v/v) in various months. The higher
moisture content in continuous trenching was due to maximum rainwater conserva-
tion during the rainy period. The moisture content under various conservation mea-
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sures and control was reduced with time, except during the month of February, due
to some unseasonal rainfall (11 mm) in the month. This was due to more consump-
tive use by trees under increased soil moisture content under various conservation
treatments. Moreover, the moisture content under different treatments did not vary
significantly at the initial period (October) of observation. But during the period
between November and February, the moisture content under various conservation
measures was significantly higher over control.

The groundwater level in the wells located in the orchard was increased by 1.5—
2.3 m after construction of water harvesting tanks compared to water level before
construction.

TABLE 15.2 Soil Water Content (%, v/v) at 0.30 m Depth Under Different Soil and Water
Conservation Measures in Nagpur Mandarin

Month
Treatment Oct. Nov. |[Dec. Jan. |Feb. Mar. |[Apr. [May |June

Drip irriga- 28.33 2826 |27.94 |26.76|2824 |[27.45 [26.45 |26.15 |24.25
tion + Mulch
+ Continuous
bunding

Drip irriga- 30.52 |30.31 [28.86 |28.45|30.37 |[27.75 [26.57 |26.35 |24.55
tion + Mulch
+ Continuous
trenching

Drip irriga- 2436 |24.18 |23.85 |[23.74|25.69 [26.92 [25.88 (24.20 |23.43
tion + Mulch
+ Staggered
trenching

No conserva- [23.63 [23.38 |21.84 |[21.54(23.46 |25.88 |23.85(22.80 [22.33
tion measure
(Control)

"CD (P=0.05) |NS 1.92 |2.21 2.40 |2.97 NS NS NS NS

“CD = Critical difference at 5% probability, NS = Not significant.

15.3.3 VEGETATIVE GROWTH, YIELD, FRUIT QUALITY AND
ECONOMICS

The incremental growth of vegetative parameters (tree height, canopy volume, and
stem girth) showed that all the parameters were significantly higher under various
conservation measures over control (Table 15.3). The highest magnitude of the in-
cremental growth parameters was observed in continuous trenching. Similarly, all
the conservation measures produced higher fruit yield (7-29%) with better fruit
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quality over control. The highest fruit yield (9.60 kg/tree) was observed in continu-
ous trenching. Quality assessment of fruits showed that the juice contents (40.42%)
and TSS (10.10 °Brix) were significantly higher under continuous trenching treat-
ment. The higher vegetative growth and fruit yield with better fruit quality in vari-
ous conservation measures was due to better availability of soil moisture to manda-
rin trees during flowering and fruiting stages during the postmonsoon period.

TABLE 15.3 Incremental Vegetative Growth, Fruit Yield and Quality of Nagpur Mandarin

Under Various Soil and Water Conservation Measures

Vegetative growth Fruit yield

Fruit quality

Treat- PH SG Cv No. of Fruit

ment fruits/ weight

tree

Total
yield/

tree

Juice

Acidity

TSS

m cm m? No. g

kg/
plant

%

°Brix

Drip ir- 028 223 0.759 65 136.7
rigation +

Mulch +

Con-

tinuous

bunding

Drip ir- 035 24 0.846 69 139.2
rigation +

+ Mulch

+ Con-

tinuous

trenching

Drip ir- 024 1.8 0.563 59 135.4
rigation +

+ Mulch

+ Stag-

gered

trenching

Without  0.19 1.35 0402 55 135.2
conser-

vation

measure

(Control)

CD 0.08 0.3 0.031 25 NS

(P=
0.05)

8.88

9.60

7.98

7.43

0.31

39.33

40.42

37.66

3542

3.6

0.83

0.82

0.84

0.86

NS

10.00

10.10

9.98

9.94

0.05

CD = Critical difference at 5% probability.
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TABLE 15.4 Economics of Citrus Cultivation Under Rainwater Harvesting and Drip
Irrigation

Treatments Yield tons/  Gross return  Net return x BCR
ha x 105 Rs. 10° Rs.

RWHT + CT + Drip irrigation 13.0 24 1.8 2.0

+ Mulch

Rain-fed system 8.5 1.5 1.1 1.7

RWHT = rainwater harvest-
ing tank, CT = continuous
trenching; DI = drip irrigation.

The citrus production (Table 15.4) under continuous trenching, water harvesting
tank, drip irrigation and mulch was more economical (net return of Rs. 1.8 x 10° and
BCR of 2.0) compared to that under rain-fed condition (net return of Rs. 1.1 x 10°
and BCR of 1.7)

15.4 CONCLUSIONS

Citrus is extensively grown in central India. The crop is basically irrigated by bore
well or dug well through conventional surface irrigation method in this region.
For the last few years, water level in wells has declined alarmingly creating water
shortage for sustaining the crop. Thus, keeping this problem in view, various in-
situ rainwater conservation treatments (continuous trenching, continuous bunding,
staggered trenching between the rows across the slope (4.2%) and control (without
any soil and water conservation treatment)) were evaluated in one-year-old Nagpur
mandarin at Nagpur, India.

The continuous trenching produced the best response conserving 38% runoff,
32.28% soil, 32.44% N, 27.67% P, and 28.95% K over control, besides 15.7% high-
er fruit yield with better fruit quality. Moreover, rainfall runoff from 3.2 hectare of
land was harvested in a tank size of 35x35%3 m? and recycled at the best level of
irrigation (60% of pan evaporation) through drip irrigation with black plastic mulch
of 100 micron thickness in one ha of Nagpur mandarin. Over all, by conjunctive
use of both continuous trenching and tank-based drip irrigation with black plastic
mulch, the tree growth and fruit yield were enhanced up to 45% over basin irrigation
without any conservation measure. These studies suggested the combine adoption
of continuous trenching and tank-based drip irrigation with black plastic mulch to
reduce the water scarcity for inducing better growth, yield and health of Nagpur
mandarin central India.
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15.5 SUMMARY

Drip irrigation with continuous trenching was found to be a superior soil and water
conservation technique for cultivation of Nagpur mandarin. The method warrants
its’ adoption in mandarin orchards of Central India and elsewhere having similar
agro-pedological conditions. Moreover, the citrus cultivation under continuous
trench, drip irrigation and plastic mulch using water from rainwater harvesting tank
was found more productive and economical compared to rain-fed citriculture in
central India. The technique therefore suggested to be adopted in the study region
for improving the quality production of citrus without bringing any sizeable reduc-
tion in soil fertility.

The continuous trenching produced 15.7% higher fruit yield with better fruit
quality. Over all, by conjunctive use of both continuous trenching and tank-based
drip irrigation with black plastic mulch, the tree growth and fruit yield were en-
hanced up to 45% over basin irrigation without any conservation measure. These
studies suggested the combine adoption of continuous trenching and tank-based drip
irrigation with black plastic mulch.

KEYWORDS
/o Central India \
e citrus

o drip irrigation

e FAO

e fruit quality

o fruit yield

e India

e irrigation scheduling

¢ Mahatma Phule Agricultural University
e Nagpur mandarin

¢ National Research Center for Citrus
e rain water harvesting

e soil moisture

e water productivity

N water scarcity J




Integrating Micro-Irrigation with Rainwater Harvesting in Citrus 279

REFERENCES

1.

10.

Arora, Y. K., Mohan, S. C. (1985). Water harvesting and water management for fruit crops
in waste Lands, Third National Workshop on arid zone fruit research held at Mahatma Phule
Agricultural University, Rahuri, India, July 5-8. Technical Document, 17:104—112.
Doorenbos, J., Pruitt, W. O. (1977). Guidelines for predicting crop water requirements. Irriga-
tion and Drainage Paper 24, FAO, United Nations, Rome, Italy.

Ghosh, S. P. (1982). Water harvesting for fruit orchards in Dehra Dun valley. Proceedings
of International Symposium on hydrological aspects of mountainous watersheds at Roorke,
India, November 4-6, pp. 31-33.

Huchche, A. D., Srivastava, A. K., Ram, L., Singh, S. (1999). Nagpur mandarin orchard ef-
ficiency in central India. Hi-Tech Citrus Management. Proceedings of International Sympo-
sium on citriculture held at National Research Center for Citrus, Nagpur, Maharashtra, India,
November 23-27, pp. 24-28.

Panigrahi, P., Huchche, A. D., Srivastava, A. K., Singh, S. (2008). Effect of drip irrigation and
plastic mulch on performance of Nagpur mandarin (Citrus reticulata Blanco) grown in central
India. Indian Journal of Agricultural Sciences, 78:1005—-1009.

Panigrahi, P., Srivastava, A. K., Huchche, A. D. (2010). Optimizing growth, yield and water
use efficiency (WUE) in Nagpur mandarin (Citrus reticulate Blanco) under drip irrigation and
plastic mulch. Indian Journal of Soil Conservation, 38(1):42—45.

Panigrahi, P., Srivastava, A. K. (2011). Deficit irrigation scheduling for matured Nagpur man-
darin (Citrus reticulate Blanco) trees of central India. Indian Journal of Soil Conservation,
39(2):149-154.

Panigrahi, P., Srivastava, A. K., Huchche, A. D. (2012). Effects of drip irrigation regimes and
basin irrigation on Nagpur mandarin agronomical and physiological performance. Agricul-
tural Water Management, 104:79-88.

Panigrahi, P., Srivastava, A. K., Huchche, A. D., Singh, S. (2012). Plant nutrition in response
to drip versus basin irrigation in young Nagpur mandarin on Inceptisol. Journal of Plant Nu-
trition, 35:215-224.

Singh, S., Srivastava, A. K. (2004). Citrus industry of India and overseas. In: Singh, S.,
Shivankar, V. J., Srivastava, A. K., Singh, 1. P. (Eds.), Advances in Citriculture. Jagmander
Book Agency, New Delhi, India, pp. 8-67.

. Tandon, H. L. S. (1998). Methods of Analysis of Soils, Plant, Water and Fertilizers, Fertilizer

Development and Consultation Organization, New Delhi, India, pp. 42-44.






APPENDICES

(Modified and reprinted with permission from: Megh R. Goyal (2012). Appendices.
Pages 317-332. In: Management of Drip/Trickle or Micro Irrigation, edited by:
Megh R. Goyal. New Jersey, USA: Apple Academic Press Inc.)

APPENDIX A
CONVERSION SI AND NON-SI UNITS

To convert the Col-

To convert the Column 1 in the umn 2 in the Column
Column 2 Column 1 Column 2 1
Unit Unit

Multiply by SI Non-SI Multiply by
LINEAR
0.621 kilometer, km (10° m) miles, mi —— 1.609
1.094 —— meter, m yard,yd ——— 0.914
3.28 —— meter, m feet, ft ——M 0.304
3.94 x 102 — millimeter, mm (107%) inch, in ——— 25.4
SQUARES
2.47 hectare, he acre ——— 0.405
2.47 square kilometer, km? acre ——— 4.05x 107
0.386 square kilometer, km>  square mile, mi> ——  2.590
2.47 x 10*— square meter, m? acre ———— 4.05 x 107
10.76 square meter, m? square feet, ft —————  9.29 x 1072
1.55 x 10 — mm? square inch, in”> —— 645
CUBICS
9.73 x 10 — cubic meter, m* inch-acre —— 102.8
353 cubic meter, m? cubic-feet, f* ———  2.83 x 102

6.10 x 10* — cubic meter, m? cubic inch, in® ——— 1.64 x 107
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2.84 x 102 — liter, L (10 m’)

1.057 liter, L
3.53 x 102 — liter, L
0.265 liter, L
33.78 liter, L
2.11 liter, L
WEIGHT

2.20 x 103 — gram, g (107 kg)
3.52 x 102 — gram, g (107 kg)
2.205 kilogram, kg

102 kilogram, kg

1.10 x 10 — kilogram, kg
1.102 —— mega gram, mg
1.102 —— metric ton, t

YIELD AND RATE

0.893 kilogram per hectare

bushel, bu
liquid quarts, qt
cubic feet, ft?
gallon

fluid ounce, oz
fluid dot, dt

pound,

ounce, 0z

pound, Ib

quintal (metric), q
ton (2000 Ibs), ton
ton (US), ton

ton (US), ton

pound per acre

7.77 x 102 — kilogram per cubic meter

fanega
1.49 x 102 — kilogram per hectare
1.59 x 102 — kilogram per hectare
1.86 x 102 — kilogram per hectare

0.107 liter per hectare

893 ton per hectare

893 mega gram per hectare
0.446 ton per hectare

2.24 meter per second

SPECIFIC SURFACE

10 square meter per
kilogram
10° square meter per

kilogram

12.87

pound per acre, 60 Ib —
pound per acre, 56 Ib —
pound per acre, 48 Ib —
galloon per acre
pound per acre
pound per acre
ton (2000 1b) per acre —
mile per hour

square centimeter per
gram

square millimeter per
gram 1073
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35.24
0.946
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3.78

2.96 x 1072
0.473

454
28.4
0.454
100
907
0.907
0.907

1.12
pound per
67.19

62.71

53.75

9.35

1.12x 103
1.12x 103
2.24

0.447

0.1
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PRESSURE

9.90 megapascal, MPa

10 megapascal

1.0 megagram per cubic
meter

2.09 x 102 — pascal, Pa
1.45 x 10* — pascal, Pa

283

atmosphere 0.101

bar —— 0.1

gram per cubic

centimeter 1.00
pound per square feet 479
pound per square inch—  6.90 x 10?

CONVERSION SI AND NON-SI UNITS

To convert the Column To convert the Column 2 in
1 in the Column 2 Column 1 Column 2 the Column 1
Unit Unit
Multiply by SI Non-SI Multiply by
TEMPERATURE
1.00 (K-273)—Kelvin, K centigrade, °C —— 1.00 (C+273)
(1.8 C + 32)—centigrade, °C Fahrenheit, °F —— (F-32)/1.8
ENERGY
9.52x10* — Joule J BTU 1.05 x 103
0.239 —— Joule, J calories, cal 4.19
0.735 Joule, J feet-pound 1.36
2.387 x 10° — Joule per calories per square centimeter — 4.19 x 10*
square meter
10— Newton, N dynes 10
WATER REQUIREMENTS
9.73 x 103 — cubic meter inch acre 102.8

9.81 x 10 — cubic meter per hour

4.40 cubic meter per hour
8.11 hectare-meter
97.28 hectare-meter

8.1 x 102 — hectare centimeter

cubic feet per second 101.9
galloon (US) per minute — 0.227

acre-feet 0.123
acre-inch 1.03 x 10
acre-feet 12.33
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CONCENTRATION
1 ——— centimol per kilogram milliequivalents per
100 grams
0.1 gram per kilogram percents — 10
1 ———— milligram per kilogram parts per million
NUTRIENTS FOR PLANTS
229 ——P PO, —r 0.437
1.20——K KO——F—— 0.830
1.39 ——Ca CaQ —— 0.715
1.66 —— Mg Mg ——MM— 0.602
NUTRIENT EQUIVALENTS
Conversion Equivalent
Column A Column B AtoB BtoA
N NH3 1.216 0.822
NO3 4.429 0.226
KNO3 7.221 0.1385
Ca(NO3)2 5.861 0.171
(NH4)2S04 4.721 0.212
NH4NO3 5.718 0.175
(NH4)2 HPO4 4.718 0.212
P P205 2.292 0.436
PO4 3.066 0.326
KH2PO4 4.394 0.228
(NH4)2 HPO4 4255 0.235
H3PO4 3.164 0.316
K K20 1.205 0.83
KNO3 2.586 0.387
KH2PO4 3.481 0.287
Kcl 1.907 0.524
K2S04 2.229 0.449
Ca CaO 1.399 0.715
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Ca(NO3)2 4.094 0.244
CaCl2 x 6H20 5.467 0.183
CaSO4 x 2H20 4296 0.233
Mg MgO 1.658 0.603
MgS04 x 7TH20 1.014 0.0986
S H2804 3.059 0.327
(NH4)2 SO4 4.124 0.2425
K2S04 5.437 0.184
MgS04 x TH20 7.689 0.13
CaSO04 x 2H20 5371 0.186

APPENDIX B

PIPE AND CONDUIT FLOW
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APPENDIX C

PERCENTAGE OF DAILY SUNSHINE HOURS: FOR NORTH AND
SOUTH HEMISPHERES

Latitude |Jan |Feb |Mar |Apr |May|Jun |Jul |Aug |Sep |Oct |N0v |Dec
NORTH
0 8.50 [7.66 |[8.49 [8.21 |8.50 [8.22 [8.50 [8.49 [8.21 |8.50 [8.22 [8.50
5 8.32 [7.57 |8.47 [3.29 |8.65 [8.41 [8.67 [8.60 [8.23 |8.42 [8.07 [8.30
10 8.13 [7.47 |8.45 [8.37 |8.81 [8.60 [8.86 [8.71 [8.25 |8.34 |7.91 [8.10
15 7.94 (7.36 |8.43 [8.44 |8.98 [8.80 [9.05 [8.83 [8.28 |8.20 |7.75 |7.88
20 7.74 (7.25 |8.41 [8.52 |9.15 [9.00 [9.25 [8.96 [8.30 |8.18 |7.58 [7.66
25 7.53 [7.14 |8.39 [8.61 |9.33 [9.23 [9.45 [9.09 (8.32 |8.09 |7.40 [7.52
30 7.30 [7.03 |8.38 [8.71 [9.53 [9.49 [9.67 [9.22 [8.33 |7.99 |7.19 |7.15
32 7.20 [6.97 |[8.37 [8.76 [9.62 [9.59 [9.77 |[9.27 |8.34 |7.95 |7.11 |7.05
34 7.10 [6.91 |8.36 [8.80 |9.72 [9.70 [9.88 [9.33 [8.36 |7.90 |7.02 [6.92
36 6.99 [6.85 [8.35 [8.85 |9.82 [9.82 [9.99 [9.40 (8.37 |7.85 ]6.92 [6.79
38 6.87 [6.79 |8.34 [8.90 |9.92 [9.95 [10.1 [9.47 [3.38 |7.80 |6.82 [6.66
40 6.76 [6.72 |8.33 [8.95 |10.0 [10.1 [10.2 [9.54 [8.39 |7.75 |6.72 |7.52
42 6.63 [6.65 [8.31 [9.00 |10.1 [10.2 [10.4 [9.62 [8.40 |7.69 |6.62 [6.37
44 6.49 [6.58 |[8.30 [9.06 [10.3 [10.4 [10.5 [9.70 [8.41 |7.63 |6.49 |6.21
46 6.34 [6.50 [8.29 [9.12 |10.4 [10.5 [10.6 [9.79 [8.42 |7.57 |6.36 [6.04
48 6.17 [6.41 |8.27 [9.18 |10.5 [10.7 [10.8 [9.89 [8.44 |7.51 |6.23 [5.86
50 598 [6.30 [8.24 [9.24 |10.7 [10.9 [11.0 [10.0 [8.35 |7.45 |6.10 [5.64
52 577 6.19 [8.21 [9.29 [10.9 [11.1 [11.2 |[10.1 |8.49 |7.39 |5.93 |5.43
54 5.55 [6.08 [8.18 [9.36 |11.0 [11.4 [11.4 [10.3 [8.51 |7.20 |5.74 [5.18
56 5.30 [5.95 [8.15 [9.45 |11.2 [11.7 [11.6 [10.4 [8.53 |7.21 |5.54 [4.89
58 5.01 [5.81 [8.12 [9.55 |11.5 [12.0 [12.0 [10.6 [8.55 |7.10 |4.31 [4.56
60 4.67 15.65 |8.08 |9.65 [11.7 |12.4 [12.3 [10.7 |8.57 |6.98 |5.04 |4.22
SOUTH
0 8.50 [7.66 |[8.49 [8.21 |8.50 [8.22 [8.50 [8.49 [8.21 |8.50 [8.22 [8.50
8.68 [7.76 |8.51 [8.15 |8.34 [8.05 [8.33 [8.38 [8.19 |8.56 |8.37 [8.68
10 8.86 [7.87 |8.53 [8.09 |8.18 [7.86 [8.14 [8.27 [8.17 |8.62 |8.53 [8.88
15 9.05 [7.98 |8.55 [8.02 |8.02 [7.65 [7.95 [8.15 [8.15 |8.68 |8.70 [9.10
20 9.24 [8.09 [8.57 [7.94 |7.85 |7.43 |7.76 |8.03 |8.13 |8.76 |8.87 |9.33
25 9.46 [8.21 [8.60 [7.74 |7.66 [7.20 [7.54 [7.90 [8.11 |8.86 |9.04 [9.58
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30 9.70 [8.33 [8.62 [7.73 |7.45 |6.96 |7.31 |[7.76 |8.07 |8.97 19.24 |9.85
32 9.81 [8.39 [8.63 [7.69 |7.36 [6.85 [7.21 [7.70 [8.06 |9.01 |9.33 [9.96
34 9.92 |8.45 |[8.64 |7.64 |7.27 |6.74 |7.10 |7.63 [8.05 [9.06 |9.42 [10.1
36 10.0 |8.51 |8.65 |7.59 |[7.18 |6.62 [6.99 [7.56 |8.04 |9.11 19.35 |10.2
38 10.2 |8.57 |8.66 |7.54 |7.08 |6.50 (6.87 |[7.49 |8.03 |9.16 19.61 |10.3
40 10.3 |8.63 [8.67 [7.49 16.97 16.37 [6.76 |7.41 |8.02 |9.21 |9.71 |10.5
42 10.4 |8.70 |8.68 |7.44 [6.85 |6.23 [6.64 [7.33 |8.01 |9.26 |19.8 ]10.6
44 10.5 |8.78 |8.69 |7.38 |[6.73 |6.08 [6.51 [7.25 |7.99 19.31 19.94 |10.8
46 10.7 |8.86 [8.90 [7.32 ]6.61 |5.92 [6.37 |7.16 |7.96 |9.37 |10.1 |11.0
APPENDIX D
PSYCHOMETRIC CONSTANT () FOR DIFFERENT ALTITUDES
(2)
y=1073 [(Cp.P) +(&.0)] =(0.00163) x [P+ A]

v, psychrometric constant [kPa C—1] €, ratio molecular weight of water

cp, specific heat of moist air = 1.013 vapor/dry air = 0.622

[kJ kg—1 °C-1] A, latent heat of vaporization [MJ kg—1]

P, atmospheric pressure [kPa]. —2.45 MJ kg1 at 20 °C.

Z Y z Y z Y z Y

(m) kPa/°C (m) kPa/°C (m) kPa/°C (m) kPa/°C
0 0.067 1000 0.060 2000 0.053 3000 0.047
100 0.067 1100 0.059 2100 0.052 3100 0.046
200 0.066 1200 0.058 2200 0.052 3200 0.046
300 0.065 1300 0.058 2300 0.051 3300 0.045
400 0.064 1400 0.057 2400 0.051 3400 0.045
500 0.064 1500 0.056 2500 0.050 3500 0.044
600 0.063 1600 0.056 2600 0.049 3600 0.043
700 0.062 1700 0.055 2700 0.049 3700 0.043
800 0.061 1800 0.054 2800 0.048 3800 0.042
900 0.061 1900 0.054 2900 0.047 3900 0.042
1000 | 0.060 2000 0.053 3000 0.047 4000 0.041
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APPENDIX E

SATURATION VAPOR PRESSURE [E] FOR DIFFERENT
TEMPERATURES (T)

Vapor pressure function = ¢ = [0.6108]*exp{[17.27*T]/[T + 237.3]}

T e T e T e T e,
°C kPa °C kPa °C kPa °C kPa
1.0 0.657 13.0 1.498 25.0 3.168 37.0 6.275
1.5 0.681 13.5 1.547 25.5 3.263 375 6.448
2.0 0.706 14.0 1.599 26.0 3.361 38.0 6.625
2.5 0.731 14.5 1.651 26.5 3.462 38.5 6.806
3.0 0.758 15.0 1.705 27.0 3.565 39.0 6.991
3.5 0.785 15.5 1.761 27.5 3.671 39.5 7.181
4.0 0.813 16.0 1.818 28.0 3.780 40.0 7.376
4.5 0.842 16.5 1.877 28.5 3.891 40.5 7.574
5.0 0.872 17.0 1.938 29.0 4.006 41.0 7.778
5.5 0.903 17.5 2.000 29.5 4.123 41.5 7.986
6.0 0.935 18.0 2.064 30.0 4.243 42.0 8.199
6.5 0.968 18.5 2.130 30.5 4.366 42.5 8.417
7.0 1.002 19.0 2.197 31.0 4.493 43.0 8.640
7.5 1.037 19.5 2.267 31.5 4.622 43.5 8.867
8.0 1.073 20.0 2.338 32.0 4.755 44.0 9.101
8.5 1.110 20.5 2.412 32.5 4.891 44.5 9.339
9.0 1.148 21.0 2.487 33.0 5.030 45.0 9.582
9.5 1.187 21.5 2.564 33.5 5.173 45.5 9.832
10.0 1.228 22.0 2.644 34.0 5.319 46.0 10.086
10.5 1.270 22.5 2.726 34.5 5.469 46.5 10.347
11.0 1.313 23.0 2.809 35.0 5.623 47.0 10.613
11.5 1.357 23.5 2.896 35.5 5.780 47.5 10.885
12.0 1.403 24.0 2.984 36.0 5.941 48.0 11.163
12.5 1.449 24.5 3.075 36.5 6.106 48.5 11.447
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SLOPE OF VAPOR PRESSURE CURVE (A) FOR DIFFERENT
TEMPERATURES (T)

A =[4098. e°(T)] + [T + 237.3]

= 2504 {exp[(17.27T) = (T + 237.2)]} = [T + 237.3]

T A T A T A T A
°C | kPa/°C | °C | kPa/°C °C kPa/°C °C | kPa/°C
1.0 0.047 13.0 | 0.098 25.0 0.189 37.0 | 0.342
1.5 0.049 13.5 | 0.101 25.5 0.194 37.5 | 0.350
2.0 0.050 | 14.0| 0.104 26.0 0.199 38.0 | 0.358
2.5 0.052 14.5 | 0.107 26.5 0.204 38.5 | 0.367
3.0 0.054 | 15.0| 0.110 27.0 0.209 39.0 | 0.375
3.5 0.055 155 | 0.113 27.5 0.215 39.5 | 0.384
4.0 0.057 | 16.0 | 0.116 28.0 0.220 40.0 | 0.393
4.5 0.059 16.5 | 0.119 28.5 0.226 40.5 | 0.402
5.0 0.061 17.0 | 0.123 29.0 0.231 41.0 | 0412
5.5 0.063 17.5 | 0.126 29.5 0.237 415 | 0421
6.0 0.065 18.0 | 0.130 30.0 0.243 42.0 | 0431
6.5 0.067 18.5 | 0.133 30.5 0.249 425 | 0.441
7.0 0.069 19.0 | 0.137 31.0 0.256 43.0 | 0.451
7.5 0.071 195 | 0.141 315 0.262 43.5 | 0.461
8.0 0.073 | 20.0 | 0.145 32.0 0.269 44.0 | 0471
8.5 0.075 |20.5| 0.149 32.5 0.275 445 | 0.482
9.0 0.078 |21.0| 0.153 33.0 0.282 45.0 | 0.493
9.5 0.080 |21.5| 0.157 335 0.289 455 | 0.504
10.0 0.082 |22.0| 0.161 34.0 0.296 46.0 | 0.515
10.5 0.085 | 225 | 0.165 345 0.303 46.5 | 0.526
11.0 0.087 |23.0] 0.170 35.0 0.311 47.0 | 0.538
11.5 0.090 |235] 0.174 355 0.318 475 | 0.550
12.0 0.092 |24.0]| 0.179 36.0 0.326 48.0 | 0.562
12.5 0.095 |245] 0.184 36.5 0.334 48.5 | 0.574
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APPENDIX G
NUMBER OF THE DAY IN THE YEAR (JULIAN DAY)

Day |Jan | Feb | Mar | Apr | May | Jun |Jul | Aug | Sep | Oct | Nov | Dec
1 1 32 |60 91 121 | 152 | 182 | 213 [244 |274 | 305 |335
2 2 33 |6l 92 122 | 153 | 183 | 214 |245 |275 306 |336
3 3 34 |62 93 123 | 154 | 184 | 215 [246 |276 | 307 |337
4 4 35 |63 94 124 | 155 | 185 | 216 |[247 |277 | 308 |338
5 5 36 |64 95 125 | 156 | 186 | 217 |248 |278 309 |339
6 6 37 |65 96 126 | 157 | 187 | 218 [249 |[279 | 310 |340
7 7 38 | 66 97 127 | 158 | 188 [219 [250 |[280 |311 |341
8 8 39 |67 98 128 [ 159 | 189 | 220 |251 |[281 |312 |[342
9 9 40 |68 99 129 | 160 | 190 |221 [252 |282 | 313 |343
10 10 (41 |69 100 | 130 | 161 | 191 | 222 [253 |283 |314 |344
11 11 |42 |70 101 131 162 | 192 | 223 | 254 |284 |315 |345
12 12 |43 |71 102 | 132 [163 [ 193 | 224 |255 |285 |316 |346
13 13 (44 |72 103 | 133 | 164 | 194 | 225 [256 |286 |317 |347
14 14 |45 |73 104 | 134 | 165|195 | 226 |257 |287 |318 |348
15 15 |46 |74 105 | 135 |[166 | 196 |227 |258 |288 |319 |349
16 16 (47 |75 106 | 136 | 167 | 197 | 228 [259 |289 |320 |350
17 17 |48 |76 107 | 137 | 168 | 198 | 229 |260 |[290 |321 |351
18 18 (49 |77 108 | 138 |[169 | 199 |230 |261 |291 |322 |352
19 19 |50 |78 109 | 139 | 170 | 200 | 231 [262 |292 |323 |353
20 20 |51 |79 110 | 140 | 171 [201 [232 [263 |293 [324 |354
21 21 |52 |80 111 141 | 172 1202 | 233 [264 |294 | 325 |355
22 22 |53 |81 112 | 142 | 173 | 203 | 234 [265 |295 | 326 |356
23 23 |54 |82 113 143 | 174 | 204 | 235 | 266 |296 |327 |[357
24 24 |55 |83 114 | 144 | 175|205 |236 |267 |297 |328 |358
25 25 |56 |84 115 145 | 176 | 206 |237 |[268 |298 |329 |359
26 26 |57 |85 116 | 146 | 177 [ 207 [238 [269 |299 [330 |360
27 27 |58 |86 117 | 147 | 178 | 208 |239 [270 |300 |331 |361
28 28 |59 |87 118 | 148 | 179 | 209 |240 [271 |301 |332 |362
29 29 | (60) | 88 119 [ 149 | 180 | 210 | 241 |272 |302 |333 |363
30 30 |— |89 120 | 150 | 181 [211 |242 |273 |303 |334 |364
31 31 |— |90 — 151 |— |212 |243 |— 304 | — 365
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STEFAN-BOLTZMANN LAW AT DIFFERENT TEMPERATURES (T)
[6*(T,)*]=[4.903 x 10-"], MJ K* m™* day !

Whggere: T, = {T[°C] +273.16}

T | ofmyt | T | oy | T o*(T,)*
Units

°C MJm?d" °C MIm?2d’ °C MIm?2d’
1.0 27.70 17.0 34.75 33.0 43.08
15 27.90 175 34.99 33.5 43.36
2.0 28.11 18.0 35.24 34.0 43.64
25 2831 18.5 35.48 34.5 43.93
3.0 28.52 19.0 35.72 35.0 44.21
35 28.72 19.5 35.97 35.5 44.50
4.0 28.93 20.0 36.21 36.0 44.79
45 29.14 20.5 36.46 36.5 45.08
5.0 29.35 21.0 36.71 37.0 4537
55 29.56 21.5 36.96 375 45.67
6.0 29.78 22.0 37.21 38.0 45.96
6.5 29.99 225 37.47 38.5 46.26
7.0 30.21 23.0 37.72 39.0 46.56
75 30.42 235 37.98 39.5 46.85
8.0 30.64 240 38.23 40.0 47.15
8.5 30.86 245 38.49 40.5 47.46
9.0 31.08 25.0 38.75 41.0 47.76
9.5 31.30 255 39.01 41.5 48.06
10.0 31.52 26.0 39.27 42.0 48.37
10.5 31.74 26.5 39.53 42.5 48.68
110 31.97 27.0 39.80 43.0 48.99
115 32.19 27.5 40.06 43.5 49.30
12.0 32.42 28.0 40.33 44.0 49.61
125 32.65 285 40.60 44.5 49.92
13.0 32.88 29.0 40.87 45.0 50.24
135 33.11 29.5 41.14 45.5 50.56
14.0 33.34 30.0 41.41 46.0 50.87
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14.5 33.57 30.5 41.69 46.5 51.19
15.0 33.81 31.0 41.96 47.0 51.51
15.5 34.04 31.5 42.24 47.5 51.84
16.0 34.28 32.0 42.52 48.0 52.16
16.5 34,52 32.5 42.80 48.5 52.49
APPENDIX |

THERMODYNAMIC PROPERTIES OF AIR AND WATER

1. Latent Heat of Vaporization (1)

A=[2.501-(2.361 x 10%) T]

where: L = latent heat of vaporization [MJ kg']; and T = air temperature [°C].

The value of the latent heat varies only slightly over normal temperature ranges.

A single value may be taken (for ambient temperature = 20 °C): A =2.45 MJ kg

2. Atmospheric Pressure (P)

P=P [{T,—~(Z-Z)}+ {T}]¢®

where: P, atmospheric pressure at elevation z [kPa]

P_, atmospheric pressure at sea level = 101.3 [kPa]

z, elevation [m]

z, €levation at reference level [m]

g, gravitational acceleration = 9.807 [m s7]

R, specific gas constant == 287 [J kg' K']

a, constant lapse rate for moist air = 0.0065 [K m™]

T, reference temperature [K] at elevation z = 273.16 + T

T, means air temperature for the time period of calculation [°C]

When assuming P, = 101.3 [kPa] at z, = 0, and T, = 293 [K] for T = 20 [°C],

above equation reduces to:

P=101.3[(293-0.0065Z) (293)]>*

3. Atmospheric Density (p)

p =[1000P] = [T, R]=[3.486P]+ [T, ],and T, =T,[1-0.378(c )/P]"

where: p, atmospheric density [kg m™]

R, specific gas constant =287 [J kg™' %]

Ty. virtual temperature [K]

T absolute temperature [K]: T, =273.16 + T [°C]

e, actual vapor pressure [kPa]

T, mean daily temperature for 24-hour calculation time steps.

For average conditions (e, in the range 1-5 kPa and P between 80-100 kPa), T, |

can be substituted by: T, = 1.01 (T +273)
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4. Saturation Vapor Pressure Function (e)
e, = [0.6108]*exp{[17.27*T]/[T + 237.3]}
where: e, saturation vapor pressure function [kPa]
T, air temperature [°C]

5. Slope Vapor Pressure Curve (A)

A =T14098. e°(T)] + [T +237.3)

=2504{exp[(17.27T) = (T +237.2)]} = [T + 237.3]?

where: A, slope vapor pressure curve [kPa C']

T, air temperature [°C]

e°(T), saturation vapor pressure at temperature T [kPa]

In 24-hour calculations, A is calculated using mean daily air temperature. In
hourly calculations T refers to the hourly mean, T, .

6. Psychrometric Constant (y)
y=107[(C,.P) = (eM)] = (0.00163) x [P+ 1]
where: v, psychrometric constant [kPa C]
¢, specific heat of moist air = 1.013 [kJ kg ']
P, atmospheric pressure [kPa]: Egs. (2) or (4)
€, ratio molecular weight of water vapor/dry air = 0.622
A, latent heat of vaporization [MJ kg!]

7. Dew Point Temperature (T, )
When data is not available, T,  can be computed from ¢, by:

T, =[{116.91 +237.3Log (e)} ~ {16.78-Log (e )}]

where: T, , dew point temperature [°C]

e, actual vapor pressure [kPa]

For the case of measurements with the Assmann psychrometer, T,  can be cal-
culated from:

Tdew = (1 12+ 0'9Twet)[ea - (eo Twet)] 0.125_[1 12-0. lTwet]

8. Short Wave Radiation on a Clear-Sky Day (R )

The calculation of R_ is required for computing net long wave radiation and for
checking calibration of pyranometers and integrity of R  data. A good approxima-
tion for R for daily and hourly periods is:

R, =(0.75+2x 107 2)R

where: z, station elevation [m]

R, extraterrestrial radiation [MJ m> d™']

Equation is valid for station elevations less than 6000 m having low air turbid-
ity. The equation was developed by linearizing Beer’s radiation extinction law as a
function of station elevation and assuming that the average angle of the sun above
the horizon is about 50°.
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For areas of high turbidity caused by pollution or airborne dust or for regions
where the sun angle is significantly less than 50° so that the path length of radiation
through the atmosphere is increased, an adoption of Beer’s law can be employed
where P is used to represent atmospheric mass:

R =(R) exp[(-0.0018P) + (K sin(D))]

where: K,, turbidity coefficient, 0 <K, < 1.0 where K = 1.0 for clean air and

K, = 1.0 for extremely turbid, dusty or polluted air.

P, atmospheric pressure [kPa]

@, angle of the sun above the horizon [rad]

R, extraterrestrial radiation [MJ m™2 d™']

For hourly or shorter periods, @ is calculated as:

sin @ = sin @ sin & + cos @ cos & cos ®

where: o, latitude [rad]

d, solar declination [rad] (Eq. (24) in Chapter 3)

o, solar time angle at midpoint of hourly or shorter period [rad]

For 24-hour periods, the mean daily sun angle, weighted according to R , can be
approximated as:

sin(®,,) = sin[0.85 + 0.3 ¢ sin{(21J/365)-1.39}-0.42 ¢*]

where: @, average @ during the daylight period, weighted according to R [rad]

¢, latitude [rad]

J, day in the year

The @, variable is used to represent the average sun angle during daylight hours
and has been weighted to represent integrated 24-hour transmission effects on 24-
hour R by the atmosphere. @, should be limited to >0. In some situations, the esti-
mation for R  can be improved by modifying to consider the effects of water vapor
on short wave absorption, so that: R = (K, + K ) R where:

K, = 0.98exp[{(-0.00146P) + (K, sin ®)}-0.091 {w/sin ®}°>]

where: K, the clearness index for direct beam radiation

K, the corresponding index for diffuse beam radiation

K,=0.35-0.33 K, for K, >0.15

K,=0.18 +0.82 K, for K, <0.15

R, extraterrestrial radiation [MJ m™ d ']

K., turbidity coefficient, 0 <K < 1.0 where K = 1.0 for clean air and K = 1.0 for
extremely turbid, dusty or polluted air.

P, atmospheric pressure [kPa]

@, angle of the sun above the horizon [rad]

W, perceptible water in the atmosphere [mm] = 0.14 ¢ P+ 2.1

€, actual vapor pressure [kPa]

P, atmospheric pressure [kPa]
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APPENDIX K
DESIGN TABLES AND CHARTS FOR MICRO IRRIGATION

[From: <http://www.jains.com/Designtechnical/design.htm>]

The http://www.jains.com/Designtechnical/design.htm lists design tables and
charts for: Units and Conversion; Design Data; Friction Loss in Jain Tough Hose
12 mm OD; Friction Loss in Jain Tough Hose 16 mm OD; Friction Loss in Jain
Tough Hose 20 mm OD;_Friction Loss in J- Turbo Aqura®/J-Turbo Line® 12 mm
OD; Friction Loss in J- Turbo Aqura®/J-Turbo Line® 16 mm OD; Friction Loss in
J- Turbo Aqura®/J-Turbo Line® 20 mm OD;_Friction Loss in Twin-Wall™- De-
luxe/Twin-Wall™- BTF/Jain Turbo Slim® Drip Tape 16 mm (5/8") ID; Friction
Loss in Twin-Wall™- Marathon/Jain Turbo Slim® Drip Tape 22 mm (7/8") ID;
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Flow Nomogram for Polyethylene Pipes; Flow Diagram for PVC Pressure Pipes
& Quick Fix™ Pipes; Guidelines for Climate Control of Temperature and Humid-
ity in Greenhouses; General Guidelines for Maintenance of Drip irrigation system;
General Maintenance of Guidelines for Filters; Guidelines for use of Drip Tapes;

Sustainable Micro Irrigation Design Systems for Agricultural Crops

General Guidelines for Drip Irrigation Systems.

Selected tables, graphs, charts, and nomographs are included in this book for
the information purpose only. The inclusion of such information does not imply

endorsement or preference to the Jain Irrigation Products.

1. Filter screen size

Opening Size
Mesh No.
Inch mm Micron

80 0.0069 0.177 177
100 0.0059 0.149 149
120 0.0049 0.125 125
150 0.0041 0.105 105
200 0.0037 0.094 74

2. Design Data

Allowable design stress for
PE Pressure Pipes
If PE pipes are used to convey fluids of
lexcessive temperature then the allowable
design stress or the pressure-class ratings
should be appropriately reduced in
accordance with following graph.

Temperature. *F
& i 88 95 104 u3

Allowable design stress for
uPVC Pressure Pipes
If uPVC pipe or uPVC valve is used to convey
fluids of excessive temperature then the
allowable design stress or the pressure class
ratings should be appropriately reduced in

accordance with following graph.
Temparature, 'F
50 &8 806 86 104 122

<

10 T

04

0 Fl 30 EL 40 45
Temperatire, 'C

Source : 1S:4984 - Indian Standard for
IHDPE Pipes.

04 |
10 20 7 0 40 50
Temperature. 'C

Source : 1S:4985 - Indian Standard for

uPVC Pipes.
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Potential Evapotranspiration Rate (PET) for different Climate

297

Climate Tempoerature Hur:lidity (ml:rllzier
O (%) day)
Cool humid [ <18 50-85 2.54 -3.80
Cool dry 18 - 25 <50 3.80 - 5.00
Moderate 28 -36 50 - 65 5.00 - 6.35
Hot . 36-40 50 -85 6.35-8.90
humid
Hot dry 40 - 45 <50 8.90 - 10.00
Hot dry 45-50 <30 10.00 - 11.50
desert
Solvent Cement Requirement for uPVC Pipes
. . No. of Pipe No. of
Pu::;rilze Joints* Sirz)e Joints *
per Liter mm per Liter
20 330 125 45
25 270 140 |36
32 225 160 |27
40 180 180 |20
50 135 200 15
63 125 225 12
75 103 250 19
90 79 280 |6
110 54 315 5
* Each Joint represents one socket in a Fitting.

Frictional Head Losses in Valves and Fittings

3. Friction Loss in Jain Tough Hose 12 mm OD

Note:

* Curves are labeled with specific discharge rate (SDR) in Iph/meter.

e The friction loss has been calculated on the basis of the mean ID with dimen-

sions and tolerances for pressure class-2 & for 0% ground slope.

* Based on the Hazen Williams flow equation.
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4. Friction Loss in Jain Tough Hose 16 mm OD, Note: See under section K3
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5. Friction Loss in Jain Tough 20 mm OD, Note: See under section K3

12 40 30 25 20 18 15 12 10

9.0
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‘° Vi |
70
E
|nmErn
i
1 /
E 5.0
45
4 /
/\, e
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L1 30
" / A % ] /z.s
| — =
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9 0 20 40 60 80 100 120 140 160
Closed End Distance (m) <+ Flow Direction

6. Friction Loss in J-Turbo Aqura®/J-Turbo Line® 12 mm OD, Note: See un-

der section K3

i 26.7 227 15313311310 8577 68 58 53 46 4038 34 31 23

/
s //
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\
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Closed End Distance (m) - Flow Direction
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7. Friction Loss in J-Turbo Aqura®/J-Turbo Line® 16 mm OD, Note: See un-
der section K3

44.0 29.3 267 14.7 133 11.0 100 88 80 73 67 59 53 50
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80
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0
Closed End <+«————Flow Direction

8. Friction Loss in J-Turbo Aqura®/J-Turbo Line® 20 mm OD, Note: See un-
der section K3
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9. Frictional Loss Twin-Wall™ — BTF/Deluxe Drip Tape 16 mm ID, Note: See
under section K3

&

£ &

&

Frictional Head Loss (m)

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
Closed End Distance (m) ee———  Flow Direction

10. Frictional Loss Twin-Wall™ — BTF/Deluxe Drip Tape 22 mm ID, Note: See
under section K3

567

484

an

Frictional Head Loss (m)
8
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11. Flow Nomogram for Polyethylene Pipes

A B c D
Intemal Diameter Flow Rate Flow Velocity Hydrauic Gradient
mm I/Sec  I/min mis m/100m pipe
15— P
|
20 |
001 — 0.01
25 | +1
0.02 2 0.02
T 0.05
E 005 i 1 0.03
¥ 3 T s . 0.04 —|
40 3 X 0.1 0.05 |
_ b=l ] .
] 025" 3 i
50 ] 03 -F 015 ]
3 041 ® 3 0.1
3 05330 024 -
60 — 40 4
70 'F 4 02
100 ] i
=0 2% . 03
N 3 : 0.5 -
9 5 ?7200 g 04 ]
—100 — 5 f; ﬁg 1 05 -
4 - — -4 — -
T 500 3 ]
b e = ]
1 £ 1000 [ g 1]
A o0 3 .
150 — + 15+ 1
- 30 — 2000 .
- 40 -+
‘ 50 —1— 3000 2+ 2 ]
] -+ 4000
200 = 5000 -
] 100 = 3 3
T
£ 10000 7
250 200 3 44 M=
- E 300 — 20000 5 .
= 500 —i- 30000 E ]
— 40000 e 3
350 I 50000 3 10 -
= 1000 —+ N —] _
400 -+ m’'min 105 N
] 2000 5 190 ] 7
500 3000 — 200 155 2
N 4000 Eeorrox,
5000 — 300 20 =1 Values only

Example: Given — Flow 10 Ips, Pipe size 110 mm OD (104 mm ID), Velocity
1.2 m/s. Then — Hydraulic Gradient 1.2 m/100 m.

To use the above FLOW NOMOGRAM at least two values out of A, B, C, D
should be known. Joining the two values on lines and extending the line henceforth
will give the desired values.
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12. Flow Diagram for PVC Pressure Pipes & Quick Fix™ Pipes
Note: (i) The Diagram has been calculated on the basis of the mean ID with dimen-
sions and tolerances to IS 4985; (ii) Based on the Hazen Williams Flow Formula.
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13. Guidelines for Climate Control of Temperature and Humidity in Green-
houses

Climate control in a greenhouse is based on the principle of the exchange of
energy between the air and the fog moisture supplied by the NaanDanJain
Fogger.

One calorie is the amount of heat necessary to raise the temperature of 1 cm3
of water by 1 °C.

The conversion of water from liquid to vapor absorbs heat from the surround-
ing air, at a rate of 590 calories/l1 gram of evaporated water (1 cm3). This
process lowers the air temperature.

Efficient installation and operation can reduce the temperature in the green-
house by 4 to 6 °C, depending on the environmental conditions.

Efficiency of the cooling system depends on two environmental factors:

- External temperature

- External humidity

Essential conditions for efficient cooling with the NaanDanJain Fogger are:

An efficient ventilation system, which continuously introduces external dry
air into the greenhouse to replace the humid air.

Pulse operation of the fogging system, to minimize the amount of water that
may settle on the foliage.
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What is the importance of the droplet size created by the NaanDanJain Fogger?
With a 7 I/h nozzle at 4 kg/cm?, the average fog droplet is 90 microns. These
droplets evaporate without wetting the leaves or greenhouse floor.

Spacing Design
Spacin N
Fogger Configura- Flow P g Precipitation Rate
Type tion Nozzle Rate |Between |On the
. mm/h
Laterals |line
T 7.0x2 |14 3.0 1.5 3.1
Fogger
Cross 7.0x4 (28 3.0 3.0 3.1
Super 65x2 [13 |30 1.5 2.9
Fogger

+ The foggers should be installed in as high as possible, with minimal height being 3.0 m.
The nozzles should be situated perpendicularly to the main line.

*  Operating pressure: 4.0 kg/cm? at the fogger.

How much water is needed to cool a greenhouse?

+ A fog precipitation of 3 to 3.5 mm/h is suitable in the majority of cases
(3 mm/h =30 m*/h per ha.)

Water Consumption (meter cube per hectare per 10 h/day)

Nozzle size I/hr Model con- | Net precipitation,
figuration | (I/hr/m? for various spacing’s & pulses)
30x1.5m 3.0x3.0
Fogger
5% [ 1:10 [1:15 |1:5 | 1:10 1:15
Blue 7.0 x 2 T 0.62 (031 [0.21
Blue 7.0 x 4 Cross 0.62 | 0.31 0.21
Water consumption 62 31 21 62 31 21
m>*ha/day (10 h)
Super Fogger
6.5%x2 T 0.58 [0.29 ]0.19 |* On: Off pulse ratio
- Example: ratio 1:5
Water consumption 58 29 19 The system will operate
m?/ha/day (10 h) only fifth of the time so the
actual precipitation will be
only 20%, or 10% for ratio
1:10

* Cooling
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* The pulse duration should be as short as possible, between 1 to 3 sec. (Under
certain conditions, longer durations can be considered).

» The interval between fogging pulses should be based on the factors of humid-
ity, temperature levels, greenhouse ventilation and height of the foggers.

Initial guide (pulse of 2.0 sec)
* Fine tuning is recommended to be done according to local conditions.

Outs.id.e relative Interval (Sec.) Re[.)lenish
humidity (%) moisture (I/ha)
30 15 4100

40 25 2500

50 25 2500

60 30 2100

Cooling and Humidifying cannot be conducted simultaneously.

Humidification

* In the event that the humidity level needs to be increased then the ventilation
system must be shut down. The duration of the fogging process should be as
short as possible (1.0 second).

» The intervals between fogging pulses will vary according to the minimal rela-
tive humidity required.

* During the morning, when temperatures rise and humidity decreases, the hu-
midity sensor will cause the fogging system to operate.

Humidity Interval Duration

30 —-40% 60 sec 1 sec

40 - 50% 90 sec 1 sec

50 — 60% 120 sec 1 sec
Spraying

* In the event that the humidity level needs to be increased then the ventilation
system must be shut down. The duration of the fogging process should be as
short as possible (1.0 second).

Water Quality
* In order to avoid clogging by carbonates or the accumulation of salt deposits
on the leaves, it is recommended to avoid irrigation with hard or saline water.
Rainwater, soft water or osmosis-treated water is the most suitable.
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Optional Nozzles
Color blue orange red black
Flow rate 1/h at 4.0 bar 7.0 14.0 21.0 28.0

14. Recommended Concentration of free Chlorine in water (ppm = mg/liter) for
various purpose

Purpose Application Concentration | ppm Remarks:

of Chlorina- Method ppm (mg/l) 2HOCl1

tion (mg/l) level at (35%C1)
at head end of the injection
control system I/hr/10 m? flow

( dripper)

Algae Continuous 1-10 0.5-1.0 max | 0.029-0.29

prevention max.

Algae & Intermittent 10-20 for 0.5-1.0 max | 0.29-0.58

bacteria 20 min

killing

Dissolving Hyper-chlorination | 50-500 for 5-10 2.9-29

organic matter 5 min max

Oxidation of Continuous 0.6 mg/l/ppm of | 0.5-1.0 max | 0.022 /ppm

iron Iron impurities for Iron impuri-

ties

Oxidation of Continuous 0.6 mg/l/ppm 0.5-1.0 max | 0.022/ppm for

manganese of Mn. impuri- Mn. impurities
ties

Sulfur Intermittent 0.6 mg/l/ppm of | 0.5-1.0 max | 0.022/ppm for

impurities H2S impurities Sulfur impuri-

ties
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15. Where to contact for design of micro irrigation systems
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Jalgaon — Head Office

Jain Plastic Park, Jalgaon — 425
001.

CIN: L29120 MH-
1986PLC042028.

Tel: +91 257 225 8011/22,
Fax: +91 257 225 8111/22

Ontario, California

Jain Irrigation Inc.

P.O. Box 3760

1941 S. Vineyard Ave., Unit 6
Ontario, CA 91761

Tel: +1 800 828 9919,

909 395 5200,

Fax: +1 800 777 6162,

909 395 5201,

Website: www.jainirrigationinc.com

USA

Columbus, Ohio

Jain (Americals) Inc.

1819 Walcutt Road, Suite 1
Columbus, Ohio 43228 USA
Tel: +1 614-850-9400

Website: www.jainamericas.com

Fresno California

Jain Irrigation Inc.
2851 E. Florence Ave.
Fresno, CA 93721

Tel: +1 800 695 7171,
559485 7171

Fax: +1 888 434 3747,
559 485 7623,

Website: www.jainirrigationinc.com

Watertown, New York, USA
Jain Irrigation Inc.

740 Water St.

Watertown, NY 13601

Tel: +1 800 242 7467,

Fax: +1 866 329 2427,

Website: www.jainirrigationinc.
com

Winter Haven, Florida, USA
Jain Irrigation Inc.

P.O. Box 3546

3857 W. Lake Hamilton Dr.
Winter Haven, FL 33881
Tel: +1 800 848 8153,

863 294 1900,

Fax: +1 800 533 6421

863 299 6421,

Website: www.jainirrigationinc.com
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