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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 wa-
ter use with industries, municipalities and other sectors. This increasing demand 
along with increments 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.

The http://newindianexpress.com/cities/bangalore/Micro-irrigation-to-be-pro-
moted/2013/08/17/ weblink published an article on the importance of micro ir-
rigation in India. Every day, similar news appear all around the world indicating 
that government agencies at central/state/local level, research and educational in-
stitutions, industry, sellers and others are aware of the urgent need to adopt micro 
irrigation technology that can have an irrigation effi ciency up to 90% compared to 
30–40% for the conventional irrigation systems. I share here with readers the news 
on 17 August of 2013 by Indian Express Newspaper: “In its efforts to increase 
the irrigated area by effi ciently distributing the available water in the Cauvery 
basin, The Cauvery Neeravari Nigama Limited (CNNL) is planning to undertake 
pilot projects on micro irrigation at four places. The CNNL Managing Director 
Kapil Mohan said, ‘the Cauvery water disputes tribunal has permitted the state 
to irrigate up to 18.85 lakh acres of land in the Cauvery basin. Therefore, we 
have to judiciously use the available water to increase the irrigated area. In the 
conventional irrigation method, a lot of water is required to irrigate even a small 
piece of land. Therefore, we are planning to undertake pilot projects to introduce 
micro irrigation in four or fi ve places in the Cauvery basin.’ Kapil further said that 
unless the farmers are willing to embrace micro irrigation, it would be diffi cult 
for the project to succeed. Therefore, the CNNL is holding discussions with the 
farmers in different villages of the basin to select the villages in which the project 
would be undertaken. The CNNL is also in the process of fi nalizing the technology 
that should be adopted while undertaking the pilot project. ‘If everything goes as 
planned we should implement the pilot project within this fi nancial year. If the 
project yields the desired result, we will think of extending it to the other areas 
in the basin,’ Kapil added. According to the offi cial sources, water would be sup-
plied through micro sprinklers instead of canals in the micro irrigation system. 
Therefore, one can irrigate more than two acres of land through the system with 
the water that is used to irrigate one acre of land in the conventional canal irriga-
tion system.”



xiv Preface

Evapotranspiration (ET) is a combination of two processes: evaporation and 
transpiration. Evaporation is a physical process that involves conversion of liquid 
water into water vapor and then into the atmosphere. Evaporation of water into the 
atmosphere occurs on the surface of rivers, lakes, soils and vegetation. Transpira-
tion is a physical process that involves the fl ow of liquid water from the soil (root 
zone) through the trunk, branches and surface of leaves through the stomates. An 
energy gradient is created during the evaporation of water, which causes the wa-
ter movement into and out of the plant stomates. In the majority of green plants, 
stomates remain open during the day and stay closed during the night. If the soil 
is too dry, the stomates will remain closed during the day in order to slow down 
the transpiration.

Evaporation, transpiration and ET processes are important for estimating crop 
water requirements and for irrigation scheduling. To determine crop water require-
ments, it is necessary to estimate ET by on site measurements or by using meteo-
rological data. On site measurements are very costly and are mostly employed to 
calibrate ET methods using climatological data. There are a number of proposed 
mathematical equations that require meteorological data and are used to estimate 
the ET for periods of one day or more. Potential ET is the ET from a well-watered 
crop, which completely covers the surface. Meteorological processes determine 
the ET of a crop. Closing of stomates and reduction in transpiration are usually 
important only under drought or under stress conditions of a plant. The ET de-
pends on four factors: (1) climate, (2) vegetation, (3) water availability in the soil 
and (4) behavior of stomates. Vegetation affects the ET in various ways. It affects 
the ability of the soil surface to refl ect light. The vegetation affects the amount of 
energy absorbed by the soil surface. Soil properties, including soil moisture, also 
affect the amount of energy that fl ows through the soil. The height and density 
of vegetation infl uence effi ciency of the turbulent heat interchange and the water 
vapor of the foliage.

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 
water 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. 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 inexperienced 
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.



 Preface xv

The mission of this compendium is to serve as a textbook or a reference man-
ual for graduate and undergraduate students of agricultural, biological and civil 
engineering, 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, technical agricultural cen-
ters, irrigation centers, Agricultural Extension Services, and other agencies that 
work with micro irrigation programs.

After my fi rst textbook, Drip/Trickle or Micro Irrigation Management by Ap-
ple Academic Press Inc., and response from international readers, I was motivated 
to bring out for the world community this series on Research Advances in Sustain-
able Micro Irrigation. This book series will complement other books on micro 
irrigation that are currently available on the market, and my intention is not to re-
place any one of these. This book series is unique because it is complete and sim-
ple, a one-stop manual, with worldwide applicability to irrigation management in 
agriculture. Its coverage of the fi eld of micro irrigation includes historical review; 
current status and potential; basic principles and applications; research results for 
vegetable/row/tree crops; research studies from Chile, Colombia, Egypt, India, 
Mexico, Puerto Rico, Saudi Arabia, Spain, and USA; research results on simula-
tion of micro irrigation and wetting patterns; development of software for micro 
irrigation design; micro irrigation for small farms and marginal farmers; studies 
related to agronomical crops in arid, humid, semiarid, and tropical climates; and 
methods and techniques that can be easily applied to other locations (not included 
in this book). 

This book offers basic principles, knowledge and techniques of micro irriga-
tion management that are necessary to understand before designing/developing 
and evaluating an agricultural irrigation management system. This book is a must 
for those interested in irrigation planning and management, namely, researchers, 
scientists, educators and students.

Volume 1 in this book series is titled Sustainable Micro Irrigation: Principles 
and Practices and includes 16 chapters.

And likewise, volume 2 in this book series is titled Research Advances and 
Applications in Subsurface Micro Irrigation and Surface Micro Irrigation and  
includes 16 chapters.

Volume three in this book series is titled Sustainable Micro Irrigation Manage-
ment for Trees and Vines and includes 14 chapters. 

Volume 4 in this book series is titled Management, Performance, and Ap-
plications of Micro Irrigation.

The contribution by all cooperating authors to this book series has been most 
valuable in the compilation of this multi-volume compendium. Their names are 
mentioned in each chapter. This book would not have been written without the 
valuable cooperation of these investigators, many of whom are renowned scien-
tists who have worked in the fi eld of evapotranspiration throughout their profes-
sional careers.



I would like to thank the AAP staff, Sandy Jones Sickels, Vice President, 
and Ashish Kumar, Publisher and President at Apple Academic Press, Inc., 
(http://appleacademicpress.com) for making every effort to publish the book 
when diminishing water resources are a major issue worldwide. 

We request that the reader offer us your constructive suggestions that may help 
to improve the next edition. 

I express my deep admiration to my family for understanding and collaboration 
during the preparation of this book series. With my whole heart and best affection, 
I dedicate this book series to my wife, Subhadra Devi Goyal, who has supported 
me during the last 44 years. We both have been trickling on to add our drop to the 
ocean of service to the world of humanity. Without her patience and dedication, I 
would not have been a teacher with vocation and zeal for service to others. As an 
educator, there is a piece of 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 continue trickling on . . .”

—Megh R. Goyal, PhD, PE, Senior Editor-in-Chief
February 14, 2014
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Since 1978, I have been a research assistant at the Agricultural Experiment Sub-
station – Juana Diaz; soil scientist; Chairman of Department of Agronomy and 
Soils in the College of Agricultural Sciences at the University of Puerto Rico – 
Mayaguez Campus; and President of University of Puerto Rico (February 2011 
to June 2013). I was also an Under-Secretary (1993–1997) and Secretary of the 
Puerto Rico Agriculture Department (1997–2000). I am privileged to write a fore-
word for Goyal’s book series that is titled Research Advances in Sustainable Mi-
cro Irrigation.

I have known Dr. Megh R. Goyal since October of 1979 when he came from 
Columbus, Ohio (later I went to study at the OSU to complete my MSc and PhD in 
Soil Fertility during 1981–1988) to Puerto Rico with his wife and three children. 
According to his oral story, he had job offers from Texas A&M Kenya, Nigeria; 
University of Guelph, and my university. He accepted the lowest paid job in Puer-
to Rico. I asked why he did so. His straight-forward reply was the challenges in 
drip irrigation offered by this job. With no knowledge of Spanish, Megh survived. 
He also started learning the Spanish language and tasting Puerto Rican food (of 
course no meat, as he with his family is vegetarian till today).

Within four months of his arrival in Puerto Rico, fi rst drip irrigation system in 
our university for research on water requirements of vegetable crops was in action. 
Soon, he formed the State Drip Irrigation Committee consisting of experts from 
university, suppliers, and farmers. He published his fi rst 22-page Spanish pub-
lication titled “Tensiometers: Use, service and maintenance for drip irrigation.” 
Soon, he would have graduate students for their MSc research from our College of 
Agricultural Sciences. I saw him working in the fi eld and laboratory hand in hand 
with his students. These students would later collaborate with Megh to produce a 
Spanish book on drip irrigation management in 1990. I have personally read this 
book and have found that it can be easily adopted by different groups of readers 
with a high school diploma or a PhD degree: farmers, technicians, agronomists, 
drip irrigation suppliers and designers, extension workers, scientists. It is a great 
contribution for Spanish speaking users!

Megh is a fl uent writer. His research studies and results started giving fruit 
with at least one peer-reviewed publication on drip irrigation per month. Soon, 
our university researchers would have available basic information on drip irriga-
tion in vegetable and tree crops so that they could design their fi eld experiments. 
Megh produced research publications not only on different aspects of drip ir-
rigation, but also on crop evapotranspiration estimations, crop coeffi cients, ag-
roclimatic data, crop water requirements, etc. I had a chance to review his two 
latest books by Apple Academic Press Inc.: Management of Drip/Trickle or 
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Micro Irrigation (published 2013) and Evapotranspiration: Research Advances 
and Applications for Water Management (2014) and wrote a foreword for both 
books. I am impressed with professional organization of the contents in each 
book, which indicates his relationship with the world educational community. 
Now he is publishing a multi-volume series, “Research Advances in Sustainable 
Micro Irrigation. My appreciation to Megh for his good work and contribution 
on micro irrigation; and for this he will always be remembered among the edu-
cational fraternity today, tomorrow and forever.

The disadvantages of drip irrigation are: Initial cost can be more than over-
head systems; the sun can affect the tubes used for drip irrigation, shortening 
their usable life; if the water is not properly fi ltered and the equipment not 
properly maintained, it can result in clogging; drip irrigation might be unsat-
isfactory if herbicides or top dressed fertilizers need sprinkler irrigation for 
activation; drip tape causes extra cleanup costs after harvest; and users need 
to plan for drip tape winding, disposal, recycling or reuse; waste of water, 
time and harvest, if not installed properly; highly technical; in lighter soils 
subsurface drip may be unable to wet the soil surface for germination; requires 
careful consideration of the installation depth; and the PVC pipes often suffer 
from rodent damage, requiring replacement of the entire tube and increasing 
expenses.

Modern drip irrigation has arguably become the world’s most valued in-
novation in agriculture. Drip irrigation may also use devices called microspray 
heads, which spray water in a small area, instead of emitters. These are gener-
ally used on tree and vine crops with wider root zones. Subsurface drip irriga-
tion (SDI) uses permanently or temporarily buried dripper-line or drip tape 
located at or below the plant roots. It is becoming popular for row crop irriga-
tion, especially in areas where water supplies are limited or recycled water is 
used for irrigation. Careful study of all the relevant factors like land topogra-
phy, soil, water, crop and agro-climatic conditions are needed to determine the 
most suitable drip irrigation system and components to be used in a specifi c 
installation.

The main purpose of drip irrigation is to reduce the water consumption by 
reducing the leaching factor. However, when the available water is of high sa-
linity or alkalinity, the fi eld soil becomes gradually unsuitable for cultivation 
due to high salinity or poor infi ltration of the soil. Thus drip irrigation converts 
fi elds in to fallow lands when natural leaching by rain water is not adequate in 
semiarid and arid regions. Most drip systems are designed for high effi ciency, 
meaning little or no leaching fraction. Without suffi cient leaching, salts applied 
with the irrigation water may build up in the root zone, usually at the edge of 
the wetting pattern. On the other hand, drip irrigation avoids the high capillary 
potential of traditional surface-applied irrigation, which can draw salt deposits 
up from deposits below.
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This multi-volume series brings academia, researchers, suppliers and indus-
try partners together to present micro irrigation technology to partially solve 
water scarcity problems in agriculture sector. The series includes key aspects of 
micro irrigation principles and applications. I fi nd it user-friendly and easy-to-
read and recommend its being to be shelf of each library.  My hat is held high 
to Apple Academic Press, Inc. and Dr. Megh R. Goyal, my longtime colleague.

Miguel A. Muñoz-Muñoz, PhD
Ex-President of University of Puerto Rico, USA
Professor and Soil Scientist
University of Puerto Rico – Mayaguez Campus
Call Box 9000
Mayaguez, P.R., 00681-9000, USA
Email: miguel.munoz3@upr.edu
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With only a small portion of cultivated area under irrigation and with the scope 
of the additional area that can be brought under irrigation, it is clear that the most 
critical input for agriculture today is water. It is important that all available sup-
plies 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 increased 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 pat-
terns 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, 
Persia, India, China, Java, and Italy. The importance of irrigation in our times has 
been defi ned 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 develop-
ment of irrigated land throughout the world. Vitally important in arid regions, irri-
gation is also an important improvement in many circumstances in humid regions. 
Unfortunately, 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 percolation 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 
effi ciency of water application.

The main objective of irrigation is to provide plants with suffi cient water to 
prevent stress that may reduce the yield. The frequency and quantity of water de-
pends upon local climatic conditions, crop and stage of growth, and soil-moisture-
plant characteristics. 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 ap-
pear too late to avoid reduction in the crop yield or quality. Other similar methods 
of scheduling 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 estimates have not been made for the developing countries though 
basic information on weather data is available. This has contributed to one of the 
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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-suffi ciency in agriculture. Intelligent use 
of water will avoid problem of sea water seeping into aquifers. Introduction of 
new irrigation methods has encouraged marginal farmers to adopt these methods 
without taking into consideration economic benefi ts 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 principles for the effective use of all resources peculiar to the local condi-
tions. Irrigation methods include border-, furrow-, subsurface-, sprinkler-, sprin-
kler, 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 specifi ed 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 vineyards, 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 nar-
row planting distances. Forage crops may not be irrigated economically with drip 
irrigation. Drip irrigation is adaptable for almost all soils. In very fi ne 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 compen-
sating drippers and pressure regulating 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 and this volume 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 resource in micro irrigation, Megh Raj Goyal, as well as the 
Apple Academic Press, are rendering an important service to the farmers, and 
above all to the poor marginal farmers. Dr. Goyal, Father of Irrigation Engineering 
in Puerto Rico, has done an unselfi sh job in the presentation of this compendium 
that is simple and thorough. I have known Megh Raj since 1973 when we were 
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In the world, water resources are abundant. The available fresh water is sufficient 
even if the world population is increased by four times the present population, that 
is, about 25 billion. The total water present in the earth is about 1.41 billion Km3 

of which 97.5% is brackish and only about 2.5% is fresh water. Out of 2.5% of 
fresh water, 87% is in ice caps or glaciers, in the ground or deep inside the earth. 
According to Dr. Serageldin, 22 of the world’s countries have renewable water 
supply of less than 1000 cubic meter per person per year. The World Bank esti-
mates that by the year 2025, one person in three in other words 3.25 billion people 
in 52 countries will live in conditions of water shortage. In the last two centuries 
(1800–2000) the irrigated area in the world has increased from 8 million-ha to 260 
million-ha for producing the required food for the growing population. At the same 
time, the demand of water for drinking and industries has increased tremendously. 
The amount of water used for agriculture, drinking, and industries in developed 
countries are 50% in each and in developing countries it is 90% and 10%, respec-
tively. The average quantity of water is about 69% for agriculture and 31% for 
other purposes. Water scarcity is now the single threat to global food production. 
To overcome the problem, there is a compulsion to use the water efficiently and at 
the same time increase the productivity from unit area. It will involve spreading 
the whole spectrum of water thrifty technologies that enable farmers to get more 
crops per drop of water. This can be achieved only by introducing drip/trickle/
micro irrigation in large scale throughout the world.

Micro irrigation is a method of irrigation with high frequency application of wa-
ter in and around the root zone of plant (crop) and consists of a network of pipes with 
suitable emitting devices. It is suitable for all crops except rice especially for widely 
spaced horticultural crops. It can be extended to wastelands, hilly areas, coastal san-
dy belts, water scarcity areas, semi arid zones, and well-irrigated lands. By using mi-
cro irrigation, the water saving compared to conventional surface irrigation is about 
40–60% and the yield can be increased up to 100%. The overall irrigation effi ciency 
is 30–40% for surface irrigation, 60-70% for sprinkler irrigation, and 85–95% for 
micro irrigation. Apart from this, one has the advantage of saving of costs related to 
labor and fertilizer, and weed control. The studies conducted and information gath-
ered from various farmers in India has revealed that micro irrigation is technically 
feasible, economically viable, and socially acceptable. Since the allotment of water 
is going to be reduced for agriculture, there is a compulsion to change the irrigation 
method to provide more area under irrigation and to increase the required food for 
the growing population.

The farmers in the developing countries are poor and hence it is not possible 
for them to adopt/install the micro irrigation with fertigation though it is economi-
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cally viable and profi table. In Tamil Nadu – India, the number of marginal farmers 
(holding less than 1.0 hectare) and small farmers (holding 1 to 2 ha) has increased 
from 50,76,915 in 1967–1968 to 71,84,940 in 1995–1996 and area owned by them 
has also decreased in the same period from 0.63 ha to 0.55 ha. In addition, the small 
farmers category is about 89.68% in 1995–1996 of the total farmers in the state. At 
the same time if micro irrigation is used in all crops, yield can be increased and water 
saving will be 50%. In the case of sugarcane crop, the yield can be increased to 250 
tons/ha from the present average yield of 100 tons/ha, which is highest at present 
in India. Therefore, to popularize the micro irrigation system among this group of 
farmers, more books like this, not only in English but also in the respective national 
languages, should be published.

Volumes 1 and 2 in this book series cover micro irrigation status and potentials, 
reviews of the system, principles of micro irrigation, the experience of micro irriga-
tion in desert region—mainly in the Middle East, and application in the fi eld for 
various crops, especially in water requirements, like banana, papaya, plantations, 
tanier, etc. The chapters are written by experienced scientists from various parts of 
the world bringing their fi ndings, which will be useful for all the micro irrigation 
farmers in the world in the coming years. I must congratulate Dr. Goyal for taking 
trouble in contacting and collecting papers from experts on their subjects and pub-
lishing nicely in a short time.

Professor Megh R. Goyal is a reputed agricultural engineer in the world and has 
wide knowledge and experience in soil and water conservation engineering, particu-
larly micro irrigation. After a big success for his fi rst book titled, Management of 
Drip/Trickle or Micro Irrigation by Apple Academic Press Inc., this compendium 
is unique. Dr Goyal, Senior Editor-in-Chief of this book series, has taken into ac-
count the fate of marginal farmers and is thus serving the poor. He has contacted/
consulted many experts who are involved in the subject matter to bring the experi-
ence and knowledge about micro irrigation to this book. He has also given many 
fi gures, illustrations and tables to understand the subject. I congratulate the author 
for writing this valuable book series. The information provided in this book series 
will go a long way in bringing micro irrigation the world especially in water scarcity 
countries. On behalf of Indian scientists and agricultural engineers on micro irriga-
tion, I am indebted to Dr. Megh R. Goyal and Apple Academic Press for undertaking 
this project.
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The micro irrigation system, more commonly known as the drip irrigation system, 
was one of the greatest advancements in irrigation system technology developed 
over the past half century. The system delivers water directly to individual vines 
or to plant rows as needed for transpiration. The system tubing may be attached to 
vines, placed on or buried below the soil surface.

This book, written by experienced system designers/scientists, describes var-
ious systems that are being used around the world, the principles of micro ir-
rigation, chemigation, fi ltration systems, water movement in soils, soil-wetting 
patterns, crop water requirements and crop coeffi cients for a number of crops. It 
also includes chapters on hydraulic design, emitter discharge and variability, and 
pumping station. Irrigation engineers will fi nd this book to be a valuable reference.

Marvin E. Jensen, PhD, PE
Retired Research Program Leader at USDA-ARS; and
Irrigation Consultant
1207 Spring Wood Drive, Fort Collins, Colorado 80525, USA.
Email: mjensen419@aol.com

February 14, 2014





Volume 1: Sustainable Micro Irrigation: Principles and Practices
Senior Editor-in-Chief: Megh R. Goyal, PhD, PE

Volume 2: Sustainable Practices in Surface and Subsurface Micro Irrigation
Senior Editor-in-Chief: Megh R. Goyal, PhD, PE

Volume 3: Sustainable Micro Irrigation Management for Trees and Vines
Senior Editor-in-Chief: Megh R. Goyal, PhD, PE

Volume 4: Management, Performance, and Applications of Micro Irrigation
Senior Editor-in-Chief: Megh R. Goyal, PhD, PE

BOOK SERIES: RESEARCH ADVANCES 
IN SUSTAINABLE MICRO IRRIGATION





ABOUT THE SENIOR EDITOR-IN-CHIEF

Megh R. Goyal received his BSc degree in En-
gineering in 1971 from Punjab Agricultural Uni-
versity, Ludhiana, India; his MSc degree in 1977 
and PhD degree in 1979 from the Ohio State Uni-
versity, Columbus; his Master of Divinity degree 
in 2001 from Puerto Rico Evangelical Seminary, 
Hato Rey, Puerto Rico, USA. He spent a one-year 
sabbatical leave in 2002–2003 at Biomedical En-
gineering Department, Florida International Uni-
versity, Miami, USA.

Since 1971, he has worked as Soil Conser-
vation Inspector; Research Assistant at Haryana 
Agricultural University and the Ohio State Uni-
versity; and Research Agricultural Engineer at 

Agricultural Experiment Station of UPRM. At pres-
ent, he is a Retired Professor in Agricultural and Biomedical Engineering in the 
College of Engineering at University of Puerto Rico – Mayaguez Campus; and 
Senior Acquisitions Editor and Senior Technical Editor-in-Chief in Agriculture 
and Biomedical Engineering for Apple Academic Press, Inc.

He was the fi rst agricultural engineer to receive the professional license in 
Agricultural Engineering in 1986 from the College of Engineers and Surveyors 
of Puerto Rico. On September 16, 2005, he was proclaimed as “Father of Irriga-
tion Engineering in Puerto Rico for the twentieth century” by the ASABE, Puerto 
Rico Section, for his pioneer work on micro irrigation, evapotranspiration, agro-
climatology, and soil and water engineering. During his professional career of 45 
years, he has received awards such as Scientist of the Year, Blue Ribbon Extension 
Award, Research Paper Award, Nolan Mitchell Young Extension Worker Award, 
Agricultural Engineer of the Year, Citations by Mayors of Juana Diaz and Ponce, 
Membership Grand Prize for ASAE Campaign, Felix Castro Rodriguez Academic 
Excellence, Rashtrya Ratan Award and Bharat Excellence Award and Gold Medal, 
Domingo Marrero Navarro Prize, Adopted son of Moca, Irrigation Protagonist of 
UPRM, Man of Drip Irrigation by Mayor of Municipalities of Mayaguez/Caguas/
Ponce and Senate/Secretary of Agriculture of ELA, Puerto Rico.

He has authored more than 200 journal articles and textbooks including El-
ements of Agroclimatology (Spanish) by UNISARC, Colombia; two Bibliogra-
phies on Drip Irrigation. Apple Academic Press Inc. (AAP) has published his 
books, namely, Biofl uid Dynamics of Human Body, Management of Drip/Trickle 
or Micro Irrigation, Evapotranspiration: Principles and Applications for Water 



xxxiv About the Senior Editor-in-Chief

Management, and Biomechanics of Artifi cial Organs and Prostheses. With this 
volume, AAP will publish 10-volume set on Research Advances in Sustainable 
Micro Irrigation. Readers may contact him at: goyalmegh@gmail.com.



WARNING/DISCLAIMER

The goal of this compendium is to guide the world community on Sustainable 
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The editor, the contributing authors, the publisher and the printer have made 
every 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. 
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not a complete solution to address any specifi c situation in irrigation. For example, 
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2 Sustainable Micro Irrigation Management for Trees and Vines

1.1 INTRODUCTION

Drip irrigation is an artificial method to apply the essential water for the plant 
growth that the nature has failed to provide [1]. Typically the irrigation water is 
applied to supply moisture to root zone when most of the “water available” to 
the plant has been used. There are several methods of pressure irrigation, such 
as: Sprinkler irrigation, center pivot and LEPA; micro jets, drip/micro or trickle 
irrigation, surface or subsurface irrigation. These help to maintain the soil mois-
ture that is adequate for the plant growth. Among these systems, drip irrigation is 
the most efficient in terms of water use efficiency. Drip irrigation system is used 
extensively in humid, arid and semiarid regions of the world. Any interruption or 
disturbance in an irrigation scheduling will cause a water stress to the crop. There-
fore, the scheduling of drip (high frequency) irrigation should be automated so 
that it is able to respond to slower and faster changes in the soil moisture, the plant 
water or evapotranspiration. Automation of drip irrigation system has several ad-
vantages: Economy, saving of manual labor, increase in crop yield, conservation 
of energy and effective control of irrigation. This chapter presents basic concepts 
for automation of drip irrigation system, different methods of automation and ir-
rigation programming [11].

1.2 PRINCIPLE OF AUTOMATION

Current technologies of irrigation programming consider several factors such as 
[2, 3]: Duration and stage of crop growth, allowable plant water stress, soil aera-
tion, soil water potential, soil salinity, soil moisture available to the plant, class 
A pan evaporation and evapotranspiration. In most cases, programming of drip 
irrigation has been limited to a control system that uses duration or depth of ir-
rigation. The irrigation controller is programmed to operate solenoid valves in 
sequence and to verify operating pressure and flow rates, wind, temperature and 
other indirect variables. To obtain the minimum cost-benefit and high efficiency of 
water use, it is necessary to achieve high crop yield. The water loss due to several 
processes (control of salinity, requirement of infiltration, evaporation, irrigation 
losses and runoff), must be reduced to a minimum so that the accurate applica-
tion of the irrigation is limited only to the crop requirements. Four methods for 
automation of irrigation systems are based on: (1) Soil moisture, (2) Plant water 
stress, (3) Estimation of evapotranspiration, and (4) Combination of one or more 
of these methods.

1.2.1 SOIL MOISTURE METHOD [1, 6–8]
Irrigation based on soil water potential is perhaps the oldest method to program ir-
rigation. Microprocessors along with sensors, tensiometers, heat transfer psychro-
metric methods, gypsum blocks and thermocouples have been used successfully 
for irrigation scheduling. The sensors can provide quick information to make de-
cisions for application of irrigation depth. The microprocessor circuits combined 
with a computer programming can help to estimate the irrigation duration on the 
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basis of field data, matrix potential of soil; and to calculate the number of days 
between two successive irrigation events.

A thermal method measures the matrix potential of soil, independent of soil 
texture, temperature or salinity. It is based on frequent measurements of ability of 
a porous ceramic sensor to dissipate a small amount of heat. With a good calibra-
tion, the sensor can be used in any soil to automatically watch the matrix potential 
of the soil and for irrigation scheduling. For closed circuit automated irrigation, 
the soil sensor is placed in the root zone. For an automatic control of an irrigation 
system based on matrix potential of a soil, we need equipments for the:

1. Automatic sampling from several sensors in sequence, 
2. Comparison of the reading of each sensor at which the irrigation begins at 

a predetermined matrix potential of the soil, and
3 The operation of irrigation controller to control the irrigation depth. Desk-

top computers in combination with microprocessors have been success-
fully used. There is also a commercial equipment to measure the matrix 
potential of the soil and for an automatic control of a drip irrigation sys-
tem.

1.2.2 WATER CONTENT IN THE PLANT [9, 10]
The water is frequently one of the limiting factors in agriculture. Transpiration 
loss occurs from the plant surface due to an evaporative demand of the atmo-
sphere. Less than one percent of the absorbed water is retained by the plant. This 
small fraction of water is often used to replace the deficit between water use and 
transpiration. Thus any water deficiency can cause a plant water stress. The total 
water potential (the sum of turgor, matrix and osmotic potential) is used to indi-
cate the condition of the plant water. The plant development and growth (cellular 
enlargement and photosynthesis), pollination, fruit formation, crop yield and fruits 
quality are affected by the water deficit. Probably, the cellular growth is most 
sensitive to the water deficit. There are several methods to estimate the condition 
of plant water. These include determination of relative water content, diffusive 
conductivity of the plant, water potential of the plant and surface temperature. The 
indirect or direct measurement of water potential is probably a good indicator of 
the plant water stress. There are several methods to measure the plant water stress 
such as: The total leaf water potential with a leaf psychrometer; temperature of 
leaf surface with an infrared thermometer, and the leaf water potential indirectly 
on the basis of the diameter of the stem.

1.2.3 LEAF WATER POTENTIAL
The leaf water potential can be measured by psychrometer or by adhering thermo-
couples to the leaves. Although the psychrometric measurements are taken rou-
tinely for research purpose, yet the instruments are expensive and not feasible for 
commercial purposes.
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1.2.4 TEMPERATURE OF THE LEAF
Measurements of leaf temperature can indirectly indicate status of a water stress 
[10]. Plant water stress index can be used to automate the irrigation system, and to 
indicate when to irrigate. The operating system can be easily automated to take the 
data, to calculate the index of plant water stress, to make comparisons with prede-
termined values of irrigation depth and to make decisions for irrigation scheduling. 
Leaf temperature is measured with a noncontact infrared thermometer. The accu-
racy of temperature of the surface of leaf depends on the precision of calibration. 
The measurements are sensitive to changes in the ambient temperature, interac-
tions with surrounding surfaces (such as soil), and leaf area index. Measurements 
of leaf area index of a crop vary from plant to plant. There is no standard value.

1.2.5 STEM DIAMETER
The diameter of stem and the leaf water potential are closely related to one an-
other. The measurements of stem diameter can be used for continuous recording 
of the stem growth and the condition of plant water. The periodic calibration of 
the changes of diameter of stem versus leaf water potential can be conducted for 
each phenological stage of a plant. This technique can be used for the purpose of 
automation.

1.2.6 EVAPOTRANSPIRATION ESTIMATIONS
To program the irrigation, the evapotranspiration models have been successfully 
used throughout the world. The following information is needed for the evapo-
transpiration estimations and the criteria to decide when to irrigate.

1. Evapotranspiration of a reference crop, potential ET, etc.
2. Crop growth curve, crop coefficient and consumptive use of a crop.
3. Index to estimate the additional evaporation from the soil surface when the 

soil is wet or dry.
4. Index to estimate the effect of soil water loss in relation to ET.
5. Estimation of available soil moisture used by a crop: Consumptive water 

use.
6. Relation between expected crop yield and crop water use.
To estimate the ET, many of the variables are not well defi ned and must be esti-

mated. Although the ET models can be useful to accurately estimate the irrigation 
needs, yet these are not viable for irrigation scheduling as available weather data 
are limited for a particular location.

1.2.7 DIRECT MEASUREMENT OF ESSENTIAL EVAPOTRANSPIRATION
The weighing lysimeter in a given crop can serve as a guide to provide an adequate 
irrigation depth for the crop need. A water tank is connected to a lysimeter so that 
the weight of the irrigation depth is included in the daily weight of lysimeter. 
Whenever one millimeter of ETc is registered, lysimeter is automatically watered 
by drip irrigation system to maintain the soil water potential. The tank is automati-
cally filled daily to a constant depth. Therefore, the daily changes in the weight 
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of lysimeter represent the crop growth. The water potential of the soil is almost 
maintained constant by the drip irrigation system [8, 11] (Fig. 1).

FIGURE 1 Logic diagram to measure weight of lysimeter sensors and to control the irrigation 
sequence with three depths of irrigation.
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1.3 INSTRUMENTATION AND EQUIPMENTS [1–6]

The automation of a drip irrigation system at an operating pressure can potentially 
provide an optimum crop yield and optimum water use. A system of controls in an 
automated irrigation system must use sensors to measure variables, such as: Depth 
and frequency of irrigation, flow rate, operating pressure; and environmental con-
ditions such as wind speed, ambient temperature, solar radiation, rain fall, soil 
moisture, leaf temperature, leaf area index, etc. Maximum irrigation efficiency is 
possible with the continuous monitoring and control of the operation of the system 
with measurements of flow (solenoid valves) and operating pressure (pressure 
regulators) at strategically important locations in the field. The data or control of 
functions can be transmitted by electrical cables, laser or hydraulic lines, rays, 
radio frequency signals, remote control or by satellites. A wide variety of instru-
mentation and equipments with characteristics are available commercially. These 
can be subdivided in six categories: (1) Controls, (2) Valves, (3) Flow meters, (4) 
Filter, (5) Chemical injectors, and (6) Environmental Sensors.

1.3.1 CONTROLS [2, 3, 5]
The controls receive feedback about the volume of water for the field, pressure in 
the line, flow rates, climatic data, soil water, plant water stress and from the field 
sensors. This information is then compared with the predetermined values and the 
irrigation is reprogrammed to adjust for the new values, if necessary. The controls, 
volumetric valves, hydraulic valves, fertilizer or chemical injectors, flushing of 
filters, etc., can be operated automatically or manually.

1.3.2 VALVES [8, 11]
Automatic valves (Figs. 2–9) can be activated electrically, hydraulically or pneu-
matically and these are used to release or to stop the water in the lines; to flush 
the mains and laterals; to continue the water from one field to another field and to 
regulate flow or pressure in main, submain or lateral lines. The type of valve will 
depend on the desired purpose. Valves receive feedback to verify the precision of 
operation.
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FIGURE 2 Automatic irrigation controller (Rain Bird).

FIGURE 3 Logic hydraulic valve.
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FIGURE 4 Automatic metering valve along with a hydraulic valve.

FIGURE 5 Fertilization and irrigation programmer for six different valves (for green house 
or field).



Principles of Automation 9

FIGURE 6 Automatic controller (Nirim electronics), using a programmer with a perforated 
tape or card.

FIGURE 7 Fertigation and chemigation equipments.
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FIGURE 8 Logic diagram for an automatic controller in a drip irrigated field.
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FIGURE 9 Bermad automatic volumetric valve.

1.3.3 AUTOMATIC VOLUMETRIC VALVE: FLOW METERS
The flow-metering valve (Fig. 10) allows programming the predetermined values. 
Usually these meters are calibrated to measure applied volume of water or to mea-
sure the flow rate.

FIGURE 10 Bermad automatic volumetric valve: Field installation.

1.3.4 AMBIENT SENSORS [8–12]
Various types of instruments are available to determine the soil moisture (ceramic 
densitometry, ceramic cup, heat dissipater sensor, soil psychrometer); to measure 
climatic parameters (weather station, automated evaporation tank, etc.), plant wa-
ter stress or leaf temperature of the crop (leaf psychrometer, porometer for stomate 
diffusion, infrared and sensorial thermometer to measure stem diameter). These 
can be used as feedback for the management of irrigation. If the soil at a particular 
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field station is wet, the sensor opens the circuit of the hydraulic or solenoid valve 
and this station is bypassed. If the soil at this field station is dry, the closer the 
circuit and the field at this station are irrigated for a specified duration.

1.3.5 FILTERS
The obstruction in the drippers caused by clogging agents (physical, chemical 
or biological) is a common problem and is considered a serious problem in the 
maintenance of the drip irrigation systems. The suspended solids may finally clog 
or reduce the filtration efficiency. The automatic flushing valve is available for 
different types of filters. The flushing is done by means of back flow of water [4, 
8, 11], thus allowing the water to move through the filter in an opposite direction 
(Fig. 11).

FIGURE 11 Automatic flushing of filters by inverse or back flow.

1.3.6 CHEMICAL INJECTORS
The chemigation methods to inject the fertilizers, pesticides and other inorgan-
ic compounds are: (1) Pressure differential, (2) Venturi meters and (3) Injection 
Pumps. In all these cases, digital flow meters can be used for the chemigation by 
allowing a known amount of chemicals in a known amount of water to maintain a 
constant concentration of chemicals-in-the-irrigation-water [8, 11].

1.4 AUTOMATIC SYSTEMS [1–3, 8, 11, 12]

With the exception of a volumetric metering valve that operates according to the 
time or the discharge rate, the automatic irrigation systems can be divided in three 
groups on the basis of operation: (1) Sequential hydraulically operated system, (2) 
Sequential electrically or hydraulically electrically operated systems and (3) Non-
sequential electrically operated system with or without programming: With the 
possibility of using information of the field (feedback) by remote control.
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1.4.1 SEQUENTIAL HYDRAULICALLY OPERATED SYSTEM
This system controls the valves in sequence (Fig. 12). The valves open and close 
based on the water pressure in the line. The pressure arrives at the valve by means 
of a flexible hydraulic tube (micro tube: polyethylene tube of small diameter) to 
provide a required pressure. The diameter of the micro tube is generally between 
6 and 12 mm and is connected to the hydraulic valve at one end and the other end 
is connected to the automatic control or the line of water.

FIGURE 12 Sequential hydraulically operated system for green houses, gardens, nurseries 
and fruit orchards.

Some hydraulic systems can be connected to the main valve of the line or to 
the system that replaces the water. In this case, the main valve is connected auto-
matically to open when the system in series is in operation and to close at the end 
of the irrigation cycle. Electrically operated automatic system activates the pump 
and deactivates the pump, when the irrigation cycle is over.
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Sequential hydraulically operated system is controlled by a predetermined 
amount of water. The amount of water can be different for each valve and can 
be adjusted by a regulator mounted in same valve. The hydraulically sequential 
system can be used to water fruit orchards, gardens, green houses and nurseries, 
establishing low fl ow rates through tubes of small diameter and for fl ow rates in 
any diameter of tube. The system includes automatic metering valve, hydraulic 
valve and hydraulic tube.

1.4.2 SEQUENTIAL SYSTEM: OPERATED ELECTRICALLY OR OPERATED 
HYDRAULICALLY ELECTRICALLY
These systems supply an electrical current through cables for the remote control 
of the valves (Fig. 12). The current from the “control panel” to the valves, usually 
passes through a step down transformer to supply a voltage of 24 V. For safety 
reasons, a current of 220 V should not be used when the subsurface cables extend 
to the field valves. The regular solenoid valves are mainly used for low flow rates. 
For pipes of larger diameters, the solenoid valves are used only as controls to acti-
vate the hydraulic valves and all the automation process is hydraulically electrical. 
The control of the second valve is always hydraulic. In the hydraulic sequential 
system, the opening is controlled electrically by a timer mounted next to the main 
valve. In such cases, the current source is direct and not alternating.

1.4.2.1 PROGRAMMING IRRIGATION WITH SOLENOID VALVES
The solenoid valves can be used to program the irrigation (Fig. 13). In order to 
calculate the crop water use, a computer program can be used with the informa-
tion such as: The soil moisture, evapotranspiration, the date of the next irriga-
tion and the amount of water to be applied. The irrigation programs are based on 
evapotranspiration estimations, complex water budgets in several dimensions or 
crop growth models. The ET models use crop and climatic data such as crop coef-
ficient, root zone depth, allowable depletion, drainage rates, air temperature, sun 
radiation, precipitation and constants in the evapotranspiration equations, and so 
forth.

FIGURE 13 Electrically operated tensiometer and solenoid valve.
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Then the model incorporates the climatic information to calculate the evapo-
transpiration rates and to adjust the water balance in the soil as the water is being 
used. The evapotranspiration model requires an irrigation criteria based on the 
allowable depletion or the irrigation interval. Actual fi eld data after the irrigation 
can be helpful to compute the infi ltration and immediate drainage for correction 
of estimated soil moisture. The rate of computed ET can be used to indicate the 
required amount of irrigation or to specify the time for irrigation interval. This 
method is more practical for drip irrigation than for other irrigation methods. The 
records of fi eld data are kept in the offi ce fi les for the irrigation programming, so 
that the data can be used to-update-the-inputs-in-the-program.

1.4.2.2. AUTOMATIC VALVES
The automatic valves are commonly used for the pump house and filters; for regu-
lating the pressure in the main line; to control the flushing cycles in the filters, or 
to control the volume of water through the secondary or lateral lines. The solenoid 
valves can be used in the secondary or lateral lines to control the volume of water 
to the individual blocks. The primary function of a solenoid valve is to switch on 
or switch off the system. However, these valves can be equipped with pressure 
regulators and check valves. The solenoid valves are operated electrically from the 
“Central Control Panel.” Automatic control valves can also be equipped with man-
ual valves for better efficiency. Automatic valves require periodic maintenance to 
assure a satisfactory operation. The maintenance program depends on the use of 
the valve and the flushing operations.

At least, it is recommended that all the diaphragm valves are disarmed and 
cleaned at least once a year. It is important to clean the deposits on the stem of the 
valve. Almost all the manufacturers provide a service or fast replacement of most 
of the components. This can usually be done without removing the valve from the 
irrigation line. A number of auxiliary controls can be adapted to the diaphragm 
valves to provide fl exibility and convenience.

PRESSURE REDUCING VALVE

This valve responds to changes in the pressure at the exit of the main valve and 
adjusts to the pressure in the cap or valve cover to compensate for any change. A 
trouble in the operation can be caused by contamination, obstructions, incorrect 
assembly, and damages or worn out parts.

PRESSURE-REGULATOR-VALVE

This valve is used to separate the system from the pressure in the main line. It 
must be open during the normal operation. Whenever the pressure exceeds a preset 
value, the valve releases the excess pressure.



16 Sustainable Micro Irrigation Management for Trees and Vines

CONTROLS-TO-ADJUST-THE-VELOCITY-OF-THE-MAIN-VALVE

These are small adjustable controls in the pilot control system. These regulate the 
speed of opening and closing of the main valve by blocking or strangling the flow 
that enters or leaves the casing. These can be subjected to obstructions by fine 
sediments if tightly fit.

1.4.2.3 CONTROLS
Several electromechanical and electronic controls in the drip irrigation system are 
automated. The controls with mechanical time clocks open and close only a single 
valve at one time. These are programmed based on series of climatic and soil sen-
sors: to decide when to begin and to end the irrigation cycle; start and to put off 
pump; to open and close the valves to supply an irrigation depth and to remember 
how much water and fertilizer was applied to each block within the field. The 
controls are also available to diagnose operation and identify the troubles and to 
take remedial steps. Others put off the system during rainfall and restart the sys-
tem when necessary. A timer uses a clock to program the beginning and sequence 
of irrigation. The control is a source of electric or hydraulic signal to activate by 
remotely located valves to allow or to stop the flow.

The communication between the irrigation controller and the valves is by 
means of electrical wires, hydraulic lines or radio signals. The microprocessors 
and microcomputers also can be programmed using data of tensiometers, pan 
evaporation, thermocouples, soil moisture tension gages, anemometer, fl ow meter, 
pressure transducer, etc. These controls are based on the climatic and soil sensors 
or according to the program specifi ed by the irrigator. Using these data, the con-
troller uses a program to compute irrigation requirements for each crop and block 
within a fi eld.

FIGURE 14 Automatic unit for control of irrigation based on the gypsum blocks (sensors).
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The data from the fl ow meters and pressure gages is used to determine the 
fl ushing time and to detect any troubles in the system. In most of the cases, the 
controller has a calendar programmer, so that the cycle of irrigation begins auto-
matically on a particular day of the week and at a particular time of the day. Most 
of the controllers can be programmed for 14 days, while others are only limited 
to seven days. Practically all-automatic controllers have a station selector on the 
outer surface of the panel (Figs. 4–7). This station selector shows a green light to 
show the station in operation. In addition, it can also be set manually so that the 
irrigation operator can start and put if off whenever desired.

1.4.3 SEQUENTIAL SYSTEM: ELECTRICALLY OPERATED
In these systems, the amount of water distributed to the different blocks is deter-
mined by a flow meter. A timer determines the duration of operation: 14 days and 
24 h per day. Sensors based on tensiometers or pan evaporation can activate these. 
Although this type of system was developed mainly to water green houses, yet it 
can be used for the drip irrigation system.

1.4.4 NON-SEQUENTIAL SYSTEM
These systems are completely automatic and are controlled electrically. These 
nonsequential systems are controlled by hydraulic or electrical valves that can 
operate the valve in the desired block at random, and can supply known amount 
of water for a known duration to a desired block. Each unit can supply a known 
flow at different hours during the day, in response to soil moisture status in each 
block. The “Control Panel” consists of electrical circuits that operate the pump, 
main valve, adds fertilizer according to a pre-established schedule and measures 
the soil moisture to estimate the crop irrigation requirements. This system usually 
operates by a remote control system and is designed to provide feedback of field 
data, so that the automatic adjustment can be made and adjustments for changes in 
pressure and flow rates can be made to the discharge flow in the distribution lines.

1.4.4.1 CENTRAL PANEL
The central panel controls all the operations of the field, sending instructions to the 
valves and receiving continuous data on the operation of the irrigation system. It 
consists of a programmed unit of irrigation, a unit for transmission of information, 
a unit for the control of flow in the laterals and a unit for warning signals.

1.4.4.2 FIELD PANEL
The field panel is placed centrally in the field and operated by remote control unit. 
The signals of the main panel are sent by an individual communication channel 
and these are transmitted to individual field panel. The field panel can collect the 
data on water meters, operating pressures and warning signals. Then the data can 
be transmitted to the main panel (control panel).
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1.4.5 USE OF SENSORS TO PROGRAM IRRIGATION
In addition to the above-mentioned instruments, sensors are available to determine 
the soil moisture tension or the soil moisture. Tensiometers and gypsum blocks are 
simple and economical to use. Another method is a neutron scattering method, but 
it is quite expensive and is used for research purpose only.

1.4.6 USE OF GYPSUM BLOCKS AND TENSIOMETERS
The gypsum blocks can measure the soil moisture tension in the range of 1–15 
atmospheres. There are two electrodes inserted in each block and the changes in 
the soil moisture are calibrated with variations in the resistance. The precision of 
this method is based on the temperature, salt concentration in the soil solution, 
physical characteristics of the gypsum block and the electrical resistivity of the 
soil. For tensions of 80 cbars, a tensiometer is recommended instead of a gypsum 
block. Tensiometer (Fig. 14) measures the tension and the reading is given in 
cbars. The main disadvantage of a tensiometer is a relatively low critical tension 
of 85 cbars after which the air enters the plastic stem of a tensiometer. The soil 
moisture by any method will show variations in the soil moisture within the same 
field. A sample of the soil in a given location represents only the soil condition of 
that location. Therefore, several observations of soil moisture at various locations 
in the field are desirable.

1.4.7 NEUTRON SCATTERING METHOD
The neutron scattering method consists of a neutron radiation source of high ener-
gy and a neutron detector. Neutrons travel through the soil medium, loose energy, 
and the speed is reduced when these hit the elements that are present in the soil. 
The hydrogen, a component of the water, is dominant in the reduction of the speed 
of fast neutrons. Due to other factors that can affect the reading, the calibration of 
this method is done in a location where the equipment will be installed and used. 
The use of the neutron scattering method requires the installation of access tubes 
at the beginning of planting and removal of these tubes after the last harvest.

It is recommended to install one sensor at each 30 cm depth. Periodically the 
operator will obtain the readings of the tube at the desired depth. A minimum of 
three readings are taken: at shallow root depth, at middle depth, and at a deeper 
depth. The water content of these readings is added and the water content at fi eld 
capacity is deducted from the sum. The difference between these two estimates 
will be the amount of water that should be applied. The readings can be recorded 
automatically and are stored in the memory of the neutron scattering equipment. 
Then these can be downloaded on the computer of the Control Panel. With this 
information, the computer will give the necessary commands to the drip irrigation 
system so that the crop water requirements are met in the desired block.

1.4.8 CLASS A PAN EVAPORATION TO AUTOMATE THE SYSTEM
The relationship between pan evaporation and the water loss have been well es-
tablished. Both are exposed to similar climatic conditions in the same field. This 
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correlation can be used to schedule the irrigation. If electrodes in the tank can be 
installed at a depth (based on previous experience), the irrigation can be controlled 
automatically. The irrigation will begin when the surface of the water in the class 
A pan lowers to a predetermined level and will stop when the level raises to certain 
level in the tank [7].

1.5 PREVENTIVE MAINTENANCE

1.5.1 PREPARATION AFTER THE LAST HARVEST
1. Clean the controllers, valves and sensors.
2. Examine the condition of the control panel and store it well.
3. Remove and store batteries.
4. Flush and drain the hydraulic tubes.
5. Disconnect the electrical wires in the field.
6. Examine for possible breakage and defects in electrical conductors.

1.5.2 PREPARATION FOR THE START OF A CROP SEASON1. Be sure that all the electrical connections are cleaned and adjusted well.
2. Make sure that the electrical contacts are free of corrosion and dirt.
3. Inspect all the hydraulic lines and pneumatic lines for leakage or breakage.
4. Verify that the equipments, accessories and sensors operate properly.

1.5.3 DURING THE CROP SEASON
1. Visually examine all external components weekly.
2. Disconnect the electrical wires in the field during electric storms.
3. Disconnect the batteries when the control is out of service for one week or  

more than one week.

1.6 TROUBLE SHOOTING

Trouble Cause Remedy

Controls

1.  The cycle of irrigation does not 
work at the pre-established time.

The clock of the control 
panel is outside pre-es-
tablished calibration for 
the schedule of the cycle.

Calibrate clock at the 
pre-established time.

2.  Some stations do not operate. Ca-
bles of the valves are not connected 
properly. Hydraulic tube is broken 
or missing.

Control station for time 
is off.

Place ignition control 
in “on” position.

Check connections be-
tween valves.

Replace the hydraulic 
tube.
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3.  Danger signal is in “on-position” 
Program-of-emergency-is-in op-
eration due to bad operation of the 
system. 

Battery is dead. Recharge battery.

To locate the source of 
the problem in the system 
and to correct it.

Filters

4.  Poor filtration High difference in pressure is 
due to obstruction of filters by 
the clogging agents.

Flushing of filters by 
inverse (back) flow.

5.  Pressure difference at the 
entrance and exit of a filter 
-exceeds the recommended 
-values.

Depth of filter media is not ad-
equate.

Add more media until 
it is at recommended 
level.

Valves are obstructed. Verify valves for ob-
struction.

1.7 SUMMARY

Principle of Automation includes factors such as: duration and stage of crop 
growth, allowable plant water stress, soil aeration, soil water potential, soil salin-
ity and evapotranspiration. Leaf water potential can be measured by a psychrome-
ter or by adhering thermocouples to the leaves. Leaf temperature is measured with 
a noncontact infrared thermometer. The accuracy of temperature of the surface of 
leaf depends on the precision of calibration. Measurements of leaf area index of a 
crop vary from plant to plant. The diameter of the stem can be used for continuous 
recording of the stem growth and the condition of plant water stress for each phe-
nological stage of a plant. This technique can be used for the purpose of automa-
tion. The automation of a drip irrigation system provides an optimum crop yield 
and optimum water use. The system uses sensors to measure depth and frequency 
of irrigation, flow rate, operating pressure, wind speed, ambient temperature, solar 
radiation, rain fall, soil moisture, leaf temperature, leaf area index, etc. The instru-
mentation and equipments for automation can be subdivided in six categories: (1) 
Controls, (2) Valves, (3) Flow meters, (4) Filter, (5) Chemical injectors, and (6) 
Environmental.

There are three types of automatic irrigation systems. In sequential hydrauli-
cally operated system, the valves open and close in response to the application or 
elimination of water pressure. In sequential electrically or operated hydraulically 
electrically, the system supplies an electrical current for remote control of the 
valve. The automatic valves are commonly used for the pump house and fi lters; 
for regulating the pressure in the main line; to control the fl ushing cycles in the 
fi lters, or to control the volume of water through the secondary or lateral lines. 
Solenoid valves are used in the secondary or lateral lines to control the volume of 
pressure-regulator-valves are used to separate the system from the pressure in the 
main line. Whenever the pressure exceeds a preset value, the valve releases the 
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excess pressure. The controls with mechanical time clocks open and close only a 
single valve at one time.

The communication between the irrigation controller and the valves is by 
means of wires, hydraulic lines or radio signals. In Electrically Operated Se-
quential System the amount of water distributed to the different blocks is deter-
mined by a fl ow meter. The nonsequential systems are controlled by hydraulic 
or electrical valves that can operate the valve in the desired block at random, 
and can supply known amount of water for a known duration to a desired block. 
The central panel allows control all the operations of the fi eld. The fi eld panel 
is operated by a remote control unit. The signals of the main panel are sent 
by an individual communication channel and are transmitted to individual fi eld 
panel. Sensors are available to determine the soil moisture tension or the soil 
moisture. Tensiometer and gypsum blocks are simple and economical to use. 
Another method is a neutron scattering method but it is quite expensive and is 
for research purpose only. Preventive maintenance and trouble shooting of the 
system are also presented.
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Success of drip irrigation depends on the support from specialist for installation and 
maintenance.

Flow meter to measure the volume of water applied.

Water source, pump, and check valve assembly.
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2 .1 INTRODUCTION

The orifices in the drip lines or the emitters emit water to the soil. The emitters 
allow only the discharge of few liters or gallons per hour. Because the emitters 
have small orifices, these can be easily obstructed with clogging agents (physi-
cal, chemical, and biological). The obstruction can reduce degree of emission, the 
uniformity of water distribution, and therefore, this can reduce plant growth. Once 
the system has been obstructed, it becomes more difficult to restore the normal 
water flow. Therefore, we must prevent the obstructions in the filters, laterals, and 
emitters. The clogging can be prevented with a good maintenance and periodic 
service of the system. To operate and to maintain a drip irrigation system in a good 
working condition, the following considerations are important for an adequate 
operation [1–4]:

1. Pay strict attention to the filtration and flushing operation.
2. Maintain an adequate operating pressure in the main, sub main, and lateral 

lines.
3. Flushing and periodic inspection of the drip irrigation system.

2.2 MAINTENANCE OF FILTERS AND FLUSHING OPERATION [1–3]

For effective filtration efficiency, we must make sure that the system is main-
tained in good condition and it is not obstructed by the clogging agents. For this 
purpose, pressure gages are installed at the entrance and the exit of a filter. The 
pressure difference between these two gages should vary from 2 to 5 psi when the 
filter is clean and the mesh is free from obstructions. The filtration system should 
be cleaned and flushed, when the pressure difference is from 10 to 15 psi. The 
filters must be flushed before each irrigation operation. If the water contains high 
percentage of suspended solids, then the filters should be flushed more frequently. 
Entrance of dust and foreign material should be avoided, when the filters are open. 
Filters may not be able to remove the clay particles and algae.

2.3 FLUSHING METHOD [1–4]

The frequency of flushing depends on the water quality. For flushing of irrigation 
lines, the following procedure can be adopted:

1. Open the ends of the distribution and lateral lines. Allow the flow of water 
through the lines until all the sediments are thrown out of the lines.

2. Close the ends of the distribution lines. Begin to close the lines one after 
another, from one block to second, and so on. There must be a sufficient 
pressure to flush out all the sediments.

2.3.1 CLEANING WITH PRESSURIZED AIR
The clogging can be caused due to presence of organic matter in water. It may 
be necessary to use pressurized air to clean the drippers. Before beginning this 
process, the water is passed through the lines for a period of 15 min. When ad-
equate operating pressure has been established, then the air at 7 bars of pressure is 
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allowed through the system. The compressed air will clean the lines, laterals, and 
drippers from the accumulated organic matter.

2.3.2 CLEANING WITH ACIDS AND CHLORINE
The clogging may also be caused due to precipitation of salts. The cleaning with 
acids will help to dissolve the chemical deposits. This process is not effective to 
remove the organic matter. Sodium hypochlorite (at the rate of one ppm) can be 
injected on the suction side of a pump for 45–90 min before shutting off the pump. 
The best time of injection is after flushing the sand filters, because the chlorine 
prevents the growth of bacteria in the sand. The surface water containing iron can 
be treated with chlorine or commercial bleaching agent for 45 min for lowering 
the pH to <6.5. At pH > 6.5, certain reactions in combination with the precipitates 
of iron may gradually obstruct the irrigation lines.

One may use commercial grade phosphoric acid or hydrochloric acid. Before 
using the acid, the water is allowed to pass through the system at a pressure greater 
than the operating pressure. Fill the fertilizer tank up to two third (2/3) parts of the 
capacity of a tank. Add the acid at the rate of one liter per cubic meter per hour of 
fl ow rate. Inject the diluted acid into the system, as one will inject the fertilizer, in 
a normal process..

Remember: When using the chemigation tank, fi rst pour the water and then 
add the acid.

2.4 METHODS TO REPAIR TUBES OR DRIP LINES1. The orifices of Bi-wall tubing may be obstructed due to salts, and so forth. 
A polyethylene tubing of small diameter is used as a bypass method to 
repair these drip lines.2. If the line is broken or there is an excessive escape of water, the pipe, or 
the tube is cut down and is connected with a union or a coupling.3. If the main line is made of flexible nylon flat and is leaking, then use a 
small piece of plastic pipe of same diameter to insert into the flexible ny-
lon tubing. The both ends are sealed with the use of pipe clamps.

2.5 SERVICE BEFORE THE SOWING SEASON

1. Clean and flush all the distribution system and the drip lines, with water.
2. Wash with water and clean the pump house system. Lubricate all valves 

and accessories.
3. Turn on the pump and activate the system. Check the pipes and drip lines 

for leakage. Repair if necessary.
4. If the system has been used previously, then cleaning and flushing should 

be carried out for a longer period of time. It is particularly important in 
sandy soils, as the sand can penetrate into the pipe during the removal of 
lines.
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2.6 SERVICE AT THE END OF CROP SEASON

At the end of a crop season, following steps should be taken:
1. Flush the pipes. Clean the filters and other components of the system.
2. Lubricate all the gate valves and accessories.
3. If the pipes are permanently installed in the field and cannot be removed at 

the end of a crop season, keep these free of soil and weeds that can grow 
nearby.

4. If the system can be moved from one place to another (according to the 
season), the following procedure is adequate:

 a. Flush and clean the system.
 b. Remove the drip lines and collect these carefully.
 c.  It is best to leave the main lines in place. If it is not possible or if there 

is a need for transfer to an area, then these should be rolled. Close both 
ends and store in the shaded area.

 d.  It is advisable to label the hoses with tags. Distance between orifices 
and frequency of use should be indicated on the tag.

2.7 TROUBLE SHOOTING 

Causes Remedies

Pressure difference > Recommended value

1. Filters are obstructed. Flush the filters.

2. Lines are broken. Repair or replace lines. 

3. Pump is defective. Repair or replace the pump. 

4. Gate valve is blocked. Fix or replace the gate valve.

5. Pressure regulator is defective. Remove and replace the regulator.

Laterals (or drip lines) and drippers are clogged
6. Sand is being accumulated in the drippers 
and lines.

Open ends of laterals and leave open for more 
than two minutes so that water at pressure 
passes through. 

7. Formation of algae and bacteria. Wash with chlorine. Paint the PVC pipes or 
install the lines below soil surface.

8. Sediments are being accumulated. Wash with acid.
9. Precipitation of chemical

compounds due to chemigation.
Wash with acid and conduct the chloration 
process.

10. Obstruction due to nest of insects. Wash with insecticide.
Pressure is increased

11. Orifices in the drip lines or drippers are 
clogged. 

Flush the drip lines or laterals.
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2.8 SUMMARY

The orifices in the drip lines or the emitters emit water to the soil. The emitters 
allow only the discharge of few liters or gallons per hour. The emitters have small 
orifices and these can be easily obstructed. For a trouble free operation, one should 
follow these considerations: Pay strict attention to filtration and flushing opera-
tion. Maintain an adequate operating pressure in the main, sub main and lateral 
lines. Flushing and periodic inspection of the drip irrigation system is a must.

For effective fi ltration effi ciency, we must maintain the system in good condi-
tion and it is not obstructed by the clogging agents. For this, pressure gages are 
installed at the entrance and the exit of a fi lter. The frequency of fl ushing depends 
on the water quality. Some recommendations for an adequate maintenance are 
cleaning with pressurized air, acids, and chlorine. This chapter includes methods 
to repair tubes or drip lines. Also there is a procedure for the service before the 
sowing season and the service at the end of the crop season.
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3.1 INTRODUCTION

The uniformity of irrigation application is one of the most difficult factors to eval-
uate. The initial cost, the operational cost, and the plant response are related with 
the uniformity of water application. A considerable effort has been directed to 
this problem in the design and management of the irrigation system. This chapter 
presents a simple method to evaluate uniformity of water application in drip ir-
rigation. This method does not require mathematical equations and sophisticated 
equipments [1, 2].

In an irrigation system, there is a direct relationship between the uniformity of 
water application and the initial cost. The pressure decreases as the water fl ows 
through the pipelines due to loss by friction. This results in reduction of water ap-
plication rates at the farthest sections of the irrigation system. The water is distrib-
uted more uniformly and the loss by friction is reduced if the pipelines have a large 
diameter. Since the pipelines of larger diameter are more expensive, therefore a 
system with high uniformity is more expensive compared to poorly designed sys-
tem with low uniformity. Before purchasing the system, the buyer should evaluate 
the cost of the system, its capabilities, and uniformity [1–3].

The operational cost of an irrigation system are directly associated with uni-
formity of water application. In many cases the water is applied uniformly when 
the system is operated at high pressures. This practice goes against one of the 
advantages of drip irrigation in relation to savings in energy consumption. The op-
erational cost of a system with smaller diameter pipes is higher than an appropriate 
design. This is due to the fact that the small size pipes need more time to apply the 
desired quantity of water at the farthest end of the lateral.

The crop production effi ciency is also related with the uniformity. In general, 
it is diffi cult to determine the loss in effi ciency by low uniformity, because the 
effi ciency is affected by many factors. In general, the effi ciency losses are due to 
the fact that some plants do not receive the adequate amount of water while others 
receive in excess. Excessive applications of water may wash away the nutrients 
that are accessible to the plants.

To fulfi ll the objectives of the drip irrigation, the system must be designed to 
apply the water uniformly within the economical limits. This way, each plant in 
the fi eld will receive the same amount of water. This facilitates the operator to 
adjust the quantity of water applications according to the crop requirements.

3.2 FACTORS THAT REDUCE THE UNIFORMITY OF WATER APPLICATION

The following factors can interact to reduce the uniformity of water application:
1. Defective irrigation pump.
2. Broken or twisted distribution lines.
3. Obstruction of drippers and/or filters by the physical, biological, and 

chemical agents.
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4. Corrosion of some parts in the irrigation system.
5. Obstructed or defective valves.
6. Inadequate design.

3.3 PROCEDURE FOR THE EVALUATION OF UNIFORMITY

A simple procedure was developed to evaluate the uniformity of water application 
in a drip irrigation system. This procedure can be used by farmers, designers, and 
sales persons:1. This method can be used by a potential customer to evaluate a system 

before acquiring it. In addition system can be evaluated to determinate if 
it complies with minimum requirements, before the final payment is made 
to the seller.2. This method can be used by a designer or seller to determine if the system 
was designed and installed properly. The system components can also be 
evaluated.3. The irrigation operator can use it to detect variations in the uniformity 
of water application. The operator can also detect problems due to the 
obstructed drippers and filters. The lack of uniformity of the water applica-
tion due to changes in hydraulic characteristics of the drippers and other 
components of the system can be detected. Therefore, the defective parts 
can be repaired and replaced.

3.4 DEFINITION OF UNIFORMITY

The uniformity (U) of water application is defined in statistics [1, 2] by the fol-
lowing equation:

 U = 100 × (1.0–V) (1)

where, U = Uniformity or the emitter discharge rate, intervals between 0 and 
100%, V= Coefficient of variation.

The coeffi cient of variation (V) is a variation in fl ow of each dripper compared 
to average fl ow rate of all drippers. The uniformity is expressed in relative terms 
so that it does not depend on the magnitude of fl ow of drippers. Instead, it depends 
on the variation between the fl ow of an individual dripper and average fl ow.

A uniformity of 100% in Eq. (1) corresponds to a coeffi cient of variation of 
zero. This indicates a perfect uniformity, therefore there is no variation in the fl ow 
among the drippers. Uniformities of 100%, 90%, 80%, 70%, and 60% corresponds 
to coeffi cient of variation of 0.0, 0.1, 0.2, 0.3, and 0.4. This uniformity can be clas-
sifi ed as shown in Table 1:
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TABLE 1 Uniformity classification.

Classification Statistical Uniformity Emission Uniformity
Excellent For U = 100–95% 100–94%
Good For U = 90–85% 87–81%
Fair For U = 80–75% 75–68%
Poor For U = 70–65% 62–56%
Not Acceptable For U < 60% <50%

3.5 STANDARD FOR UNIFORMITY OF WATER APPLICATION

The American Society of Agricultural and Biological Engineers (ASABE) have 
developed a standard for the uniformity of water application in drip irrigation 
[1]. This standard establishes minimum acceptable uniformity for the design of 
a drip irrigation system. The standards for uniformity are presented in Figures 1 
and 2 that show the efficient economical values of uniformity [2]. Table 2 shows 
acceptable intervals. Design for a uniformity level less than the design value will 
result in a reduction in the irrigation efficiency; and cause loss of water and fertil-
izer due to poor uniformity of water application. Design based on high values of 
uniformity will increase the initial cost.

FIGURE 1 The field uniformity of an irrigation system based on the dripper times and the 
dripper flow rate, with an example in this chapter.
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FIGURE 2 The field uniformity of a drip irrigation system based on the time to collect a 
known quantity of water or based on pressure for hydraulic uniformity.

TABLE 2 Acceptable intervals of uniformity in a drip irrigation system.
Type of dripper Slope Uniformity interval, %

Point Source: located in planting

distance > 3.9 m.

Level* 90–95

Inclined** 85–90

Point Source: located in planting

distance < 3.9 m.

Level* 85–90

Inclined** 80–90

Drippers inserted in the lines

for annual row crops.

Level* 80–90

Inclined** 75–85

* Level = Slope less that 2%.

** Inclined = Slope greater than 2%.

An irregular topography of the land affects the design and uniformity of water 
application. It will result in a high cost of the system. In soils with an irregular to-
pography, allow a smaller uniformity to compensate for the initial and operational 
costs of the system.
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The planting distance for a crop also affects the desired uniformity of the water 
application. The uniformity should be higher in crops with larger planting distance 
when one or two drippers per plant are used to apply water to a plant. In narrow 
planting and narrow dripper spacing, the variation in the fl ow per dripper reduces.

Each plant may have two or more drippers and this way the effects of random 
variation on the dripper emission rate are much less. However, this does not elimi-
nate the effects of continuous reduction along the laterals due to loss by friction. 
Therefore, allowable reductions in uniformity for crops with narrow planting dis-
tance are smaller (10%) compared to the crops with wider planting distance.

3.6 EVALUATION PROCEDURE

The evaluation procedure uses a known size container to determine the uniformity 
of water application in drip irrigation. The time required to fill the container is 
used to calculate the flow rate and the uniformity. This required time can be mea-
sured by a stopwatch.

One must take at least 18 samples (one sample per dripper) by recording the 
time to fi ll the container. One can take more than 18 samples if it is necessary. The 
selected drippers must be a representative of the area (some at the beginning, oth-
ers in the middle and others at the end of the lateral line). Some samples should 
also be taken at highest elevations of the fi eld and at lowest elevations. The rep-
resentative drippers should be recorded along with location for analysis. The sum 
of the three highest observations is denominated as maximum time (Tmax). The 
sum of the three lowest observations is denominated as minimum time (Tmin). Tmax 
and Tmin are used to determine the uniformity of water application using Fig. 1. 
Example: In Table 3, the three highest observations are 107, 110, and 108 seconds. 
The sum of these three observations = 325 seconds = Tmax. The three lowest obser-
vations are 89, 87, and 91 seconds. The sum of these lowest observations = 267 
seconds = Tmin. The vertical line, T max and the horizontal line for Tmin intersects 
at a point to the uniformity using Fig. 1. The interpolation between the uniformity 
lines for this particular point gives us a uniformity of 94%. This is interpreted as 
an excellent uniformity. If the data are representative of the fi eld, then it can be 
concluded that the system is well designed and well constructed.

TABLE 3 Time required to fill the container in a given field, (example of the field data).

89 sec. (smaller) 97 sec. 110 sec. (higher)

104 sec. 107 sec.(higher) 93 sec.

92 sec. 100 sec. 103 sec.
96 sec. 94 sec. 108 sec. (higher)

100 sec. 98 sec. 91 sec. (smaller)

99 sec. 102 sec. 87 sec. (smaller)
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89 sec. (smaller) 97 sec. 110 sec. (higher)

Tmax. = 107 + 110 + 108 = 325 seconds.

Tmin. = 89 + 91 + 87 = 267 seconds.

3.7 CONFIDENCE INTERVALS

The example above is only for 18 drippers in a larger area. Therefore, the results 
may not be entirely accurate. The only way to determine the exact uniformity is to 
measure the flow of each dripper in the field. From statistical point of view, it can be 
proved that the values in Figs. 1 and 2 are precise. The Table 4 gives us confidence 
limit of 95% for the uniformity values presented in Fig. 1. Interpolations in Table 4 
indicate that the confidence limit for a uniformity coefficient of 94% is U ± 1.7% for 
18 measurements in the field. If we get a uniformity of 94% from Fig. 1, the true uni-
formity of the field is 94 ± 1.7%. Therefore, uniformity varies from 92.3 to 95.7%. 
This interval of 95% of confidence indicates that the value of the field uniformity 
should be within a confidence interval (92.3% a 95.7%), 95 times out of 100, if the 
sampling procedure is repeated. In Table 4, the confidence limit increases as the 
uniformity decreases. It implies that at low uniformity, the results are less accurate.

For example, if the fi eld uniformity was only 60%, the Table 4 shows a confi -
dence limit of 60% ± 13.3%.

A level of 95% shows that the fi eld uniformity should be between the confi dence 
interval of the exact uniformity of the fi eld, 95 times out of 100, if the procedure is 
repeated.

Therefore, the true fi eld uniformity has a confi dence interval of 46.7–73.3%. 
There is wider range, because we took only 18 drippers in the whole fi eld. The 
variability between the drippers is larger as shown by low uniformity. With a ran-
dom selection of the drippers, there is a higher chance for a representative data.

In Table 4, the confi dence limits are given for trials of 18, 36, and 72 drippers. 
The certainty for the results can be increased if more samples are taken. This way 
confi dence interval can be reduced.

TABLE 4 Confidence limits for field uniformity (U).
Field uniformity 18 drippers 36 drippers 72 drippers

Confidence limit Confidence limit Confidence limit

N Sum* % N Sum % N Sum %

100% 3 U ± 0.0 6 U ± 0.6% 12 U ± 0.0%

90% 3 U ± 2.9 6 U ± 2.0% 12 U ± 1.4%

80% 3 U ± 5.8 6 U ± 4.0% 12 U ± 2.8%

70% 3 U ± 9.4 6 U ± 6.5% 12 U ± 4.5%

60% 3 U ± 13.3 6 U ± 9.2% 12 U ± 6.5%

*N Sum = 1/6 part of the total measured drippers. This is a number of samples that will be added to 
calculate Tmax and Tmin.

TABLE 3 (Continued)
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3.8 FLOW RATE MEASUREMENTS

The time to fill the container will be infinite if the dripper is obstructed complete-
ly. Therefore, one cannot use Fig. 1 directly. In this case, we shall add the three 
highest flow rates and the three lowest flow rates. Now we shall use flow rate units 
in Figure 1 to calculate the field uniformity.

Now the fl ow rate measurements will be more diffi cult to take and to calculate. 
It requires the use of a calibrated container to measure the volume of water in a 
given period of time. Then the fl ow rate is calculated.

3.9 TROUBLE SHOOTING

Causes Remedies

Uniformity 60%
1. Few samples were taken. Take more than 18 drippers as a sample.
2.  Clogging in the filters, lines or drip-

pers.
Clean the filters flush the lines and drippers with 
acid.

Clean or replace the clogged drippers.

Considerable difference in T max and T min.
3.  It is possible that the drippers lines 

are obstruct or broken.
Repair the broken lines and clean the obstructed 
lines. 

Loss of pressure due to excess friction in the lines.
4.  Pipes are of small diameter than the 

design values.
Revise the design and use correct size of pipes.

3.10 SUMMARY: THE PROCEDURE FOR FIELD EVALUATION

In this chapter, the procedure to evaluate the uniformity coefficient for a trickle ir-
rigation system is presented. The uniformity of water application is affected by the 
degree of clogging, accuracy of the design, and periodic maintenance of the sys-
tem. Nomograph for the determination of uniformity is presented. The procedure 
involves taking water samples in a known time from the representative drippers. 
The three highest and lowest values are summed to give Tmax and Tmin. The evalu-
ation procedure is summarized below:

1. Allow the system to operate at design operational pressure for enough time 
to remove all the air from the lines.

2. Measure the required time to fill up the containers in each of the 18 drip-
pers. Be sure that the drippers represent all parts of the field.

3. Calculate Tmax adding the three highest times, or 1/6 of the total number 
of the required drippers to fill the container.

4. Calculate Tmin using the three lowest times, or 1/6 of the total number of 
the required drippers to fill the container.
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5. Using Figure 1, determine the field uniformity for a point where lines of 
Tmax and Tmin intersect. Interpolate to calculate the uniformity if it is 
necessary.

6. If the uniformity of the field is lower or the confidence limit is higher, it is 
convenient take more data or repeats the procedure to make sure that the 
system is not poorly designed.

This method is particularly advantageous for use in the fi eld due to a limited 
number of required data and the simplicity of the procedure. To facilitate the com-
pilation of data, one may use the data sheet in Appendix I. Nomograph for statisti-
cal uniformity is shown Appendix II.
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APPENDIX I: EVALUATION OF UNIFORMITY: DATA SHEET

Name of evaluator: __________________________________________ 
Date of evaluation: Month _______Day ___________Year___________
Name of farmer: __________________ Direction: __________________
Description of the trickle system:

High pressure/low pressure
Size of pump ____________KW or __________ HP
Size of the farm ___________ acres
Size of the fi lter mesh _____________
Area of block where sample are taken ___________ acres

Procedure:
1. Turn on the system to eliminate the air from the lines.
2. Measure the time (seconds) to fill the container in each of the 18 drippers.
3. Calculate the maximum time, sum three highest times.
4. Calculate the minimum time, sum three lowest times.
5. Determine the field uniformity (Fig. 1).
6. If the field uniformity is low or the confidence interval is high, take more

samples.

Dripper # Time (Seconds) Dripper # Time (Seconds)
1. 10.
2. 11.
3. 12.
4. 13.
5. 14.
6. 15.
7. 16.
8. 17.
9. 18.

Sum of the three highest times = _______ + _______ + _______ = _______ 
Tmax.

Sum of the three lowest times = _______ + _______ + _______ = _______ 
Tmin.
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Using Fig. 1, Uniformity = ______________________ % (where Tmax and Tmin 
intersect).

Observations and recommendations:
_________________________________________________________________
_________________________________________________________________
_________________________________________________________________
_________

APPENDIX – II: NOMOGRAPH FOR STATISTICAL UNIFORMITY
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4.1 INTRODUCTION

Water is an important natural resource, a basic human need and of vital require-
ment for all developmental activities. The demand of water is increasing with 
increase in population and economic activities. Irrigation has been practiced in 
India since long ago. It is considered as a very important input for agriculture and 
hence, continuous development has been taking in this field through the centuries. 
It is a means to mitigate the impact of irregular, uneven and inadequate or wide 
fluctuations in rainfall from year to year. India’s annual rainfall is 117 cm and most 
of it occurs during monsoon. The irrigation potential in India has risen from 19.5 
m-ha in 1950 to 67.89 m-ha in 1985.

The best estimates available indicate that the maximum amount of exploitable 
irrigation potential by all types of irrigation is 113.5 m-ha. This could be suffi cient 
for 50% of the total cultivable area of the country and 50% of the area, would 
be left completely dependent on rainfed farming. Conjunctive use of rain and ir-
rigation water offers scope for optimizing water use in areas having problems of 
surface drainage during, rainy season and water scarcity during the rest of the year.

Citrus is the third largest fruit crop grown in an area of 234,570 ha. Nagpur 
mandarin and acid lime occupies 40% and 25% of the total area under citrus cul-
tivation in the country. The large scale drying of the citrus orchards is mainly due 
to scarce water resources, frequent drought and lowered water table in mandarin 
growing areas of Vidarbha (Maharashtra) and Central India [11].

The average yield of these orchards is 7 to 8 t/ha, which is 3 to 4 times less than 
other citrus producing countries of the world. Citrus plants are more extracting in 
their demand for irrigation. Direct contact of water with the trunk adversely af-
fects the trees growth. Citrus being an evergreen fruit crop use moisture constantly 
throughout the year of course at a much slower rate during winter and faster in 
summer. There is a good amount of research available on irrigation water manage-
ment of citrus from abroad but a little work has been done under Indian conditions.

There is a need for carrying out the research on estimating the water require-
ments of the Nagpur mandarin and acid lime under subtropical conditions of the 
Central India. The use of micro irrigation systems is gaining popularity among 
the citrus growers and it is necessary to standardize the best system for the citrus 
orchards. The moisture conservation techniques like mulching and fertigation are 
also equally important for water and fertilizer conservation point. So, the research 
in this regard is also required to be carried out for optimizing the productivity and 
effi cient use of inputs including water.

4.1.1 IRRIGATION SCHEDULING AND WATER REQUIREMENT IN CITRUS
The literature on irrigation methods, irrigation systems, scheduling, water require-
ments and fertigation in citrus in International and under Indian conditions is re-
viewed. The literature cited related to water requirement and irrigation scheduling 
in Citrus is reviewed. The growth of ‘Valencia’ oranges slowed down at 32-cb and 
55-cb soil suctions at 30 cm depth in light and medium textured soil, respectively 
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[22]. The preliminary studies on the effect of soil management system on soil 
moisture in Sweet orange orchard was initiated by Randhawa et al. [47]. Stolzy et 
al., [76] found that the treatments irrigated at 20 Kpa tensiometer readings were 
best as compared to calender schedule. Hashemi and Gerber [19] attempted cor-
relation between actual evapotranspiration (AET) and potential evapotranspira-
tion computed with Penman’s model. Koo [25] advised Florida citrus growers to 
maintain soil moisture at 55 to 65% of field capacity from bloom the young fruit 
exceeds 1 inch in diameter. Retiz [51] estimated the water requirement of citrus 
at 40–45 inch/year. Richards and Warnke [53] studied the irrigation systems to 
lemon and irrigation at 60 cb and extrapolations to 150 cb resulted in no mea-
sured differential response in tree growth and fruit yield under coastal conditions. 
Leyden [28] found that 610 mm irrigation water applied via a drip system at 0, 
200, 300 and 400 L/tree gave the significant difference in total yield and fruit size 
distribution.

Toledo et al., [79] found that irrigation at 65% fi eld capacity caused drought 
injury symptoms, excessive defoliation and less water consumption. Best results 
were obtained with irrigation at 85% fi led capacity. Evapotranspiration ranged 
form 3.78 to 4.42 and 1.46 to 1.3 mm/day for 85% and 65% fi eld capacity ir-
rigations respectively. Kelin [24] compared drip irrigation scheduling according 
to soil water potential to class A pan evaporation in different horticultural crops 
using a crop factor and concluded that 12 to 23% water could be conserved by us-
ing the irrigation scheduling based on soil water potentials. Moreshet et al., [34] 
compared the 100% and 40% of soil volume irrigation in ‘Shamouti’ orange and 
found that partially irrigated plot was 66% of that of the fully irrigated plot one.

Transpiration from the trees of partially irrigated plots was 72% of that of the 
fully irrigated plot and the evaporation from the soil surface was 58%. Fruit TSS 
and acid contents were higher in partially irrigated plots. Smajstrla et al., [71] 
found that greatest yields were obtained using spray-jet trickle irrigation. Yield 
increases were not linear with volume of rootzone irrigated but ranged from 39% 
for the drip irrigation treatments which irrigated 5–10% of the area beneath the 
tree canopies to 64% for 2-spray jet per tree, which irrigated 50.7% of the areas 
beneath the tree canopies.

Plessis [38] obtained the highest yields (190 kg/tree) and the largest average 
fruit size with irrigation at a crop factor of 0.9 on a 3-day cycle, with thin con-
sumption micro irrigation gave better results than drip irrigation. Makhija et al., 
[31] obtained water need for 6 year old Kinnow mandarin varying from 539 to 
1276 mm depending upon the level of irrigation with average consumptive use of 
water in 2 years as 61.5 cm. Smajstrla et al., [73] concluded that the tree growth 
of young ‘Valencia’ orange was greatest when irrigations were scheduled at 20 
centibar for no-grass and 40 centibar for the grass treatments. Randhawa and Sriv-
astava [48] emphasized on irrigation aspects in Citriculture in India. Autkar et al., 
[1] studied the distribution of active roots of Nagpur mandarin as it can be useful 
in planning irrigation nutrition, planting density and drainage management. The 
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root depth and radial extent for trees aged 1–4 years was 7.5–8.0 cm deep and 
5–12.5 cm respectively and for 10 years old age tree it was 2–3 m and 80–90 cm. 
Barbera and Carimin [4] studied the different levels of water stress on yield and 
quality of lemon tree and found that yield was lower in most stressed plot. The 
number of fl ower/m3 of canopy was higher in most stressed treatment indicat-
ing a relationship between severity of stress and fl owering response. Mageed et 
al., [30] carried the research on infl uence of irrigation and nitrogen on water use 
and growth of Kinnow mandarin receiving 4 levels of irrigation and three levels 
of Nitrogen (0, 115 or 230 Kg N./tree). The consumptive use varied from 66.7 
cm to132.5 cm. Moreshet et al., [35] studied on water use and yield of a mature 
‘Shamouti’ orange orchard submitted to the root volume restriction and intensive 
canopy pruning.

Du Plessis [40] with a mature ‘Valencia’ orange trees and fi eld experiment 
shown that the water use pattern over the entire season reaching a maximum of 87 
lit/day in January. Highest net income was obtained with tensiometer scheduling. 
He [1989] also demonstrated that 690 L irrigation when tensiometer-reaching fell 
to −50kpa gave the highest net income. Use of tensiometer rather than evaporation 
pan scheduling could save 2000 m3 water/ha annually. The water requirement of 
citrus plants varies with species, season and age governed with different climatic 
conditions. Plant growth retards below certain critical level of available moisture 
depending upon soil type, climatic factor and plant genetic make up [46]. Autkar 
et al., [2] also studied the effect of Pan evaporation, canopy size and tree age 
on daily irrigation water requirement of 1–5, 5–8 and above 8 years old Nagpur 
mandarin trees over 9 months [October–June] and concluded that the requirement 
rose with age. Ghadekar et al., [17] estimated that the consumptive use of Nag-
pur mandarin by modifi ed Penman equation using 40 years air temperature, rela-
tive humidity, wind velocity and Solar relation data. Under clean cultivation the 
water requirement of young, middle age and mature trees was 651.9, 849.0 and 
997.3 mm/year, respectively. An equation for daily water use was proposed and it 
can be used for drip irrigation. Sanehez et al., [57] compared fi ve fl ood irrigation 
treatments with daily drip irrigation at 0.475 Epan and concluded that the drip ir-
rigation gave higher yields as compared to fl ood-irrigated plants. Castel and Buj 
[8] carried out trials on mature ‘Satstuma’ average trees grafted on Sour orange 
rootstocks. Plants were irrigated with 60% of the estimated ET losses from a class 
A pan and 80% of the control throughout the year. Irrigation treatments affected 
both yield and fruit quality.

Ray et al., [49] studied the response of young ‘Kinnow’ mandarin to irrigation. 
Irrigations were scheduled at −0.05, −0.1, −0.2, −0.4 and −0.8 MPa soil water po-
tential 0.8 IW/CPE ratio and irrigation to replenish estimated crop ET. The water 
use increased as the frequency of irrigation increased as the frequency of irriga-
tion increased. The highest bio-mass per plant was obtained when irrigation was 
scheduled at −0.05 MPa soil water potential (SWP) and 18–19 irrigations were 
required. The best tree growth in terms of trunk diameter, plant height, canopy 
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volume, leaf number and shoot growth was also obtained at −0.05 MPa SWP us-
ing 182.4 cm water/tree/annum. He also studied [50] the effect of irrigation on 
plant water status and stomatal resistance in young Kinnow mandarin and found 
that the leaf water potential (LWP) and Relative water content (RWC) declined 
considerably with reduction in soil moisture in rootzone due to differential irriga-
tion schedules. Reduction in RWC was more conspicuous where soil moisture 
dropped below 11% LWP measurements in early morning hours showed a signifi -
cant curvilinear relationship with soil water status. Leaf stomatal values were low-
est in September and highest in January. Shirgure et al., [60] initiated the irrigation 
scheduling based on depletion of available water content and fraction of open pan 
evaporation in acid lime in prebearing stage. He studied [68] the effect of different 
soil moisture regimes with irrigation scheduling based on available soil moisture 
depletion and open pan evaporation on soil moisture distribution and evapotrans-
piration in acid lime and it was concluded that the evapotranspiration varied from 
213.6 mm to 875.6 mm in various irrigation schedules. It was also found that the 
change in soil-moisture distribution in the rootzone of acid lime plants varied from 
195.9 mm to 321.3 mm with different irrigation schedules.

4.1.2 IRRIGATION METHODS AND DRIP IRRIGATION SYSTEMS IN 
CITRUS
The common methods of applying water to the orchards are basin, border strip, 
furrow, sprinkler and drip irrigation. Ring basin is generally followed in early es-
tablishment phase of fruit trees. Micro-irrigation to citrus is common in developed 
countries. Drip and microjet irrigation has the advantage over surface irrigation 
methods, for more uniform and complete wetting of the soil surface and adoption 
on sloppy terrain.

Faton [12] observed better tree growth and yield, less weed growth, evapora-
tion and leaching with 16 gallon water applied through drip to each 4-year-old 
lime trees at two weeks interval compared to 320 gallon water in fl ood irrigation. 
Fritz [15] observed that all applied water is transferred directly to rootzone of 
plants and 20–50% water saving is reported depending on soil and climate. Raciti 
and Sckderi [44] compared drip irrigation with the basin and found that the fruits 
under drip system ware more acid and lower maturity ratio. Ronday et al., [55] 
observed better tree growth and less water consumption in Valencia orange under 
drip irrigation in sandy soil Sucderi and Raciti [58] compared basin irrigation with 
different combination of drip irrigation and measured number, weight, quality of 
fruits in Valencia orange. He also studied micronutrient levels in leaves, annual 
trunk increments. Drip irrigation gave the higher yields. Simpson [69] found that 
there is a shift from furrow irrigation and overhead sprinkler irrigation systems 
to under tree systems like microjets. Slack et al., [70] demonstrated that trickle 
irrigation on young orange trees used 5,400 L of water compared to 23,400 L of 
water per tree for dragline.
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Raciti and Barbargallo [45] found that the yields of lemon were more with 
localized irrigation amounting to 227.23 q/h and 213.2 q/h for basin irrigation. 
Ozsan et al., [37] compared furrow, under tree, over tree and drip irrigation in lem-
ons. Amounts of water applied were greatest (1,286 mm) with under tree method 
and least (207 mm) with drip irrigation system. Yield was more with over tree 
sprinkling and least with furrow. Water use effi ciency was high in drip irrigation. 
Cevik and Yazar [9] demonstrated that a new irrigation system, that is, Bubbler ir-
rigation for the orchards. He observed that under tree sprinkling and drip irrigation 
had the best pomological effects. Amounts of water applied per tree for over sprin-
kling, under sprinkling and drip irrigation were 22.01, 17.04 and 10.33 m3/season. 
Pyle [43] appraised the use of micro irrigation in Citrus especially drip irrigation. 
Except the higher cost the advantages includes saving in labor, water and power, 
better orchard uniformity and immediate response to crop need, better soil-water 
relationships, rooting environment and better yield and quality.

Tash be kov et al., [78] studied different irrigation methods. Drip irrigation and 
under tree sprinkling produced the highest yield with the least water requirements. 
The application rate for drip irrigation of 4 years old lemon trees was 7400 m3/ha 
annually. Capra and Nicosia [7] studied fl ooding, sprinkler, and subirrigation with 
sprays and concluded that the rates of water application affects the rate of growth 
of fruit diameter. Robinson and Alberts [54] compared under canopy sprinkler 
and drip irrigation systems in crop like Banana and found that the drip irrigation 
is superior to under canopy sprinklers. Increased tree growth and yield were re-
corded in young Valencia orange under drip irrigation method with emitter placed 
at distance of 1 meter from the trunk [3]. Greive [18] concluded that under tree 
microsprinklers increased yield by 12% and reduced water application by 9.3% 
compared to conventional full ground cover. Interligolo and Raciti [23] demon-
strated that water saving with subsurface irrigation was 32% over the traditional 
basin irrigation. The yield was higher but fruit quality was not much different. 
Marler and Davies [32] studied the effect of microsprinkler irrigation scheduling 
on growth of young Hamlin orange trees and found that growth was not affected 
by pattern of irrigation, suggesting that 90% emitters are enough for root system. 
Zekri and Parsons [80] studied drip, microsprinkler and overhead sprinkler irriga-
tion at two water application rate and found that fruit size and tree canopy area 
were 9 to 20% greater in the overhead sprinkler treatments. Marler and Davies 
[33] studied the growth response of micro irrigation on growth of young Hamlin 
orange and found that more than 90% of root dry weight was within 80 cm of the 
trunk at the end of fi rst growing season.

Rumayor et al., [56] studied three irrigation systems (drip, microsprinkler and 
fl ooding) and found that yields were higher for sprinkler-irrigated trees and the 
fruits were smaller in fl ood irrigation. Smajstrala [74] researched on micro irriga-
tion for citrus production in Florida. Gangwar et al., [16] studied the economics of 
investment on adoption of drip irrigation system in Nagpur mandarin orchards in 
Central India and concluded that the drip irrigation system is technically feasible 
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and economically viable with Benefi t to Cost ratio as 2.07. Shirgure et al., [64] 
initiated the research work on evaluation of micro irrigation systems in acid lime 
and a comparison was done with that of basin (ring) method of irrigation. Shirgure 
et al., [66] studied the effect of dripper 8 L per hour microjet 300°, microjet 180° 
and basin irrigation method on water use and growth of acid lime and found that 
microjet 300° recorded higher growth than rest of the systems. He also studied 
[67] the effi cacy of these micro irrigation systems and basin irrigation on fruit 
quality and soil fertility changes in acid lime.

4.1.3 FERTIGATION IN CITRUS
Fertigation in application of liquid or water-soluble solid fertilizer along with irri-
gation trough the drip irrigation to the plants. It has many advantages like increas-
ing fertilizer-use efficiency, ensured supply of water and nutrients, labor saving 
and improvement in yield and quality. It is a very new under Indian conditions but 
getting popular along with adoption of drip irrigation system.

The research related to injection of fertilizers through the drip irrigation sys-
tems was started during 1979 by Smith et al. [75]. Koo [26] appraised the potential 
advantage of micro irrigation systems and its usefulness to fertigation. Bielorai 
et al., [6] advocated use of fertigation technology in citrus as it resulted in higher 
production of good quality Shamouti oranges. He compared N. fertigation at 100, 
170 and 310 Kg/ha with broadcast application at 170 kg/ha through irrigation 
system. Phosphatic and potash fertilizers were given at same rate by conventional 
method in all the treatments. Average yields for 4 years were 62, 73 and 82 mg/ha 
with 100, 170 and 310 kg N./ha, through fertigation.

Koo and Smjstrala [27] supplied 15% and 30% of crop N. and K requirements 
through fertigation and rest through conventional method to Valencia orange. Par-
tial fertigation of N. and K resulted in lower N. contents of leaves. TSS and acid 
concentration in juice was also reduced but yield was not affected. Haynes [20] 
discussed the principles of fertilizer use for trickle-irrigated crops. Haynes [21] 
also studied the comparison of fertigation with broadcast applications of urea on 
levels of available soil nutrients and on growth and yield of trickle irrigated pep-
pers. He found that growth and yields were greatest at the low rate of N. applied 
as fertigation or as a combination of broadcast plus fertigation.

Fouche and Bester [14] tried various fertilizer combinations through fertiga-
tion on 13-year-old Navel oranges. Fertigation was given with a soluble fertilizer 
‘Triosol’ [3: 1: 5] + 350 gm Urea by broadcast, fertigation of N. and K with broad-
cast of single super phosphate and NPK through broadcast. Highest yields were 
obtained with fertigation of NPK through Triosol or by complete broadcasting of 
NPK fertilizers. No signifi cant differences were observed as fruit size, acidity, 
percent juice content and TSS among treatments. Beridze [5] conducted trial on 5 
year old lemon tree and fertilized 150 kg N. + 120 kg P2O5 + 90 kg K2O per hect-
are as basal dressing. The highest yield of 6.6 ton per hectare was obtained from 
trees fertilized with basal dressing + 250 kg peat/tree as a mulch + FYM at 25 t/ha. 



52 Sustainable Micro Irrigation Management for Trees and Vines

Ferguson [13] studied the fertigation as growth of ‘Sunburst’ tangerine trees. Two 
years old citrus reticulata x C. paradisi cv. Sunburst was fertilized with 0.66 or 
1.32 lb N./tree during 1988–89 and it was 0.52 or 1.05 lb N./tree during 1990. Leaf 
analysis showed that low to defi cient concentrations of N., K, Mn and Zn with 
both N. treatments. Zekri and Parsons [80] tried micronutrients through fertigation 
with different sources of various rates. Inorganic forms (NO3 and SO4) were inef-
fective in evaluating microelement levels in oranges. But chelated sources of Fe, 
Mn, Zn and Cu were very effective and their rates of application were comparable 
with rates through foliar applications. Neilsen et al., [36] studied that fertigation 
with calcium ammonium nitrate showed increased vigor and leaf Ca concentra-
tion but decreased leaf Mg and Mn compared to trees fertigated with Urea or am-
monium nitrate (NH4NO3) in apple trees. Fertigation with P increased early tree 
vigor, leaf and fruit P concentration and decreased leaf Mn.

Syvevtsen and Smith [77] studied the nitrogen uptake effi ciency and leaching 
losses from lysimeter grown trees fertilized at three nitrogen rates. He concluded 
that Average N. uptake effi ciency decreased with increased N. application rates, 
overall canopy volume and leaf N. concentration increased with N. rate, but there 
was no effect of N. rate on fi brous root dry weight. In the fi rst 5 years of the 
experimentation fertigation did not provide a signifi cant enough yield advantage 
over banded application to warrant the added cost of the fertigation equipment and 
higher labor requirement. A very little work was done on fertigation in India. The 
fertigation research in citrus was initiated during 1995 at NRC for Citrus on acid 
lime. Shirgure et al., [61, 62] studied the effect of differential doses of Nitrogen 
fertigation in comparison with band placement of fertilizer application on leaf 
nutrients, plant growth and fruit quality of acid lime during prebearing stage. The 
percentage increase in plant height, stock girth and canopy volume was more with 
100% N. fertigation followed by 80% N. of recommended dose in acid lime. He 
also [63, 64] studied that effect of N. fertigation on soil and leaf nutrient build-up 
and fruit quality of acid lime.

4.2 FUTURE WATER MANAGEMENT STRATEGIES IN CITRUS

a. Citrus is a very sensitive crop. Any excess or deficit of water even for 
a short duration adversely affects its growth and productivity. Irrigation 
scheduling based on scientific principles like available water content, 
soil water potential and potential crop evapotranspiration is in practice 
in developed countries. The efficiency of different methods of irrigation 
scheduling varies with climate, irrigation method and citrus species. Since 
micro irrigation systems are gaining popularity among the farmers due to 
scarcity of water resources and Govt. subsidy for these systems. A modern 
system of irrigation will effectively used if it is backed by scientific prin-
ciples of irrigation application. The water management research pertaining 
to the citrus is still in a preliminary stage. There is urgent need to evolve 
efficient irrigation scheduling for citrus crops in different regions of India.
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b. Irrigation scheduling definitely help in maximizing the utilization of wa-
ter resources and boosting the productivity. Scheduling using tensiometers 
of various depths, neutron moisture probe, climatological approach like 
modified Penman equation and water balance approach should be studied. 
Irrigation scheduling based on canopy temperature and leaf water potential 
may also be studied for better yield and quality.

c. Method of irrigation scheduling varies with the irrigation system adopted. 
It needs to be standardized for both system adopted. It needs to be stan-
dardized for both conventional and modern methods like drip, sprinkler, 
microjet, etc. Infiltration rates, water distribution and retention parameters 
vary greatly with soil composition and structure. Thus study on these as-
pects will help in formulating the scientific water management.

d. Another aspect that requires immediate attention is that water requirement 
and root distribution of fruit crops increases with age. Therefore, suitable 
design needs to be evolved which should enable to irrigate the entire root 
zone with required quantity of water. A farmer should use the installed 
system for longer period without many modifications, which incur high 
cost otherwise.

e. Citrus growers in Central India give water stress to induce flowering. In 
absence of any scientific information, farmers apply water stress accord-
ing to the past experience. Plants are subjected to stress to the extent where 
complete restoration of vigor may be possible in all the plants. Relation-
ship needs to be established between water stress and flowering on one 
hand and water stress and plant growth on the other hand. These in turn 
should be related to soil characteristics. Farmers should have idea about 
the duration of stress required for different king of soils.

f. The modern micro irrigation systems have one potential advantage of giv-
ing soluble fertilizer through irrigation water known on ‘fertigation.’ It not 
only saves labors, fertilizer but also gives higher yield and better quality. 
The fertilizers through water are applied to the rootzone, which increases 
fertilizer use also. A comprehensive research related to different NPK sol-
uble fertilizers, their rates and frequency of application at different growth 
stages of plants are required to be researched.

g. Since the water available for irrigation is becoming scarce day by day. The 
applied water to the tree root zone needs to be conserved for longer period 
and that is possible with mulching. The material available to the farmers 
from the farm itself like grass, leaf litter, straw and trashes can be used for 
mulching. It not only helps in moisture conservation but also in thermal 
regulation, disease control and weed control. The research is required on 
use of organic (grass, straws, leaf litter and trashes) and synthetic (poly-
thene sheets) mulches. The basin area of the citrus trees will be covered 
with above mulch material and effect may be studied on water saving, 
growth and yield of the trees. The synthetic mulches are commercially 
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available. But in case of organic mulches around 5 cm thickness of the 
mulch is required to be maintained uniformly in all the basins. All these 
strategies mentioned above are definitely make efficient use of water and 
enhances productivity in citrus.

4.3 SUMMARY

Irrigation management is one of the prime concerns of modern citriculture ir-
respective of water resource availability. A variety of recommendations have 
emerged world over on irrigation scheduling based on analysis of meteorological 
pedigree, evapotranspiration, depletion of available water content, soil and leaf 
water potential. The review of literature has revealed best promising results on 
irrigation scheduling based on depletion pattern of soil available water content. 
Various micro irrigation systems have established their superiority over tradition-
ally used flood irrigation with microjets having little edge over rest of the others. 
Similarly, fertigation has shown good responses on growth, yield, quality and uni-
form distribution pattern of applied nutrients with the rootzone compared to band 
placement on other methods involving localized fertilization. Automated fertiga-
tion in citrus orchards is a new concept, which would be the only solitary choice 
of among many irrigation-monitoring methods in near future.
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 5.1 INTRODUCTION

The research advances of irrigation scheduling and water requirement of cit-
rus cultivars are reviewed in this chapter. Crop annual nutrient needs are de-
fi ned as the amount of nutrients consumed throughout the year by the tree, 
which are supposed to be enough for an optimum tree development and fruit 
production. This determination includes the needs of both new developing 
organs (reproductive and vegetative) and old permanent organs for growth 
consumption. This demand does not include annual old leaves requirements 
because these leaves, at the beginning of a new fertilization program, translo-
cate mobile nutrients to new organs, before its abscission.

In citrus, many years ago, quantitative determinations of nutrients consump-
tions were determined through chemical analysis of young or aerial tree tissues 
Smith, [87]. However, these data did not properly refl ect the annual nutritional 
needs of the tree since neither elements accumulated in perennial tissues (roots, 
trunk and older branches) nor the nutrients supplied by the storage tissues (internal 
remobilization) can be  determined without  extracting trees from soil. Legaz and 
Primo-Millo [42] and Martínez-Alcántara et al. [47] determined the total amount 
taken up by a citrus tree along one-year vegetative cycle by means of sequential 
destructive harvests of trees of different ages (2-, 6- and 12-years-old) along the 
cycle. In the case of N, these data were obtained by supplying nitrogen heavy iso-
tope (15N) in an inert soil-free medium (sand) or in soil. Annual nutrient require-
ments indicated that some nutrients are provided by the reserves of old leaves, 
except for Fe, which is scarcely mobile in the tree and its translocation from old 
leaves to new developing organs can be considered negligible. The difference be-
tween new and old organs nutrient demand and that covered by old leaves reserves 
represents net annual needs for the citrus tree.

Citrus is predominantly grown in tropical and subtropical areas of world at 
40°latitude of either north or south of equator [15, 63, 64]. Basin irrigation is 
widely used in citrus orchards, especially in South-Asian countries [81]. How-
ever, it has several drawbacks in terms of losses through conveyance, percolation, 
evaporation, and distribution, yet without much adverse impact on growth, yield, 
and fruit quality [80, 82]. In light of growing scarcity of water and poor water use 
effi ciency (WUE) of basin irrigation, micro irrigation has gained wide application 
in citrus orchards. However, the effi cacy of micro irrigation is often questioned, 
especially where soil moisture defi cit stress is used to regulate the stress for induc-
tion of fl owering in the areas lacking low temperature defi cit stress, e.g. central 
India [88]. The lack of uniformity in moisture distribution within the tree root 
zone due to variation in subsoil properties can adversely affect the development 
of desired fruit size [65, 75]. Any method of irrigation capable of replenishing the 
evapotranspiration demand of a tree, and simultaneously keeping the soil moisture 
within the desired limit during different ontogenic stages, will ensure a produc-
tion sustainability of citrus orchards in addition to prolonged productive life of an 
orchard [56].
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Many efforts have been made to enhance fruit yield with combined use of 
irrigation and fertigationand to compare it with the broadcast method of fertiliza-
tion [65, 66, 101]. Bowman [13] evaluated the effects of conventional broadcast 
fertilization and of a combination of broadcast/fertigation in mature grapefruit 
cv Ruby Red trees established on Flatwood soils of Florida, USA. Conventional 
fertilization consisted of broadcast application: 3-times a year (January/Febru-
ary, May/June, and October/November), while combination of fertigation treat-
ment received 33% of annual N and K in February/March followed by fertigation 
scheduling at 2-weeks interval to the remaining dosage beginning in April. The 
total soluble solids (cumulative of 4 years) in combination broadcast/fertigation 
were much higher (10.9 tons.ha–1) compared to conventional fertilization (10.1 
tons.ha–1). In many citrus growing areas, low water use effi ciency (WUE) and 
fertilizer use effi ciency (FUE) are among the major production related constraints 
[30, 89]. Of the many components infl uencing the effi ciency of applied fertilizers, 
application timing, method, and rate play an important role in affecting fruit yield 
and quality.

5.2 MICRO IRRIGATION SYSTEMS

The micro irrigation, under-tree sprinklers, microsprinklers, and microjets have 
been reported to be highly effective in commercial citrus cultivars like: Valencia 
orange [8], Navel orange [28], Hamlin orange [46], Satsuma mandarin [54], Cle-
mentine [19] and lemon [20]. Earlier studies in India comparing drip with flood 
irrigation in Nagpur mandarin [7, 68] sweet orange [40], and acid lime [70, 72] 
showed better performance using micro irrigation. Micro-irrigation systems are 
commonly used in citrus orchards throughout the world. The results have shown 
some distinct transformations. There is now a gradual shift in method of irrigation 
from furrow irrigation-overhead sprinkler irrigation systems to under-tree sprin-
kling systems like microjets [25, 60].

Basin irrigation for citrus trees is usually used in countries like India, Paki-
stan, Thailand, etc., in south Asia [31, 78], Argentina [18], Australia [85], Turkey 
[94], Italy [17], South Africa [55]. When basin irrigation is used in north-west 
and central India, temporary excess soil moisture condition occurs as well as the 
leaching of applied nutrients below the effective rootzone [19, 65, 76]. The prob-
lem is further compounded by the swelling and shrinking of montmorillonitic clay 
soils of central India where Nagpur mandarin (Citrus reticulata Blanco) is grown 
extensively. Therefore, a strategy which allows judicious use of water as well as 
nutrients in concurrence with tree demand is likely to impart an improvement 
in citrus production besides fruit quality. Fruit yield of Nagpur mandarin with 
different micro irrigation systems on Vertic Ustochrept was signifi cantly higher 
(48.23–58.93 kg.tree–1) over basin irrigation (32.3 kg.tree–1) with corresponding 
WUE of 0.19–0.24 versus 0.109 t ha–1cm–1 and leaf N content of 2.38–2.42% 
versus 2.01–2.12% [73]. The highest fruit yield of mandarin was 40.33 t/ha with 
irrigation system of microjet 180°(Fanjet, 2/tree) followed 39.89 t/ha with 270° 
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microjet (Rayjet, 2/tree); and the lowest fruit yield was 35.10 t/ha with 300° Ray-
jet (2/tree). The highest TSS (10.12° Brix) and juice content (43.05%) was found 
in microjet 180°(Fanjet) and microjet 300°(Rayjet), respectively [68, 73].

The Nagpur mandarin fruit yield was highest (30.91 tons/ha) with irrigation 
on alternate days with irrigation duration of 120 min three times, followed by 
irrigation scheduling with 90 min interval two times daily (30.11 tons/ha). Fruit 
weight (154.7 g), TSS (10.22–°Brix) and juice percent (40.77%) were highest 
with automatic irrigation at alternate day with 120 min three times. The automatic 
micro irrigation scheduling can be a better substitute for manual micro irrigation 
operation and enhancing the WUE and FUE [78].

5.3 FERTIGATION TECHNOLOGY

Fertigation is an application of nutrients through irrigation water. It is most effec-
tive and convenient means of maintaining optimum fertility level and water supply 
according to the specific nutrient requirement of each crop. In the area of scarce 
water resource and insufficient rainfall, fertigation offers the best and sometimes 
the only way of ensuring the nutrients enter the root zone of acid lime [62, 67]. 
Fertigation has improved the tree growth, fruit yield, quality, the reserve pool of 
soil nutrients, and consequently the tree nutritional status [84]. Besides the better 
mobility of nutrients, fertigation has been shown to have several advantages over 
broadcast method of application of granular fertilizers [99] with respect to growth 
response [35], nutrient uptake [36], effective placement of nutrients and flexibility 
in application frequency [27], development of uniform root distribution in wetted 
zone – an important prerequisite for better FUE – [6], fruit yield [39], and im-
provement in fruit quality [13]. Other research studies have shown superior results 
with fertigation in Spain [41], central India [65, 66] and in Arizona (USA) using 
microsprinklers over basal fertilizer application in flood irrigation [96]. However, 
studies from Zhang et al. [101] evaluating the effect of fertigation versus broadcast 
application of water soluble granular fertilizer on the root distribution of26-year-
old ‘White Marsh’ grapefruit trees on sour orange rootstock, showed 94% of the 
root density in the top 0–30 cm soil depth with soluble granular fertilizers. These 
observations support the earlier observations that shallow depth of wetting and 
delivery of nutrient resulted in confining most of the roots within surface soil [6, 
101].

Bester et al. [11] observed an increase in leaf nitrogen levels of young trees 
fertigated frequently with NPK solution compared to a broadcast fertilizer appli-
cation using sprinkler irrigation system, but no signifi cant difference was observed 
with respect to P and K levels. Similar observations were later made by Intriglio 
et al. [33] while comparing a single annual application of NPK to continuous fer-
tigated application. Koo [37, 38] reported that the treatment having 37% coverage 
of ground and 82% of canopy area produced fruit yield higher than the broad-
cast fertilizer treatment covering 100% of ground surface and 53% canopy area. 
These observations suggest the importance of canopy coverage for high nutrient 
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uptake effi ciency and higher yield. Response of six year-old ‘Hamlin’ orange to 
fertigation frequency using 324 to 464 g of N.tree–1, showed that nitrogen uptake 
effi ciencies ranged from 24 to 41% of N applied, but no effect of fertigation fre-
quency on the amount of N taken up by the trees, was observed when fertigation 
frequency was increased from 12 to 80 times.year–1 [92]. Alva and Paramasivam 
[2] found that 18 split fertigation applications through microsprinklers under the 
trees increased the fruit yield with fertigation than equivalent rates of granular fer-
tilizer treatments due to greater FUE. The investigations on prebearing Acid lime 
(Citrus aurantifolia Swingle) during 1995–1997 having fertigation with 60%, 80% 
and 100% N of the recommended doses were compared to the research with band 
placement (100% N) method of fertilizer application. The percentage increase in 
tree height, tree girth and canopy volume was maximum with 100% N fertigation 
followed by with 80% N fertigation. The percentage increase in leaf Nitrogen 
content was more in case of 80% N fertigation (27.47%) followed by 100% N 
fertigation (24.32%), 60% N fertigation (20.23%) and band placement (7.5%). 
This study clearly indicates the advantage of N fertigation over the conventional 
method of fertilizer application [62].

Alva et al. [4] studied the comparative response of 32 months-old nonbearing 
‘Hamlin’ orange trees on a Candler fi ne sand (Typic Quartzipsamments) using 
three methods of fertilization namely: fertigation (FRT), controlled release fertil-
izers (CRT), and water soluble granular fertilizers (WSG) at high and low fertil-
izers rates. Total N content in tress, which received the higher fertilizer rates were 
82.3, 70.2, and 41.4 g.tree–1 for the FRT, CRF, and WSG sources, respectively. The 
corresponding values for the low-fertilizer rate treatments were 38.6, 50.4, and 
28.4 g.tree–1. However, the proportion of total N partitioned to leaves was greater 
for WSG than for the CRF and FRT sources at both the fertilizer rates. Similar 
observations were made through the response of 25 year-old ‘Hamlin’ orange in 
Highland county with varying N rates (112–180 kg ha–1) and fertilizer manage-
ment practices (WSG, CRF and FRT). Spring fl ush leaf N content increased with 
increasing N rates decreased in the order of FRT > WSG > CRF [53]. Other studies 
[14] involving CRF (one application per year), FRT (15 applications per year), and 
WSG (three applications per year) showed no response of fertilizer sources either 
on fruit yield of grapefruit or leaf nutrient composition on Arenic Glossaqualf soil.

These important breakthroughs indicate that fertigation is now increasingly 
gaining importance as a popular method of fertilizing citrus trees. According to 
Lekchiri [43], the phosphorus and potassium requirements of citrus trees are rela-
tively high. However, soil conditions and restricted root colonization may limit 
the availability and uptake of soil nutrients. To overcome these diffi culties, two 
alternatives can be adapted:

• Using micro irrigation system, fertilizer application using fertigation or by 
placement in furrow parallel to the dripping ramp where the soil is moist, there-
by, improving the mobilities of P and K and enriching the soil where roots are 
concentrated to improve fertilizer uptake efficiency, and
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• Application of fertilizers by placement in the zone receiving water, to improve 
the mobility of P and especially of K up to a depth of 60 cm.

Besides the mobility of nutrients, fertigation has several advantages over 
broadcasted granular fertilizers [98, 99] including effective placement of nutrients 
and fl exibility in application frequency [27], in addition to development of uni-
form root distribution (an important prerequisite for better fertilizer use effi ciency) 
under fertigation [101]. Fouche and Bester [28] evaluated various fertilizer combi-
nations through fertigations on 13 year old Navel oranges. Fertigation was supple-
mented with: (1) Soluble fertilizer ‘Trisol’ (3:1:5) + 350 g urea by broadcast; (2) 
Fertigation of N and K with broadcast of single superphosphate; and (3) N P K 
through broadcast application. Highest yield was obtained with fertigation of N, P 
and K through Trisol or by complete broadcasting of N P K fertilizers. No signifi -
cant differences were observed in fruit quality parameters: fruit size, acidity, juice 
content and TSS when compared within treatments.

Field experiments on response of prebearing acid lime trees to differential N-
fertigation versus circular band placement (CBP) method of fertilizer application 
showed superiority compared to other treatments. The higher leaf N, P and K 
with 80% fertigation over 100% N through CBP further demonstrated that 20% 
saving of N is attainable [67]. Earlier studies carried out by Garcia-Petillo [29] 
demonstrated 50% higher leaf N content with 64% higher yield on cumulative 
basis in fertigation treated trees compared to conventional method of fertilization. 
All these studies suggest that fertigation is better than conventional basin or fl ood 
irrigation with broadcast method of fertilizer application.

Irrigation at 20% depletion of available water content (AWC) combined with 
fertilizer treatment of 500 g N + 140 g P + 70 g K tree–1year–1 produced a sig-
nifi cantly higher fruit yield and canopy volume in addition to higher nutrient sta-
tus and fruit quality compared to other treatments with 10% depletion or 30% 
depletion of AWC with 600 g N + 200 g P + 100 g K–1tree–1year in 14-year-old 
Nagpur mandarin (Citrus reticulata cv. Blanco) on an alkaline calcareous Lithic 
Ustochrept soil type [66, 67, 88]. Irrigation at 30% depletion of AWC combined 
with fertilizer treatment of 500 g N + 140 g P + 70 g K tree–1year–1 produced a 
signifi cantly higher fruit yield canopy volume in addition to higher nutrient sta-
tus and fruit quality compared to other treatments involving irrigation either 10% 
depletion or 20% depletion of AWC with 600 g N + 200 g P + 100 g K–1tree–1year 
in 10-year-old acid lime (Citrus aurantifolia Swingle) on an alkaline calcareous 
Lithic Ustochrept soil type [74, 77] 

5.4 NUTRIENT USE EFFICIENCY AND FERTIGATION

The purpose of fertilization is to improve the nutritional status of a crop. Citrus 
trees need high-amounts of fertilizers, unfortunately, farmers have applied exces-
sive dosages of nutrients because of poor fertilizing criteria and slight increase in 
fruit yield with increased dosages. This has resulted in poor quality of the fruit 
[21], a reduction in the profitability of the citrus crops [97] and a NO3- displace-
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ment, mainly, to deeper soil layers. In this case, many studies have shown direct 
relationships between the addition of N in areas of intensive agriculture and the 
alarming increase of NO3- concentration in groundwater [9, 12, 14, 23, 66, 86].

At present, efforts are being directed to understand the large number of pro-
cesses in which nutrients are involved in the tree-soil system, like: irrigation man-
agement, application frequency, timing of application, as well as soil processes, in 
order to reduce rates and losses, which may result in surface and ground water pol-
lution, maintaining crop productivity. This section reviews several research results 
carried out by different authors with the aim of reevaluating current fertilization 
programs. This information is necessary to understand nutrient use effi ciency and 
thus advance towards Best Management Practices (BMP) for citrus crops.

5.4.1 NITROGEN FERTIGATION
In citrus orchards, irrigation systems directly affects the N absorbed from fertilizer 
(Naff) by the entire tree and the amount retained in soil or leached in drainage. 
Quiñones et al. (2005) obtained higher N recovery percentages in Navelina using 
micro irrigation (73%) than in flood irrigation (63%). This data are similar to 
those of Syvertsen and Smith (1996) who found a nitrogen use efficiency (NUE) 
value for lysimeter – grown citrus trees of 61 to 68%. Further improvement of 
NUE by citrus with fertigation compared with dry granular fertilizer was reported 
by Dasberg et al. [24], Alva and Paramasivam [2], Alva et al. [3] and Alva et al. 
[4]. Li et al. [44] studied the influence of fertigation strategies on N distribution in 
soil profile with micro irrigation. For a given volume of water applied, increasing 
the application rate allowed more water to distribute in the horizontal direction, as 
in micro irrigation, while decreasing the rate leads to more water in vertical direc-
tion and, therefore, nitrate leaching could be higher. Quiñones et al. [59] showed 
that the percentages retained in soil profile as NO3

–N were significantly higher 
for the flood irrigated (around 38% of the N retention) than for the drip irrigated 
trees (8%). Nevertheless, no significant differences were observed in the amount 
of organic 15N for both irrigation systems. Citrus trees demand high-amounts of 
nitrogenous compounds as nitrogen (N) has a greater influence on growth and 
production than other nutrients [87].

Frequency of N application also affects N distribution in tree-soil-leaching 
system. More frequent application of dilute N solutions double NUE compared 
with less frequent application of more concentrated N solutions [58, 61]. In an-
other study, Alva et al. [5] demonstrated a slight increase in NUE as a result of 
better management practices associated with N placement, timing of application, 
and optimal irrigation scheduling when comparing fertigation (FRT – 15 N ap-
plications) versus water soluble granular (WSG – 4 N applications). Also increas-
es in NUE were obtained by other authors expressed as increment in fruit yield. 
Bowman [13] reported a greater NUE (9% greater fruit yield) in grapefruit trees 
receiving a combination of one dry granular broadcast application (33% of the an-
nual rate) and 18 fertigations at 2-week intervals compared to trees that received 
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three applications of dry fertilizer. Alva et al. [1] evaluated different combinations 
of irrigation and nitrogen management. In young trees, Morgan et al. [48] found 
higher yields when compared controlled-released fertilizer and fertigation applied 
30 times annually with dry granular fertilizer and fertigation applied four times.

Greater N recovery was observed by whole tree in trees fertilized with potas-
sium nitrate (40.1 and 37.0% in sand and loam soil, respectively) than those under 
ammonium fertilization (37.9 and 33.9% in sandy and loamy soil, respectively). 
Use of nitrifi cation inhibitors (NI) can also affect NUE. Nitrate-N fertilizers are 
absorbed more effi ciently than ammonium-N by citrus trees, however, ammonium 
fertilizers are recommended during the rainfall period. The addition of NI to am-
monium-N fertilizers increases NUE (16%), resulting in lower N-NO3- content in 
the soil (10%) and in water drainage (36%).

5.4.2 PHOSPHORUS FERTIGATION
Research studies on phosphorus uptake are not abundance because, in general, the 
soils have enough phosphorus. In practice, the main important question the citrus 
grower can ask: whether there is enough available P in the soil solution to ensure 
a proper tree development [34]. Under nonirrigated conditions, phosphorus shows 
very low mobility into the soil profile [45], and therefore losses by leaching of this 
element are negligible [22]. High fertigation frequency ameliorates this situation, 
since there is a continuous mass flow. Increased saturation of P fixation sites in 
the soil due to high frequency and application rate results in higher amounts of P 
released to solution, which combined with the forced flow of water into the soil, 
facilitates the distribution and the consequent increased levels of P [26]. There-
fore, P fertigation can increase the movement of this nutrient in the soil profile, 
compared to the conventional fertilizer application. Also, the use of phosphoric 
acid provides increased mobility of soil P when compared to superphosphate [95, 
100]. Phosphate rapidly reacts with Ca in basic soils, and with Fe and Al in acid 
soils, being the distance traveled by applied P quite limited, even in sandy soils, 
as compared with the water [10]. The low availability of P in the bulk soil limits 
the tree uptake. The efficiency of absorption of P can vary up to 10% for furrow 
irrigation system and up to 35% for irrigation [52], because about 80% of the P 
becomes immobile and unavailable for tree uptake due to adsorption, precipita-
tion, or conversion to the organic form [32].

In Florida, citrus orchards traditionally receive about 40 kg phosphorus ha–1 at 
treeing, followed by applications of up to 100 Kg per ha per year until they enter 
into the fruit-bearing years. From then onwards, citrus receive 20–50 kg ha–1 per 
year [93]. However, according to Obreza, [49] there is a lack of fertilizer response 
in newly citrus trees in sandy soils. Similarly, adult citrus trees rarely respond 
to P fertilizer [87], except when treed on soils with extreme P fi xation capacity. 
Cantarella et al. [16] and Quaggio et al. [57] observed positive yield responses of 
Valencia oranges and lemons to annual P fertilizer rates up to 62 kg ha–1 on a high 
P-fi xing Brazilian soil. On the contrary, Alva et al. [1] found negligible effects of 
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fertilization source (granular, controlled release formulation or liquid) and rates on 
citrus trees P content grown in a sandy soil.

5.4.3 POTASSIUM FERTIGATION
Citrus trees remove large amounts of potassium (K) compared with other nutri-
ents; and K enhances fruit set and thus yield, as well as affects fresh fruit quali-
ties. Potassium deficiency reduces fruit number and size, increases fruit creasing, 
plugging and drop, and decreases juice soluble solids, acid and vitamin C con-
tent. Potassium is present as component of rocks and soil (fixed position) or an 
exchangeable cation on all clay particles. Since the rate of K release from fixed 
position is slower than the rate of K tree demand, additions of K in fertilizers are 
needed for normal tree development. This is especially important when micro ir-
rigation is used, since the volume of soil occupied by the active root is small and 
not all the soil volume contributes K to the growing tree [34]. In soils containing 
appreciable amounts of organic matter or clay, mobility of K can be limited, be-
cause positive charge of K ion enables it to be held by the soils’ negatively charged 
cation exchange complex. However, in sandy soils, with very low concentrations 
of clay or organic matter, the ability to hold K against leaching can be almost non-
existent [50]. According to this situation, and considering that citrus trees use large 
quantities of K, K is applied at relatively high rates in a typical citrus fertilization 
program. Potassium is applied at a K2O rate equal to the N rate, however, this rate 
is increased by 25% when leaf K is consistently below optimum and especially in 
calcareous soils [50, 51].

The effi ciency of absorption of K can vary up to 60% for furrow irrigation and 
up to 90% for fertigation [52]. The effect of K-doses on yield and fruit quality of 
the bearing Nagpur mandarin was studied during 2009–2012 and results showed 
that the highest fruit yield (26.67 tons/ha) with 50 g K2O/tree potassium sulfate 
followed by in K-fertigation with 40 g K2O/tree dose (25.52 tons/ha), as indicated 
by Shirgure et al. [79]. The research results in bearing Nagpur mandarin have 
shown the highest response of the fruit yield (31.13 t/ha) with potash fertigation 
using mono potassium phosphate followed by fertigation with potassium nitrate 
(29.4 t/ha). The total soluble solid was highest (10.49 – °Brix) in K fertigation 
with mono potassium phosphate followed by fertigation with potassium sulfate 
(10.48–°Brix). Highest juice content (38.76%) and low acidity (0.77%) was found 
in K fertigation with mono potassium phosphate. The highest TSS to acidity ratio 
(sweetness indicator) was observed in Mono potassium Phosphate (13.6) followed 
by Potassium sulfate (13.1) [83].

5.5 RECOMMENDATIONS FOR FUTURE RESEARCH

Nowadays, techniques and managements of agricultural production are directed 
towards the need to conserve resources, energy and a commitment to the envi-
ronment. Therefore, fertigation is a valuable tool in recent years that has spread 
around the world in all agricultural areas, field and horticultural crops. This has led 
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to an increase in fertilizer and water use efficiency. In the future, fertigation should 
continue to replace traditional flood irrigation. Citrus are mainly grown in arid 
and semiarid region with water scarcity. Furthermore in India, climatic conditions 
are characterized by low rainfall (400–600 mm year–1) and irregular spatial and 
temporal distribution. On the other hand, the world’s population has undergone 
an exponential growth, which has led to soaring food demand and, therefore, high 
natural-resource exploitation. Therefore, future trends in fertigation should be ad-
dressed to use micro irrigation with recycled sewage or/and desalination water.

In this context, improved water use effi ciency (WUE), using different strate-
gies, is also a key concept to solve this water scarcity. So nowadays, efforts are 
being focussed on developing not only alternative irrigation methods but also new 
water management methods in order to reduce water dosages while maintaining 
maximum tree growth, without signifi cantly affecting yield. In micro irrigation 
systems, subsurface micro irrigation (SDI), where is applied below the soil sur-
face, using buried drip tapes, is being part of modern agriculture. Current com-
mercial and grower interest levels indicate that future use of SDI systems will 
continue to increase. Improvement of WUE can be also achieved by means of drip 
irrigation. It is possible to increase effi ciency under different irrigation manage-
ment methods based on regulated defi cit-irrigation (RDI) programs. These RDI 
strategies are defi ned precisely, where the total water provided for the tree (irriga-
tion plus effective rainfall) is below to the crop water needs in order to reduce ETc, 
and hence save water, while simultaneously minimizing or eliminating negative 
impacts of stress on fruit yield or quality. However, these principles of scheduling 
fertigation are still far from factual basis since they do not take into account the 
nature and properties of the root zone. In this regard, use of available water content 
has shown a defi nite edge over the other methods of scheduling fertigation.

Lastly, nutrient use effi ciency can be meliorated by using nitrifi cation inhibi-
tors or tree growth-promoting bio-effectors. Nitrifi cation inhibitors restrict the mi-
crobial conversion of ammonium to nitrate that it is mobile in soils and therefore 
leached. Thus, nitrifi cation inhibitors have potential to reduce nitrate leaching. 
Bio-effectors or bio-stimulant describes microorganisms and active natural com-
pounds involved in tree growth which, not being a tree nutrient or pesticide, but in 
some manner have a positive impact on tree health. The biostimulant may increase 
chlorophyll effi ciency and production, enhance metabolism, increase antioxidants, 
enhance nutrient availability and increase the water holding capacity of the soil. In 
addition to all these factors, precise soil sampling, whether to take samples from 
below drippers or in between drippers or mixing soil samples from both the sites 
and fi nally, drawing a representative soil samples, fi nd a greater intervention while 
evaluating nutrient-water interaction in citrus.
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5.6 SUMMARY

Citrus is the main fruit group grown in tropical as well assub tropical climate of 
more than 150 countries throughout the world. Irrigation scheduling and water 
requirement of the citrus crops are one of the main concerns of the modem citrus 
fruit production irrespective of availability of natural resources. A large number 
of research findings have emerged world over the irrigation scheduling and citrus 
water requirements based on available soil water content, AWC depletion and on 
pan evaporation replenishment. The research review has revealed best promis-
ing results with irrigation scheduling based on depletion patterns of soil avail-
able water content, irrigation scheduling of various citrus crops and fertigation. 
Irrigation water management with proper water use is one of the prime concerns 
for citriculture irrespective of soil and water resource availability. A variety of 
recommendations have reviewed the world over on irrigation scheduling based on 
analysis of meteorological parameters, evapotranspiration, depletion of available 
water content, soil and leaf water potential. The review of the literature has re-
vealed best promising results on irrigation scheduling based on depletion patterns 
of soil available water content. Similarly, irrigation scheduling has shown good 
responses on growth, yield, and quality compared to calender method of irriga-
tion scheduling. The present status of irrigation scheduling, fertigation and water 
requirement of citrus cultivars is reviewed in this chapter.
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6.1 MICRO IRRIGATION IN INDIA

Micro irrigation (MI) system consists of: pump head, main, submain, lateral, drip-
pers, fertigation equipment, filtration system, and other accessories to deliver the 
required quantity of water near the root zone of crop. Filters are necessary to 
prevent clogging of the drippers. Fertilizers can be applied through venturi or fer-
tilizer tanks to avoid wastage of this costly commodity. In India, micro sprinklers 
and micro sprayers are also available to provide the water around the root zone of 
the tree crops (fruit/orchards). The water consumption and crop yield for MI and 
conventional methods is given in Table 1.

TABLE 1 Water used and yield for various crops in drip and conventional irrigation methods 
in India (1990).

Crop Yield (100 Kg per ha) Water depth applied (cm)

Conventional Drip Increase 
in yield 

(%)

Conventional Drip Water 
Sav-
ing 
(%)

Banana

Grapes

Mosambi (,000)

P o m e g r a n a t e 
(,000)

Papaya

575.00

264.00

100.00

55.00

13.40

875.00

325.00

150.00

109.00

23.48

52

23

50

98

75

176.00

53.20

166.00

144.00

228.00

97.00

27.80

64.00

78.50

73.30

45

48

61

45

68

Source: Ref. [5].

The development of the system has been slow and is adopted only in the South 
and North Western States of India, due to water scarcity and maintenance of sus-
tainable agriculture. The area has increased from almost zero in 1970 to 1,000 ha 
in 1985; and 60,000 ha in 1995; 225,000 ha in 1998; 400,000 ha in 2002 covering 
about 30 crops in India. The experience of numerous farmers in micro irrigation 
technology has revealed that the old coconut farms are not possible to irrigate 
as the ground water is depleting. Numerous farmers in Coimbatore district have 
taken up this irrigation method for the coconut trees. Now water is not available 
even for these systems.

In Kerala state, the coconut and other plantation crops need water during Janu-
ary to May, and the farmers are introducing micro irrigation due to the shortage of 
water. The experiences in Karnataka and Andhra Pradesh states are also encourag-
ing, especially for grapes, coconuts and other fruit crops. It is slowly catching up 
in Gujarat, Rajasthan and Madhya Pradesh states. This system is not familiar (not 
adopted) in Northern and North Eastern States. This method is very well suited to 
the undulated terrain and for plantation crops like tea, cardamom, rubber, etc., to 
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get more yield. Therefore, the farmers should be educated to adopt this system: to 
get more income, to save fertilizer and labor.

Micro irrigation is thought to be an expensive venture. The social acceptability 
is also decision making factor. The large scale adoption involves a crucial ques-
tion of economic viability. The cost of the system depends on: the crop type, row 
spacing, crop water requirements, location of water source etc. The cost is about 
Rs 15,000/ha for coconut/mango (wide spaced crops).

The benefi t-cost ratio (BCR) for drip system was worked out by interviewing 
the farmers in Maharashtra and Tamil Nadu states. The range of BCR excluding 
the proposition of water saving for grape was about 13.35. If water saving is con-
sidered, the BCR range goes up to 33.00 for grapes (Table 2).

TABLE 2 Benefit-cost ratio (BCR) for tree crops and vines under drip irrigation in India.

Crop Row spacing
m × m
(ft × ft)

Cost of the
MI system
Rs/acre

Benefit-cost ratio, BCR
Excluding
water
saving

Including
water
saving

Coconut

Grapes

Grapes

Banana

Orange

Acid lime

(citrus Sp.)

Pomegranate

Mango

Papaya

7.62 × 7.62 (25′ × 25′)

3.04 × 3.04 (10′ × 10′)

2.44 × 2.44 (8′ × 8′)

1.52 × 1.52 (5′ × 5′)

4.57 × 4.57 (15′ × 15′)

4.57 × 4.57 (15′ × 15′)

3.04 × 3.04 (10′ × 10′)

7.62 × 7.62 (25′ × 25′)

2.13 × 2.13 (6′ × 6′)

7,000

12,000

16,000

18,000

9,000

9,000

12,000

7,000

18,000

1.41

13.35

11.50

1.52

2.60

1.76

1.31

1.35

1.54

5.14

32.32

27.08

3.02

11.05

6.01

4.04

8.02

4.01

The farmers have been compelled to opt for the advanced method of irrigation, 
due to limited available water resources and high demand of water from all sectors 
(industries and drinking). The awareness of the farmers to increase the production 
and income has kindled them to use the water more effi ciently. It is reported that 
drip irrigation farmers in Maharashtra and other states are able to get a net profi t 
of Rs 50,000 to 100,000 per ha (0.40 ha = one acre) by growing grapes, orange, 
pomegranate and other fruit crops. Similarly, the yield of tea crop has increased by 
about 30% with drip irrigation in the summer dry months. In spite of above facts, 
the area under drip is very meager in India. Therefore, it is projected to have 1 
million ha in 2005 that is 1% of the irrigated area and about 10 million ha in 2025. 
The cost of MI for 1 million ha will be about Rs 40 billion (average Rs 40,000 per 
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ha). This fi nancial investment is not much compared to the benefi ts achieved by 
increasing the crop yield. It will also generate employment opportunity on large 
scale.

6.1.1 SUSTAINABLE MICRO IRRIGATION TECHNOLOGY
The net cultivated/sown area in India is about 145 Mha. The gross sown area will 
be about 210–220 Mha in another 10 to 15 years. The irrigation potential is about 
85 Mha at the present, though the net irrigated is only about 82.0 Mha. The poten-
tial utilizable water is about 112 Mhm (surface water 69 Mhm + ground water 43 
Mhm), which may be sufficient to irrigate about 135–140 Mha. Therefore, even 
with full exploitation, about 40–50% of the cultivated area will remain as rain-fed 
agriculture.

The per hectare investment cost for an irrigation project has increased enor-
mously from about Rs 1500 during fi rst fi ve year plan (1951–1956) to more than 
Rs 100,000 during 10th plan period (2002–2007). Therefore, it is necessary to 
economize on the use of water for agriculture to bring more under irrigation and 
reduce the cost of irrigation per hectare.

Micro irrigation system is very well suited for undulated terrain, shallow soils 
and water scarce areas. Saline/brackish water can also be used to some extent, 
since water is applied daily, which keeps the salt stress at minimum and the salt 
will be pushed to the periphery of the moisture regime which is away from the root 
zone of the crop. Therefore, it does not affect the crop growth. 

6.1.2 NEED FOR MICRO IRRIGATION
The total rainfall is about 400 Mhm in India, but the utilizable quantity is only 
about 112 Mhm both from surface and ground water. Even with full 
exploitation of the potential, nearly 40–50% of the cultivated area 
will remain under rain-fed. In addition, the ground water table in many parts of 
India is depleting year after year at a rate of about one meter per year. In many 
parts India, thousands of wells are abandoned in view of the alarming depletion of 
water in the wells.

In Tamil Nadu state, it is reported that more than 150,000 open wells are aban-
doned for lack of water. The crop yield per hectare is not comparable with other 
developed and even in some developing countries for all crops including paddy, 
vegetable, fruit, etc. Therefore, it is necessary: to economize the use of water for 
agriculture to bring more area under irrigation; to reduce the cost of irrigation per 
hectare; and to increase the productivity per unit area from unit quantity of water. 
This can be achieved by introducing advanced irrigation methods like micro ir-
rigation with improved water management practices.
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The experiments/ studies conducted in various research institutions in India 
have indicated that the water saving for any crop is about 40–70% and the crop 
yield has increased up to 100% (i.e., double the yield). In spite of high installation 
cost of MI system, the economics were worked out by the author for various crops 
and it is viable. The payback period varies from 6–24 months and the BCR ratio 
is about 2.0 to 7.0 (Table 3). 

TABLE 3 Benefit-cost ratios (BCR) and payback periods for selected crops under micro 
irrigation in India (1996).
Variable Crops

Banana
5′×5′
3′×5′
×6′

Papaya
6′×6′
8′×8′

Grapes
10′×6′

Pome-
granate
14′×14′

Ber
15′×15′

Strawberry
9′×12′

×9′

System Cost, 

Rs/acre

19,000 16,000 17,000 12,000 12,000 75,000

System Cost, 

Rs per

hectare

47,500 40,000 44,000 30,000 30,000 188,000

Water used 15–20

Lpd/

acre

15

Lpd/P

12–20

Lpd/P

50–60–60

Lpd/P

12,000–15,000

Lpd/acre

2

Lpd/p1

Yield tons/acre 30

tons

750 kg

Latex

60 tons 
fruit

20

tons

9

tons

10

tons

3

tons

Payback period, 

months

12 18

one crop

season

<12 <12 <12 24 or

two season

B.C.R. 3.08 4.09 3.64 7.03 6.51 2.34

Extra

Income*

Rs 49,320 72,040 2,64,200 1,51,280 1,33,280 67,000
Note: *Due to drip irrigation over conventional method. B.C.R. = Benefit-cost ratio.
Source: Ref. [15].
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Therefore, the advanced method can play an important role in improving the 
living condition of the farmers in the country. Further to popularize the system, the 
Central and State Governments in India are giving subsidy. It was up to 70–90% 
but now it has come down to 25%. In addition, 90% of the subsidy is borne by the 
Central Government and only 10% is borne by the State Government. However, 
it is not available for all crops, which are suitable for drip irrigation. Another con-
straint is that the system and its usefulness is not known among farmers and even 
to Government offi cials who are in charge of popularizing drip irrigation, that is, 
agriculture and irrigation department offi cials. But the main constraint is its cost 
especially to the small and marginal farmers in India who comprise about 83% of 
total number of farmers and get only about 35% by income.

6.1.3 ADVANCES IN MICRO IRRIGATION AND FERTIGATION IN INDIA
Table 4 indicates water productivity gains due to shifting from surface to drip ir-
rigation in India. Drip system costs about Rs 20,000–75,000/ha depending upon 
the crop, topography, source of water supply etc. Most farmers think it to be ex-
pensive. However, the economic studies by author indicate that the system is eco-
nomically viable (Table 5). This may be the case in many developing countries. 
Scientists/NGO’s are researching to bring down the cost of the system so that the 
poor and small farmers can afford the system. It is possible to reduce the cost by 
about 40–50% by proper geometry of the crop planting, irrigating 2 to 4 rows by 
providing suitable micro tubes on both sides of the laterals and by proper design 
and layout of the system. For popularizing this low cost/low energy system in 
India, field trails are being conducted in farmer’s field in large scale for orchard 
crops by Universities and NGO etc. and the response are very much encouraging.

TABLE 4 Water productivity gains from shifting to drip irrigation from surface irrigation in 
India (1994).

Crop Change in 
yield

Change in 
water use, %

Change in water 
productivity

Banana +52 –45 +173
Grapes +23 –48 +134
Source: Sandra Postel – Pillar of sand – 1999. Adapted from Refs. [18, 13].

TABLE 5 Benefit-cost ratio (BCR) and payback period for various crops under micro irrigation 
(1993).

Crops Crop
spacing

Cost of
the system

Water
used

Yield Payback
period

BCR

m Rs./ha Lpd/plant Tons/ha months
Banana 0 .91×1 .5×1 .8

pair row
47,500 15–20 75 12 3.00

Grape 3.03×1.8 44,000 15–20 45 <12 3.28
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Crops Crop
spacing

Cost of
the system

Water
used

Yield Payback
period

BCR

m Rs./ha Lpd/plant Tons/ha months
Pomegranate 4.3×4.3 30,000 50–60 25 <12 5.16
Ber 4.5×4.5 30,000 60 25 12 4.56
Papaya 1.81×1.81 40,000 15 60 12 4.09
Source: Case studies conducted by the author with numerous farmers in Maharashtra State, 
November 1993 [2]. 

6.1.4 FUTURE PROSPECTS
The studies conducted and information gathered from various farmers revealed 
that drip irrigation is technically feasible, economically viable and socially accept-
able. Drip irrigation can be implemented in most of the areas irrigated by open/
tube wells, which make about 35% of the total irrigated area in the country. The 
drip irrigation can be extended to the following category of lands:

1. Waste lands after planting tree crops including fruit trees
2. Hilly area
3. Semi arid Zones
4. Coastal sandy belts
5. Water scarcity areas
6. Command area of the community wells
7. Wind mill (farm) areas.
At present, on an average about Rs. 100,000 is invested to bring one hectare 

of land under irrigation in the new irrigation project if water is available. As water 
is becoming increasingly scarcer, adoption of micro irrigation system offers po-
tential for bringing nearly double the area under irrigation with the same quantity 
of water.

TABLE 6 Areas (Mha) sown and irrigated: Suitable for drip irrigation in India, (2000).

Crop Present area, 2000 Expected area, 2020/25

Sown Irrigated Sown Irrigated

Coconut/Aricanut 1.5 0.9 2.0 1.0

Fruits 4.0 1.2 4.2 2.2

Plantation crops 2.8 1.0 3.0 1.6

Total 8.3 3.1 9.2 4.6

TABLE 5 (Continued)
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It has been considered as a boom for wide spaced perennial crops namely, 
mango, coconut, banana, grapes, pomegranate, ber, citrus, tea, coffee, cardamom 
and the like. The details of cultivated and irrigated areas under fruits, plantations 
crops at present and in the year 2020/25 are given in Table 6, which gives an idea 
of large potential area to bring under drip irrigation system in the coming years.

6.2 MICRO IRRIGATION IN FRUIT CROPS

6.2.1 INTRODUCTION
Water is a prime natural resource to achieve number of significant functions. Un-
like most other natural resources, water does not have a substitute in its main uses. 
It can be used more or less lavishly or efficiently, but it cannot be replaced. It is 
indispensable, finite and vulnerable resource. Virtually no activity in society or 
process in the landscape or in the environment is possible in the absence of water. 
Water is one of the plentiful resources. Covering more than 2/3 of the earth, water 
travels from the sea into the air to the land and back to the sea in a seemingly end-
less cycle of renewal (Hydrologic cycle).

Yet water is a fi nite resource, and the tiny fraction suitable for drinking or 
irrigating crops is distributed unevenly throughout the regions. At the same time, 
the human needs for water is escalating because of rapid population and indus-
trialization, especially in the regions where water is a most scarce. Between 
1940 and 1990, world population has more than doubled, from 2.3 to 5.3 billion 
and the per capita use of water has also doubled from 400 to 800 m3/year. Hence, 
the global water use has increased by more than 4 times during this period. 
In many of the regions of the world, population is growing more rapidly; the 
needed water is simply unavailable. The critical limits are not at the global level 
but at regional, national and local levels. The area of irrigated land worldwide 
nearly doubled in the fi rst half of the twentieth century (from 48 Mha to 94 
Mha). Land under irrigation has nearly trippled (260 Mha).

Worldwide agriculture is a single biggest user of water supply, accounting 
for about 69% of all use. About 23% of water is used to meet the demands of 
industry and just 8% to domestic use. Pattern of use varies greatly from country 
to country, depending on factors such as: Economic development, climate and 
population. As an example, India and Africa consume about 90% of water for 
agriculture, (irrigation) while highly industrialized countries in Europe allot 
more than half the water for industry and energy production. Only in the recent 
years, the growth has slowed down. In California and some parts in India, farm-
ers are selling their land and the accompanying water rights to the metropolitan 
area with huge demand. The proportion of water used for industrial purposes is 
often seen as an indicator of economic development.

According to the data available on the global water supply, there seems to 
be no lack of fresh water worldwide (Table 7). However, it must be taken into 
account that in individual region, because of the spatial and temporal variations 
in precipitation, the potential usable water supply is very small. The most fre-
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quently used criterion for assessing the availability of the renewable water sup-
ply is the per capita supply, a supply of less than 500 M3 per capita per annum 
being regarded as the critical lower limit, 1000 M3 per capita as very low, 2000 
M3as critical. According to a study carried out by the World Resource Institute 
it is especially the countries which are in or near semiarid regions that are in a 
critical situation. Based on a supply of less than 500 M3 per capita per annum, 
the most endangered regions are North Africa with 3 and the Middle East with 8 
countries as threat. Twenty-two of the countries in the world currently [2] have 
renewable water supplies of less than 1000 M3 per capita per year. The World 
Bank estimates that by the year 2025 one person in three, in other words 3.25 
billion people, in 52 countries will live in conditions of water shortage.

TABLE 7 Global water supply for earth (1999).

Region Km3/a mm M3/p/year
Europe 3110 319 4410
Asia 13190 293 4130
Africa 4225 139 6581
North America 5960 287 13925
South America 10380 583 34949
Australia 1965 225 75577

38830 (Total) 294 (Avg) 7337 (Avg)
Source: National Resource and Development, Focus – Water the life line of our future, Vol. 
49/50, Institute of Scientific Co-operation, Tubingen, Germany.

The major potential of drip irrigation is for fruit crops where the system can 
provide a substantial water economy and better productivity. Further the cost of 
the system will be reasonable, economical, and viable. India has a total area of 
about 3.5 Mha of fruit crops producing about 42 metric tons per year. The major 
fruit crops are mango, apple, guava, pineapple, grapes, papaya etc. where good 
water economy can be affected if drip irrigation is used with technical and scien-
tifi c recommendations these fruit crops. The area of different fruit crops and their 
production in India is given in Table 8.

TABLE 8 Area and production of fruit crops in India.

Crop Area
×105ha

Production
×105 tons

Mango 12 110
Banana 4.45 130
Citrus 4.5 38.0
Apple 2.2 12
Guava 1.3 15
Pineapple 0.71 10.7
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Grapes 0.35 6.0
Papaya No data 3
Other fruits:

Ber, Pomagranate, Custard apple, Straw-
berry, Sapotaetc

5 65

Source: NCPA, Perspective plan for Drip and Sprinkler Irrigation (1990–2000) [5]. 

6.2.2 RESEARCH ADVANCES IN SUSTAINABLE MICRO IRRIGATION IN 
FRUIT CROPS
The results of the survey conducted on micro irrigation for fruit crops has revealed 
that in Europe, the yield increase was in the range of 10–50% as a result of switch-
ing to micro irrigation and the water saving was significant (20–25%) compared 
to sprinkler irrigation, and was 40–60% compared to surface methods. France 
reported a similar trend from mini-sprinkler to drippers in Orchards.

However, in Australia and South Africa the trend was opposite with an expand-
ing use of microsprinkler/sprayer in fruit orchards. The major problem reported by 
most of the countries has been clogging of drippers which were overcome in most 
cases by installation of effi cient fi lters. In some cases, injection of chemicals was 
necessary to overcome buildup of algae or carbonate/iron compounds in the lines 
and drippers. The experiments conducted in India for fruit crops at various Agri-
cultural Universities/Research Institution have revealed that the water savings is 
about 40–70% and yield increase varied from 20–100%. The author has analyzed 
economics of micro irrigation system, BCR ratios, etc., by interviewing farmers/
scientists in Maharashtra, Tamil Nadu, Karnataka at two different occasions (1990 
and 1993–94). The results are summarized in Tables 9 and 10.

TABLE 9 Benefit cost ratio for various fruit crops under micro irrigation (1990).

Crops Spacing
m × m

Benefit-cost ratio, BCR
Excluding
water saving

Including
water saving

Grapes 3×3

8×8

13.35

11.50

32.32

27.08
Acid lime 4.57×4.57 1.76 6.01
Banana 1.52×1.52 1.52 3.02
Mango 7.62×7.62 1.35 8.02
Orange 4.57×4.57 2.60 11.05
Papaya 1.84×1.84 1.54 4.01
Pomegranate 3.04×3.04 1.31 4.04
Source: Ref. [12].

TABLE 8 (Continued)
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TABLE 10 Benefit – cost ratio and payback period for fruit crops under micro irrigation 
(1993–94).

Crop Spacing, 
m × m

Payback
period

Benefit – cost ratio

Banana 0.91×1.5×1.8 One year 3.00
Grapes 3.03×1.8 One year 3.28
Pomagranate 4.3×4.3 One year 5.16
Ber 4.5×4.5 One year 4.56
Papaya 1.80×1.80 One year 4.09
Source: R K. Sivanappan, Case study with number of farmers in Maharashtra, 1993–94.

At Gujarat Agricultural University in a 14 ha farm, thr research experiments 
were conducted having various fruit crops namely: Mango, sapota, ber, guava, 
pomegranate, acid lime, sonala, phalsa (or falsa, Indian word for Grewia asiatica), 
sweet orange, mandarin, coconut. The research studies indicated: Higher yield; 
reduction in farm labor; weed/pest; huge water saving; and a better fruit quality. 
Experiments conducted at Dapoli has revealed that irrigation for mango applied 
at 60 L/tree/week through MI produced 152.7% higher yield compared to manual 
watering with equivalent amount of water. For Pomegranate, MI gave comparable 
yield (6.84 T/Ha) and saved 45% water over check basin method of irrigation as 
indicated by the scientists of Agricultural University at Rahuri. Several studies 
carried out at the UAS, Bangalore on fertigation of fruit crops (grapes/sapota) 
have revealed that application of 80% of water soluble fertilizers were superior 
over the conventional method of application of 100% normal fertilizer. The exper-
iment conducted at Marathwada Agricultural University – Parbhani has indicated 
that drip irrigation for banana crop gave better yield than surface/conventional 
method of irrigation.

6.2.3 FUTURE OF MICRO IRRIGATION FOR FRUIT CROPS
The irrigated area at present is about 12×105 ha of which only about 1.35×105 ha 
is under drip irrigation (Table 11).

About 2 Mha of fruit crops under micro irrigation by 2020/25 will require 
detailed and phrased plans by the Governments, NGO sand manufacturers, and 
determination on the part of farmers. Furthermore, micro irrigation should be sup-
ported by the suppliers and extension staff to help farmers to maintain and operate 
their system properly. 

TABLE 11 Area under drip for fruit crops (1999).

Crop Area ha Crop Area ha
Amla 220 Guava 4,930
Banana 24,565 Mango 21,863
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Crop Area ha Crop Area ha
Ber 4,700 Papaya 2,115
Citrus 22,210 Pomegranate 19,250
Custard apple 810 Sapota 5,125
Grapes 29,630 Strawberry 170
Total for all crops 1,34,588 Ha
Source: Proceedings of the All India Seminar on Micro Irrigation. Prospects and potential in 
India held in June 1999 at Hyderabad.

6.3 SUMMARY

Micro irrigation is well suited for fruit crops but it has not been fully exploited. In 
India, the area of irrigation of fruit crops is only about 30% and the average pro-
ductivity is not even in sufficient quantity prescribed for the population, though 
there is tremendous scope in extending the area of irrigation for fruit crops. Drip 
irrigation can increase productivity and also the quality of fruits.

Micro irrigation is very well suited for fruit crops but it has not been fully ex-
ploited. In India, the area of irrigation of fruit crops is only about 30% and the av-
erage productivity is minimum. The fruit production is not even suffi cient for the 
entire Indian population, though there is tremendous scope for the total demand 
by extending the area of irrigation for fruit crops. Drip irrigation can increase 
productivity and also the quality of fruits. Therefore, it is planned to bring at least 
2 Mha under micro irrigation in the year 2020–2025. This will not only meet the 
demand of the population and at the same time, it will fetch the much-required 
foreign exchange by exporting the fruits.

KEYWORDS

 • accepted method

 • action plan

 • advanced method

 • advantages

 • affordable

 • availability

 • clogging

 • command area

 • commercial crops

 • compact

 • confidence

 • conveyance and distribution efficiency

TABLE 11 (Continued)
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 • cost benefit

 • cost, drip system

 • cultivable land

 • development

 • drippers

 • economic development

 • education and training

 • emitter

 • emitter spacing

 • evaporation

 • expensive

 • exploit

 • fertigation

 • filter

 • food security

 • foreign exchange

 • fruit crops

 • great potential

 • increased yield

 • India

 • inefficient extension

 • investment

 • investment cost

 • irrigation investment

 • Jain irrigation

 • lay out

 • low cost drip system

 • maintenance

 • overall efficiency

 • plantation crops

 • plastics in agriculture

 • precision farming

 • sustainability

 • Tamil nadu – India

 • target area
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 • technical feasibility

 • technology

 • uniformity

 • water economy

 • water management

 • water saving

 • water use efficiency

 • weed growth

 • yield improvements
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7.1 INTRODUCTION

Worldwide, availability of good quality water for irrigation sector is expected to 
decline as the requirement of fresh water for all other sectors (domestic, industry, 
power, inland navigation, ecology) increases [29]. Therefore, it is greatly essential 
to reduce the fresh water consumption in irrigation sector by adopting efficient 
methods of irrigation and making reuse of waste water (WW) generated as by-
product from other sectors for irrigation. In India, WW generation from Class I 
and Class II cities are 38,254 million liters per day [10]. This huge quantity of WW 
gives opportunity for its reuse in agricultural sector to mitigate water demand for 
irrigation in water scares areas. Numerous groups have described future issues 
that must be addressed to ensure water quantity, quality, security and controlling 
emerging contaminants and health risk with protection of environment. There is 
an urgent need to focus on integrated management of WW use to ensure sustain-
ability of water quality and quantity for future generation [26].

It was estimated that about 20 million hectares of land worldwide was irrigated 
with untreated WW [21, 27]. The use of untreated WW (or polluted water) poses 
risks to human health since it may contain excreta related pathogens (viruses, 
bacteria, protozoan and multi cellular parasites), skin irritants and toxic chemicals 
like heavy metals and pesticide residues. When WW is used in agriculture, patho-
gens and certain chemicals are the primary hazards to human health. The risk for 
human health is mainly with consumption of WW grown produce. Outbreaks of 
food borne illness throughout the world are increasingly linked to consumption of 
contaminated fruits and vegetables [8, 17, 18]. Bacterial human pathogens such 
as Escherichia coli O157:H7, Salmonella and Listeria monocytogenes have been 
demonstrated to be involved in such outbreaks of food borne illness [6, 7]. But 
WW reuse for agricultural purposes is now considered an important resource for 
either regions with high demand or low supply or areas vulnerable to macronutri-
ents in several European countries [24].

Oron et al. [25] concluded that poliovirus can penetrate into the plant through 
the root system. Water as a medium plays a tremendous role in differential distribu-
tion of pathogens in soil and plant tissues. Vaz da Costa Vargas et al. [32] observed 
that when poor quality WW (trickling fi lter effl uent with 106 thermotolerant coli-
forms per 100 mL) was used to spray-irrigate lettuces, the initial concentrations 
of indicator bacteria exceeded 105 coliforms per 100 g fresh weight. Once the ir-
rigation ceased, no Salmonella could be detected after fi ve days, and after 7–12 
days, thermotolerant coliform levels were similar to or just above the level seen 
in lettuces irrigated with fresh water. The crop quality was better than that of let-
tuces irrigated with surface waters on sale in the local markets (106 thermotolerant 
coliforms per 100 g), presumably because of recontamination in the market through 
the use of contaminated water for spray of vegetables. The lettuces irrigated in 
uncovered plots had high level of bacterial contamination, unless a period of cessa-
tion of irrigation occurred 7–12 days before harvest. Islam et al. [20] observed no 
detectable populations at harvest for onions (day 140) but detectable populations at 



Quality of Municipal Wastewater for Micro Irrigation 97

harvest for carrots (day 126). Pre-harvest contamination of carrots and onions with 
E. coli O157:H7 for several months can occur through contaminated manure (com-
post) and irrigation water. Hence, the type of crop, its texture and type of leaves/
fruits can infl uence the retention of coliforms and their differential distribution.

Studies on drip and furrow irrigation of radishes and lettuces by Bastos and 
Mara (1995) with waste stabilization pond effl uent (1.7 ×103 to 5.0 ×103 coli-
forms per 100 mL) indicated that crop quality was better under dry weather condi-
tion with 103–104 E. coli per 100 g for radishes and lettuces and no Salmonella was 
present. In Israel, Armon et al. [4] undertook an study where sprinkler irrigation 
of vegetables and salad crops with poor quality effl uent from WW storage reser-
voirs (up to 107 thermo tolerant coliforms per 100 mL) resulted in high levels of 
fecal indicator bacteria on crop surface (up to 105 thermo tolerant coliforms per 
100 mL). However, when vegetables were irrigated with better quality effl uent 
(0–200 thermo tolerant coliforms per 100 mL) from a different storage reservoir, 
thermo tolerant coliform levels on crops were generally less than 103 per 100 g 
and often lower. Many research workers have focused their attention on survival 
of pathogens in irrigation water, soil and vegetable produced in different countries 
and climatic conditions [9, 11, 15, 22, 25, 30].

In India, municipal WW for irrigation is being used mainly for growing veg-
etables in periurban areas [33], which may pose serious risk of coliform outbreak 
[12]. Therefore, this research study investigates the possible accumulation of co-
liforms bacteria in soil under placement of drip laterals at surface and subsurface; 
and assesses the quality of eggplant fruits in terms of coliforms.

7.2 MATERIALS AND METHODS

7.2.1 EXPERIMENTAL SITE
The experiment was conducted at research farm of Water Technology Centre, In-
dian Agricultural Research Institute (IARI), Pusa, New Delhi, India which is lo-
cated within 28°37′22″ N and 28°39′ N latitude and 77°8′45″ E and 77°10′24″ E 
longitude. The mean annual rainfall is 710 mm of which 75% is received during 
the monsoon season (July to September). WW used for irrigation of crops were 
collected from the drain of IARI, which is fed by domestic effluents from indi-
vidual houses, group houses, hostels and runoff from agricultural field particularly 
in rainy season and sewage water [31]. The groundwater (GW) was collected from 
the tubewell, which provides water from more than 30 m below the ground level. 
Location of WW collection point is shown in Fig. 1.
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FIGURE 1 Map of IARI, New Delhi – India.

7.2.2 NURSERY RAISING AND CROP PRACTICES
Seedlings of eggplant (cv: Supriya) were raised in the month of September, in the 
plastic tray with the mixture of coco peat, vermiculite and perlite in the ratio of 
3:2:1. Experiments were conducted during 2009–2010. WW was not used in the 
nursery. No Farm Yard Manure (FYM) was added to avoid precontamination with 
coliforms in the nursery. The 25 days old seedlings were transplanted in the field. 
Herbicides and pesticides were not applied. Water requirement of eggplant was 
estimated by calculating reference Evapotranspiration (ET0) using the Penman-
Monteith method and the crop coefficient (Kc) suggested by Allen et al. [2].

7.2.3 DESCRIPTION OF IRRIGATION SYSTEM
Drip irrigation system was installed for WW and GW (ground water) applica-
tion separately. In-line lateral (J-Turbo Line) with 40 cm dripper spacing was laid 
on ground for surface and were buried at 15 cm and 30 cm depths from ground 
surface for subsurface drip. System included sand media filter (F1, flow rate 30 
m3.h–1, 50 mm size, silica sand 1.0 to 2.0 mm, thickness 80 cm) with back flush 
mechanisms, Disc filter (F2, flow rate 30 m3.h–1, 20 mm size, 130 micron, disc 
surface 1.198 cm2 screen surface 815 cm2 AZUD helix system, model 2NR), and 
venturi injection system for chemigation. Water was passed through filter F1 and 
F2 alone as well as combination of both the filters (F1 and F2) to improve the 
quality of WW. The velocity of water was kept minimum to improve the efficiency 
of filters. Main lines (50 mm diameter, PVC pipe) were connected to submains (35 
mm diameter, PVC pipe) for each of the plots through a gate valve.

7.2.4 SAMPLING OF WATER AND SOIL
WW samples from the drain were collected across the drain at the depth 15 cm 
below the surface and at three points, and then mixed. The preservation and trans-
portation was performed according to the standard methods [3]. Soil samples were 
collected at time intervals of 25 and 50 days after transplanting and immediately 
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after harvesting from each plot. Approximately 100 g of soil was aseptically col-
lected in a sterile plastic bag from randomly selected plant at the depth of 0, 15, 
30 and 45 depth for the surface and subsurface (15 cm) placed drip lateral. How-
ever, in case of subsurface drip (30 cm depth of lateral from surface), samples 
were collected up to 60 cm with the interval of 15 cm from ground surface. Fruit 
samples of eggplant were also collected randomly from each plot and transported 
in sterilized bags to the laboratory for analysis. All the soil samples were stored in 
refrigerator and analyzed within 48 h of collection.

7.2.5 DETERMINATION OF TOTAL COLIFORMS IN SOIL AND FRUIT 
SAMPLES
Total coliforms were analyzed by Most Probable Number (MPN) method and pre-
sented as per gram weight of dry soil/ fruit. The MPN values were determined by 
MPN table [1]. Soil/ water/ fruit samples were diluted tenfold. Graduated amounts 
of samples (10, 1 and 0.1 mL) were placed in 5–5 tubes of BCP (Bromo cresol pur-
ple) lactose broth with durhams tube. Five tubes for each dilution was incubated at 
37°C for 24 h and individual tubes were checked for acid (yellow color) and gas 
production (Fig. 2). If no gas was present in any of the tubes, the incubation was 
continued for an additional 24 h.

FIGURE 2 Total coliform detection.

7.3 RESULTS AND DISCUSSIONS

7.3.1 CHEMICAL AND BIOLOGICAL PROPERTIES OF WATER
The WW and GW were analyzed for the physico-chemical and biological proper-
ties (Table 1). WW was highly turbid compared to GW but presence of total solids 
was higher in GW due to higher soluble salts. Higher EC, sodium and chloride 
content was observed in GW. Macronutrients N, P and K were found to be higher 
in WW. Available Mg was almost same in both the water samples. Carbonate con-
tent in WW and GW were 119 and 58 mg l–1 respectively. Population of total coli-
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forms an indicator of fecal contamination was found to be in the range of 1.8 ×101 
to 2.6×104 MPN mL–1. No coliforms were detected in GW samples. Worldwide, 
research in 23 laboratories with 1000 strains of coliforms from various types of 
water has proven that only 61% of the total numbers examined were nonfecal in 
origin [14].

TABLE 1 Physicochemical and biological properties of water used for irrigation.

Properties Unit Waste water Ground water

Mean ±SD Mean ± SD

EC dS m–1 1.48±0.23 2.17±0.25

pH 7.33±0.35 7.4±0.43

Total Solids mgL–1 849.8±148.5 967.4±212.6

Turbidity NTU 46.25±10.23 1.50±0.52

NO3-N mgL–1 4.57±1.91 5.22±0.44

P mgL–1 2.68±1.45 0.35±0.15

K mgL–1 26.83±14.78 10.3±2.98

Na mgL–1 139.91±37.4 287.8±62.4

Mg mgL–1 33.61±5.5 35.28±5.81

CO3 mgL–1 119.5±41.69 58.0±8.23

DO mgL–1 7.37±0.84 7.65±0.92

BOD5 mgL–1 95.17±19.71 0.725±0.339

COD mgL–1 139.25±30.7 16.67±4.03

Total coliforms MPN mL–1 2040± 1085 nd

nd = not detected.

7.3.2 EMITTER PERFORMANCE
Primary treatment of collected WW was done by sedimentation and filtration. 
WW was allowed to settle for 24 h and upper portion of settled water was used 
for filtration before application to plants. The coefficient of variation of emitter 
discharge (CVq) for different filters and for their combination is presented in Table 
2. Maximum CVq’s of 3.49% and 7.28% were observed with WW in surface and 
subsurface (30 cm) treatments, respectively. The performance of emitters under 
combination of both filters with WW and GW (ground water) was excellent with 
less than 5% of variation. The effect of chemical deposition in the emitters did not 
cause much variation in the emitter discharge.
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TABLE 2 Coefficient of variation of emitter discharge under different filtrations.

Filter Time Lateral placement

Surface 15 cm 30 cm
Sand media

for WW
Beginning 1.78 1.78 1.78

End 2.36 6.08 7.28
Disk for WW Beginning 1.29 1.29 1.29

End 3.03 6.77 4.01
Sand media and

disk for WW
Beginning 1.26 1.26 1.26

End 3.49 4.57 3.60
Sand media and

disk for GW
Beginning 1.26 1.26 1.26

End 2.40 3.03 2.99

7.3.3 COLIFORM POPULATION IN SOIL SAMPLES
Coliforms population were evaluated for eggplant crop (Fig. 3) at three stages of 
crop growth (initial, middle and maturity). The variation in population of coli-
forms were also quantified in soil samples collected from different depth of soil 
(Fig. 3). The variation was not detected in the soil irrigated with GW. However, 
the presence of coliforms were detected in the plots irrigated with WW. In soil, 
total coliform count increased up to middle stage of crop (50 days after transplant-
ing) and then stabilized up to its maturity. This may be due to availability of lim-
ited nutrients in soil to maintain the threshold population of coliforms. Maximum 
population of coliforms (36.10 ×105, 2.01×1010–2.03×1010 g–1 soil for initial, 
middle and maturity stages, respectively) was observed at soil surface.

Presence of fecal contamination in soil with the subsurface placement of drip 
lateral at 15 and 30 cm depth was also estimated at different crop stages by ana-
lyzing the soil samples collected from surface to 60 cm depth at an interval of 
15 cm (Fig. 3). Subsurface drip irrigated soil showed the vertical distribution of 
coliforms bacteria in bell-shaped curve with maximum population adjacent to the 
lateral while lower population was observed below the lateral and higher popula-
tion above the lateral. This may be due to bulk density and tilth of the soil. Interest-
ingly no coliforms were observed at the surface of soil when placement of lateral 
was at 30 cm below the ground level. The results in this chapter are in agreement 
with research studies by Ijzerman et al. [19] and WHO [34]. Hassan et al. [16] also 
observed that the movement of water in unsaturated soil up to the depth of 30 cm 
was effective in the removal of fecal coliforms.
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FIGURE 3 Distribution of total coliform in soil samples at three stages of crop.

7.3.4 COLIFORM POPULATION IN EGGPLANT FRUIT
The Table 3 indicates data on the presence of total coliforms in eggplants fruits 
after washing and crushing. Maximum concentration of total coliforms was ob-
served in crushed eggplant fruit. In general, the fruit after crushing showed higher 
concentration of coliforms compared to that seen in other treatments. This could 
be attributed to the contamination from soil. Fruit washing with sterilized water 
indicated higher contamination of coliforms in the treatments having lateral pipe 
on ground surface. It may be due to the spread of pathogens from surface through 
aerosol. No coliforms were observed in fruit washing, with subsurface placement 
of drip lateral at 30 cm depth. It may be due to the smooth surface of eggplant, that 
lets only minimum attachment with the skin of the fruit. In crushed fruit, maxi-



Quality of Municipal Wastewater for Micro Irrigation 103

mum concentration of total coliforms were observed with subsurface placement 
of drip lateral at 15 cm depth. Fardous and Jamjoum [13] found high number of 
coliforms on the leaves of a corn plant irrigated with treated WW. In fruit crush-
ing with subsurface placement of drip lateral at 15 cm depth have show maximum 
concentration of total coliforms. No coliforms were detected after boiling the fruit 
crush and wash sample. Availability of moisture may have prolonged the survival 
of bacteria or even allowed their regrowth. Kirkham [23] reported that pathogens 
may survive on the surface of a plant irrigated with WW because a warm, dark, 
and moist place could harbor bacteria. High levels of organic matter in treated ef-
fluent can also enhance the regrowth of bacteria [28]. WHO [34] recommended a 
bacteriological standard of 1000 fecal coliforms per 100 g of food/vegetable.

TABLE 3 Coliform population in eggplant fruit.

S.

No.

Treatment Population of total coliforms 
(MPN g–1 log10 value)

Washing Crushing

WW through media filter and surface placement of drip 
laterals

0.12 1.21

WW through media filter and subsurface placement of 
drip laterals at 15 cm depth

0.18 1.30

WW through media filter and subsurface placement of 
drip laterals at 30 cm depth

nd 1.24

WW through disk filter and surface placement of drip 
laterals

0.14 1.08

WW through disk filter and subsurface placement of 
drip laterals at 15 cm depth

0.19 1.19

WW through disk filter and subsurface placement of 
drip laterals at 30 cm depth

nd 1.23

WW through media and disk filters and surface place-
ment of drip laterals

0.19 1.18

WW through media and disk filters and subsurface 
placement of drip laterals at 15 cm depth

0.14 1.26

WW through media and disk filters and subsurface 
placement of drip laterals at 30 cm depth

nd 1.24

GW through media and disk filters and surface place-
ment of drip laterals

nd nd

GW through media and disk filters and subsurface 
placement of drip laterals at 15 cm depth

nd nd

GW through media and disk filters and subsurface 
placement of drip laterals at 30 cm depth

nd nd

After boiling nd nd

nd = not detected.
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7.4 CONCLUSIONS

This research study examined the presence of coliform bacteria in soil and plant 
system of eggplant with the impact of municipal WW irrigation under surface and 
subsurface drip irrigation system. Maximum reduction in coliforms population 
was observed with sedimentation and combination of both filters. Total coliform 
count in soil at different depth from soil surface depends upon the placement of 
drip lateral. Maximum population of coliforms was observed at soil surface under 
surface irrigated drip system. Subsurface system with placement of drip lateral at 
30 cm shows no coliform bacteria at soil surface. Higher concentration of total 
coliforms was observed in crushed eggplant fruit in comparison to washed fruit. 
No coliforms were observed in fruit wash with subsurface placement of drip lat-
eral at 30 cm depth. Uncooked fruit grown under municipal WW is not advisable 
for consumption. It must be stressed that agricultural manipulation of the irriga-
tion method described above can be used as an auxiliary means of public health 
protection.

Long-term study is suggested to evaluate the effects of wastewater on the sur-
vival of other benefi cial soil microorganisms. Its impact on soil fertility should 
be assessed. There is also a need to develop suitable fi ltering mechanism so that 
transmission of harmful coliforms can be prevented to enter in drip irrigation sys-
tem laterals and subsequently soil as well as plant system.

7.5 SUMMARY

Application of waste water (WW) with efficient irrigation methods is a viable op-
tion to protect the environment and mitigate the irrigation demand in arid and semi 
arid regions. A research study on vegetable crop eggplant (Solanum melongena cv. 
Supriya) with surface and subsurface drip system was conducted at PFDC field 
of Water Technology Centre, Indian Agricultural Research Institute, New Delhi, 
India. Irrigation was done with WW and it was fed to the drip system after 24 h of 
settlement of foreign material as primary treatment. Municipal WW was applied 
through sand media type filter, disk type filter and combined sand media and disk 
type filters, under surface and subsurface drip irrigation system.

Total coliforms population in WW was in the range of 7 log10 value. This pop-
ulation was reduced to 5 log10 after primary treatment (i.e., sedimentation and 
passing through the fi lters). Maximum population of coliforms 2.03×1010 MPN 
g–1 were observed in surface soil at maturity stage of crop growth. Presence of 
harmful pathogens on soil surface were not detected by placement of irrigation 
lateral at the depth of 30 cm under subsurface irrigation but in case of surface and 
subsurface (15 cm) population was 10 log10 value and 2 log10 value respectively 
on soil surface. In crushed fruit of eggplant, maximum concentration of total co-
liforms were observed with subsurface placement of drip lateral at 15 cm depth. 
But no coliforms were observed in fruit washing, with subsurface placement of 
drip lateral at 30 cm depth.
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8.1 INTRODUCTION

There is a great challenge ahead to produce more food for increasing population 
using from less and less water, because the demand of domestic and industrial 
water consumption is increasing. Agriculture sector is in completion with alloca-
tion of fresh water. Contrarily, increasing urbanization is resulting in increasing 
domestic wastewater (WW) generation. Currently, partially treated and untreated 
WW is discharged into rivers or lands causing various environmental concerns. 
On the other hand, WW is beneficial, if it is scientifically used for irrigation as it 
can act as an important source of water and nutrient [19]. Although WW has been 
used to irrigate crops, rangelands, forests, parks and golf courses in many parts 
of the world [1], yet unrestricted irrigation may expose the public to a variety 
of pathogens such as bacteria, viruses, protozoa, or helminthes and exposure to 
heavy metals. The factors that influence the use of WW for irrigation are: the de-
gree of wastewater treatment, the crop type and its use (e.g., human consumption 
or not, consumption after cooking, animal consumption fresh or sun-dried, etc.), 
the degree of contact with WW, and the irrigation method. Therefore, it is prefer-
able to have the irrigation method having specific characteristics to minimize the 
various risks namely plant toxicity due to direct contact between leaves and water; 
salt accumulation in the root zone; health hazards related to aerosol spraying and 
direct contact with irrigators and product consumers; water body contamination 
due to excessive water loss by runoff and percolation [18]. In this sense, use of 
WW to agricultural crops through micro irrigation system is the safest way to 
manage WW resource [4].

Micro irrigation system applies precise amount of water to the crop at the right 
time and ensure its uniform distribution in the fi eld. Although, it is the most effec-
tive method for WW reuse, yet the suspended solids and organic matter contained 
in WW can lead to a high risk of system failure due to clogging of the drippers and 
inadequate fi ltering systems. These risks depend on the level of treatment, the WW 
has undergone. Tertiary treatment and chlorination have been found to be effective 
to reduce clogging caused by bacteria and algae, but, in most arid and semiarid 
developing countries and in small communities, extremely stringent quality stan-
dards would lead to unsustainable costs [8]. In micro irrigation system, quality of 
water, emitter characteristics and fi lter effi cacy would play a key role in minimize 
clogging but other factors being same, most important feature for success with 
WW is fi ltration [15, 17].

In India mostly gravel media fi lter, screen fi lter and disk fi lters are used to clean 
the water for micro irrigation system. Capra and Scicolone [7] indicate that screen 
fi lters are not suitable for use with WW, with the exception of diluted and settled 
WW. They also observed almost similar performance in disk and gravel media fi l-
ter with treated municipal WW. Besides, many researchers have conducted studies 
on WW using micro irrigation mostly by surface placement of lateral and mostly 
in laboratories [7, 9, 13, 22]. In India, subsurface micro irrigation has not been 
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evaluated using WW. Therefore, there is a need to develop the methodology for 
using untreated WW through micro irrigation on sustainable basis. Therefore, this 
chapter discusses the research studies in realistic fi eld situations using surface and 
subsurface drip systems with three kinds of fi lters to develop guidelines for using 
wastewater in micro irrigation.

8.2 MATERIALS AND METHODS

8.2.1 WATER RESOURCES
The field experiments were conducted at Precision Farming Development Centre 
of Water Technology Centre, IARI, Pusa, New Delhi during 2008–09 and 2009–
10. Randomized block statistical design was used in field experiments. WW was 
collected from the drain passing through Indian Agricultural Research Institute 
(IARI). Water samples were analyzed for pH, electrical conductivity (EC), total 
Solids (dissolved and undissolved), turbidity, calcium, magnesium, carbonate, bi-
carbonate, total Coliform and E. coli according to the standard methods [2].

8.2.2 EXPERIMENTAL SET-UP
Micro irrigation system was installed for WW and GW separately (Fig. 1). In-
line lateral (J-Turbo Line) with 40 cm emitter spacing was laid on the ground 
for surface drip and was buried at a depth of 15 cm from ground surface for sub-
surface drip irrigation. System included sand media filter (F1), disc filter (F2), 
and screen filter (F3). WW was allowed to pass through filter F1 and F2 singly 
as well as in combination of both the filters (F3). GW was also passed through 
combination of filters for comparison. Main line was connected to submains for 
each of the plots through a gate valve.

8.2.3 OPERATIONAL PROCEDURE
WW collected from the drain was stored in the tank one for settlement for 24 h so 
that all the suspended foreign particles were settled. After that the settled WW was 
transferred to tank two. This step was important to improve the quality of WW by 
reducing the suspended particles and to avoid frequent chocking of filters. Water 
from tank two was fed to the filtration system and then allowed to pass through 
emitters. The pump was turned on, and emitters were allowed to operate for ap-
proximately 2 min to allow air to escape. The water collection period was set at 
5 min. Quantity of flow of water from drip emitter was collected in containers at 
98.06 kPa pressure and was repeated for three times. The flow rate was estimated 
by dividing total volume collected to the time of collection. The measurement was 
taken from randomly located sampling emitters to evaluate the performance evalu-
ation of micro irrigation. Discharge from SDI laterals was measured by excavating 
the soil around the buried drip laterals so that an emitter is visible with sufficient 
space below it for placement of the container to collect discharged water from it 
as suggested by Camp et al. [6]; and Magwenzi, [14]. Performance of system was 
evaluated at normal operating pressure to discharge sufficient water for infiltra-
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tion and to avoid ponding near the emitter. As per manufactures recommendation, 
operating pressure of 98.06 kPa was considered appropriate. To achieve accurate 
pressure, emitter level measurement was done at the lateral with digital pressure 
gauge having the least count of 0.01 kPa.

FIGURE 1 Experimental layout.

8.2.4 PARAMETERS FOR EVALUATION OF PERFORMANCE OF MICRO 
IRRIGATION
The parameters to evaluate the performance of the sustainable micro irrigation 
system were: Head-discharge relationship of emitters; irrigation uniformity, dis-
charge variation, coefficient of variation and uniformity coefficient.

8.2.4.1 HEAD-DISCHARGE RELATIONSHIP OF EMITTERS
A numerical description of pressure flow characteristics for a given emitter device 
is based on flow rate versus pressure curve described below:
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 xq CH=  (1)

where, q = emitter flow rate (m3 s−1); C = dimensional emitter coefficient that 
accounts effects of real discharge (l s−1); H = pressure head in the lateral at the 
location of emitters (m); and x = exponent characteristic of the emitter (dimen-
sionless). The exponent x indicates the flow regime and emitter type and typically 
ranges between 0.0 and 1.0. This exponent is a measure of flow rate sensitivity 
to pressure change. A higher value of x indicates higher sensitivity. The emitter 
exponent x and constant value C were derived using a linear regression equation: 
(Log q) = (Log C + x Log H), or Y = mx + C.

8.2.4.2 COEFFICIENT OF VARIATION
The coefficient of variation (CVq) of the emitter discharge in the lateral was calcu-
lated [5, 23] using the following relation:

 qCV 100SD
q

=  (2)

where, SD = standard deviation of emitter discharge (lph); and q = mean discharge 
in the same lateral (lph). Minimum CVq was observed at 98.06 kPa pressure. 
Therefore, it was selected as the operating pressure for evaluation of clogging.

8.2.4.3 EMITTER FLOW RATE (% OF INITIAL)
The emitter flow rate (% of initial) (R) is defined in equation (3):

 
qR 100

qini
=  (3)

where, q = the mean emitter discharges of each lateral (lph); and qini = corre-
sponding mean discharge (lph) of new emitters at the same operating pressure of 
98.06 kPa.

8.2.4.4 UNIFORMITY COEFFICIENT
Uniformity coefficient, UC, is defined by Christiansen [10] as follows:

 1

1

100 1

n
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i

q q
nUC

q
=
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⎢ ⎥
⎢ ⎥⎣ ⎦

∑
 (4)

where, qi = the measured discharge of emitter i (lph); q = the mean discharge at 
drip lateral (lph); and n = the total number of emitters to be evaluated.
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8.2.4.5 VARIATION IN FLOW RATE (QVAR)
Emitter flow rate variation, qvar [23] was with the following equation:

 
max min

var
max

q qq
q

−
=  (5)

where, qmax = maximum flow rate (lph); and qmin = minimum flow rate (lph).

8.2.5 STATISTICAL ANALYSIS
Statistical analysis was carried out using the GLM procedure of the SAS statistical 
package (SAS Institute, Cary, NC, USA). The model used for analysis of variance 
(ANOVA) included water from different filters and placement of lateral as fixed 
effect and interaction between filtered water and depth of emitter. The ANOVA 
was performed at probabilities of 0.05 or less level of significance to determine 
whether significant differences existed among treatment means.

8.3 RESULTS AND DISCUSSIONS

8.3.1 CHARACTERIZATION OF THE WASTE WATER
The physical, chemical and biological characteristics of WW and GW are pre-
sented in Table 1. It was observed that EC values for WW were lower than those 
for groundwater (GW). The EC values for GW varied from 1.89 to 2.58 dS m–1 

with an average of 2.16 dS m–1, and for WW it was in the range of 1.63 to 1.90 dS 
m–1 with a mean of 1.74 dS m–1. Lower EC values indicate that salt content in the 
WW did not contribute much in chemically induced emitter clogging. Variation in 
pH values for WW was 6.60 to 7.32 with an average of 6.87 that was lower than 
GW (mean value 7.40 with range 6.95 to 8.57) indicating slight acidic nature of 
WW in comparison to GW. The pH may not have direct impact on clogging but 
it can accelerate the chemical reactions or biological growth involved in clogging 
[12, 16]. Variation in values of total solids for WW was 733 to 1297 mg.l–1 with an 
average value of 989 mg.l–1 but for GW it was in the range of 800 to 1533 mg.l–1 
with a mean of 967 mg.l–1. Total solids (1533 mg.l–1) were highest for GW in the 
month of May.

Turbidity for WW was always high and in the range of 33 to 68 NTU with a 
mean value of 55 NTU but GW had negligible turbidity levels with maximum of 
only 2 NTU. The WW contained surface runoff and foreign particles from anthro-
pogenic pollution. Variation in calcium content of WW was from 68 to 136 mgl–1 
with a mean value of 94.6 mg.l–1 but for GW it was in the range of 36 to 66 mg.l–1 
with an average of 45 mg.l–1. Variation in magnesium content of WW was 25 to 
38 mg.l–1 with mean value of 32 mg.l–1 but for GW it was in the range of 23 to 42 
mg.l–1 with mean value of 36 mg.l–1. Carbonate content of GW was in the range 
of 48 to 78 mg.l–1 with mean value of 58 mg.l–1 but for WW it was in the range of 
12 to 78 mg.l–1 with an average value of 43.5 mg.l–1. The variation in bicarbonate 
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content of WW was 440 to 610 mg.l–1 with an average of 516 mg.l–1 but for GW it 
was in the range of 264 to 496 mg.l–1 with a mean of 364 mg.l–1. Presence of car-
bonate for WW was less than GW but the range for WW was higher. It may be due 
to the reason that carbonate get converted into bicarbonate with the availability of 
other ions and variation in temperature. This also gives an indication of the pres-
ence of magnesium carbonate in GW and calcium carbonate in WW. Microbial 
contamination as indicated by total coliforms (mean value 2.0×107) was observed 
for WW only. Based on these quality parameters, it was concluded that clogging 
problem can be encountered more in WW than GW.

TABLE 1 Physicochemical and biological properties of water used for irrigation.

Properties Units Wastewater Groundwater
Mean ± SD Mean ± SD

EC dS m–1 1.48±0.23 2.17±0.25
pH — 7.33±0.35 7.4±0.43
Total Solids mgL–1 849.8±148.5 967.4±212.6
Turbidity NTU 46.25±10.23 1.50±0.52
Ca mgL–1 82.16±19.99 44.58±8.27
Mg mgL–1 33.61±5.5 35.28±5.81
CO3 mgL–1 119.5±41.69 58.0±8.23
HCO3 mgL–1 415.27±69.7 364.33±70.7
Total coliforms MPN mL–1 41787± 172437 nd
nd = not detected.

8.3.2 HYDRAULIC CHARACTERISTICS OF EMITTER
Coefficient for Q-H equation (Eq. (1)) decreased with the time of operation of 
emitters in all filtration systems as a result of partial clogging (Table 2). Theo-
retically the exponent for the emitter was 0.5, which comes under category of 
completely turbulent hydraulic regime [11]. In normal pressure range, exponent 
was more than 0.5 for gravel media filtered WW and less than 0.5 in case of disk 
filter. Performance of exponent was close to 0.5 in combination filter for both WW 
and groundwater. The coefficient of regression (R2) was 0.99 in most of the situ-
ations indicating that the Q-H equation described the flow-pressure relationship 
precisely.

8.3.3 COEFFICIENT OF VARIATION OF EMITTER DISCHARGE (CVQ)
The CVq of the discharge for different filters and for the combination of both 
filters are presented in Fig. 2. After one year, maximum CVq of 3.49 and 4.57% 
was observed with WW in surface and subsurface drip irrigation systems, re-
spectively. As shown in Fig. 2 after one year in all filter condition, CVq was less 
than 5%. Hence the performance can be rated as excellent [3]. After two years 
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of experimentation, maximum variation of 10.16% was observed with disk filter 
in subsurface drip system. The performance of combination with filter for WW 
and GW was excellent with only 4% of variation in surface drip system. Maxi-
mum deviation of 6.46% was observed in subsurface drip system with both filter 
combination in GW. The results indicate that one-year operation of the emitters 
did not cause much variation but continuous two years of operation caused sig-
nificant variation in emitter discharge. This is also supported by the computation 
of the standard error, which was lower in first year but was significantly higher 
in second year under all filters situation with both types of water. Coefficient of 
variation in subsurface condition was always poor than surface.

TABLE 2 Q-H relationships for emitter under different filtration system with wastewater and 
groundwater.

Filter Placement of 
lateral

Stage Coefficient, c Exponent, x R2

Gravel media (F1)

(Waste water)

Surface Beginning 3.768 0.521 0.99

Middle 3.599 0.511 0.99

End 3.484 0.534 0.99

Subsurface Beginning 3.768 0.521 0.98

Middle 3.520 0.533 0.98

End 3.455 0.533 0.99

Disk (F2)

(Wastewater)

Surface Beginning 3.538 0.485 0.99

Middle 3.435 0.489 0.99

End 3.368 0.486 0.99

Subsurface Beginning 3.538 0.485 0.99

Middle 3.417 0.488 0.99

End 3.345 0.485 0.99

Combination of F1 
and F2 (with Waste-
water)

Surface Beginning 3.548 0.494 0.99

Middle 3.476 0.492 0.99

End 3.403 0.494 0.99

Subsurface Beginning 3.548 0.494 0.99

Middle 3.465 0.494 0.99

End 3.388 0.497 0.99
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Filter Placement of 
lateral

Stage Coefficient, c Exponent, x R2

Combination of 
F1 and F2 (with 
Groundwater)

Surface Beginning 3.548 0.494 0.99

Middle 3.446 0.494 0.99

End 3.350 0.493 0.99

Subsurface Beginning 3.548 0.494 0.99

Middle 3.431 0.494 0.99

End 3.350 0.493 0.99

8.3.4 EMITTER FLOW RATE VARIATION
The study on flow rate variation was carried out with pressure variation so that 
flow rate reduction can be explained by clogging of emitters alone. Maximum 
reduction in flow rate was observed with gravel media filter (F1) and minimum 
with combination of both filters under WW. The clogging due to disk filter (F2) 
remained in between these two values (Fig. 3). The results of the statistical analy-
sis revealed that after 2 years of experiment, there was significant effect of filter, 
emitter placement and their interaction on the discharge of drip emitters (Table 3). 
In the beginning of experiment there was no significant effect of emitter place-
ment and their interaction with filtered water because emitters were new and there 
was no clogging. After continuous use, clogging takes place and effect of different 
filtration system start showing up in the discharge of emitters. At the end of one-
year effect of filtration system was significant but effect of emitter placement was 
not significant. Both were significant after two-year use. These results prove that 
clogging is a dynamic phenomenon over time [21]. 

FIGURE 2 Coefficient of variation in emitter discharge under different filtration systems for 
wastewater and groundwater at 98.06 kPa pressure.
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TABLE 3 Significance level (P-value) of the statistical model and of each factor and interaction 
for emitter flow rate.

Parameter Time

Beginning 1 year 2 year

Model *** (R2=0.97) ** (R2=0.87) *** (R2=0.93)

Filter (F) n.s. ** ***

Emitter placement (EP) n.s. n.s. *

F × EP n.s. ** ***

n.s.: not significant, P > 0.05; *: P < 0.05; **: P < 0.01; ***: P < 0.001.

8.3.5 UNIFORMITY OF WATER APPLICATION
Variations in uniformity coefficient and flow rate are presented in Table 4. Least 
variation in flow rate with maximum uniformity was observed at the beginning of 
experiment. The variation in flow rate increased with the operation of drip system 
and maximum variation with minimum uniformity coefficient were reached at the 
end of two years of experimentation. Performance of filter combination for both 
types of water could be rated as good [20]. After two years minimum uniformity 
coefficient under both filter combinations was 94.17 and 93.50 with WW and GW, 
respectively, for subsurface drip. As per general criteria for qvar values of 0.10 or 
less are desirable and 0.1 to 0.2 is acceptable and greater than 0.2 being unaccept-
able. Two out of three filtration systems (F2 and F3) gave variation in flow rate 
under acceptable limit. 

FIGURE 3 Emitter flow rate (% of initial flow rate) under different filtration system for 
wastewater and groundwater at 98.06 kPa pressure.



Evaluation of Micro Irrigation with Municipal Wastewater 119

TABLE 4 Uniformity coefficient and variation in flow rate (qvar) resulting from the performance 
evaluation of micro irrigation system.

Filter Depth of 
placement 
of lateral

Uniformity Coeffi cient Variation in fl ow rate (qvar)

Beginning 1 year 2 year Beginning 1 year 2 year

Gravel media 
(F1)

Surface 98.59 96.26 94.84 0.049 0.106 0.171

15 cm 98.56 95.24 92.05 0.049 0.120 0.219

Disk (F2) Surface 98.89 96.52 94.73 0.032 0.090 0.117

15 cm 98.91 95.00 93.15 0.032 0.106 0.181

Combination 
of F1 & F2

Surface 99.01 96.67 95.27 0.048 0.092 0.158

15 cm 99.05 95.70 94.17 0.048 0.108 0.189

Combination 
of F1 and F2 
with GW 

Surface 99.07 97.29 95.55 0.048 0.102 0.131

15 cm 99.02 96.02 93.50 0.048 0.100 0.160

8.4 CONCLUSIONS

The hydraulic performance of the drip emitters revealed that for continuous use 
of WW, filtration with a combination of gravel and disk filter would be most ap-
propriate strategy against emitter clogging. It resulted in a better emitter discharge 
exponent, a reasonably good coefficient of variation and uniformity coefficient.

8.5 SUMMARY

Generation of WW in huge amounts is putting a lot of pressure to irrigation en-
gineers for its safe reuse in agriculture. Though WW supports major and minor 
nutritional requirements of crops, but the presence of microbial contaminants and 
toxic elements in WW, limits its use. Utilization of WW for irrigation through mi-
cro irrigation system is the best choice to reduce the chances of contamination due 
to restricted quantity of application. Since clogging is the main problem associated 
with WW utilization through micro irrigation system, its remediation is required 
for enhanced utilization of WW through micro irrigation system. Physical and 
chemical characteristics of WW were determined and compared with GW.

While higher EC, pH, Mg, and carbonate were observed in GW but WW con-
tained higher turbidity, total solids, HCO3, and Ca. The population of total coli-
forms (2.72×104 to 5.2×107) and E. coli. (1.8×103 to 2.64×106) were detected 
in WW. The hydraulic performance of drip emitters was studied for two years 
(2009 and 2010) with municipal WW and groundwater (GW) using gravel media 
(F1), disk fi lter (F2) and combination of gravel and disk fi lters (F3). Filtration us-
ing F3 gave emitter discharge exponent close to 0.5 with R2 value of 0.99. Emitter 
fl ow rate decreased with the increase in time of operation of the system. Coeffi cient 
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of variation less than 4% with WW and GW showed excellent performance in sur-
face placed drip lateral after two years of operation. After fi ltration with F3, coeffi -
cient of variation (CVq) of 4.0% with WW and 6.46% with GW was observed under 
subsurface (15 cm deep) placement of lateral.
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9.1 INTRODUCTION

We must increase production and productivity of fruit crop per unit use of inputs. 
Water is a valuable resource that must be used wisely. Popularity of micro irriga-
tion systems is popular among citrus growing farmers. The farmers have to decide 
the best system among various micro irrigation systems to suit the requirement 
and to increase productivity. The major constraints in fruit production system in-
clude inadequate rainfall and its distribution, depleting ground water table, adap-
tion of surface irrigation methods and excess use of available water resources.

Acid lime occupies 25% of the total area under citrus cultivation, and is one 
of the important citrus fruit grown in different states of India. Low yield is due 
to inadequate irrigation management as the plants are sensitive to availability of 
soil moisture status. The irrigation methods in the acid lime orchards affect the 
distribution and availability of soil water to the plants and ultimately affect nutri-
ent uptake and growth.

The surface irrigation is most common in acid lime orchards. However, in 
recent years, micro irrigation is being adopted due to many advantages of this 
system. Besides the higher cost, micro irrigation causes saving in labor/water/
energy, greater irrigation uniformity and immediate response to crop need, better 
soil-water-plant relationship, favorable rooting environment, and better yield and 
quality [1, 6, 12]. In developed countries, the under tree sprinkler irrigation system 
for effi cient use of water resource is practiced in citrus orchards [10, 11, 13]. The 
research studies are being conducted to determine most effi cient irrigation method 
for growing lemon and it has been found that under tree sprinkler and micro ir-
rigation gave the best pomological results. Micro irrigation was most effi cient and 
water use effi ciency was highest [5]. The response of lemon trees to micro irriga-
tion, microjet irrigation has also been studied under different locations [8]. Drip 
and microsprinkler irrigation trials have been conducted in ‘Valencia’ orange to 
evaluate water use effi ciency, growth and yield by Grieve [2]. The conventional 
method of basin irrigation was compared with micro irrigation and microjet irri-
gation in oranges by several investigators [7, 9]. The studies on effi cacy of micro 
and mini sprinkler irrigation on growth, water use and yield of ‘Hamlin’ orange 
[3] and ‘Shamouti’ orange [4] have also conducted and it was concluded that the 
microsprinkler produced the best results over the fl ood irrigation method. This 
chapter evaluates effects of irrigation methods in acid lime (Citrus aurantifolia cv. 
Swingle) orchards on water use, crop performance, and soil-leaf fertility changes, 
during the 1995–1997.

9.2 MATERIALS AND METHODS

During 1995–1998, the irrigation trials in acid lime were conducted in a 0.5 hect-
are block located in the research farm of National Research Centre for Citrus, 
Nagpur (79°22′E longitude, 21°09′ N latitude, 311 m above msl. The experimental 
site is considered as a subtropical climate with no summer rains. The average an-
nual precipitation (June through October) in the area is about 900 mm. The soil is 
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medium deep with average depth of 50 cm underlain by parent material. The field 
capacity and permanent wilting point was 29.65% and 18.48%, respectively. The 
bulk density and available water content of the field under study was 1.19 g.cm–3 
and 11.17% [=29.65–18.48], respectively. The acid lime plants were planted in 
August 1993 at 5 × 5 m spacing. The orchard was maintained for one-year estab-
lishment. The irrigation systems were installed in early January 1994, and irriga-
tion treatments were initiated in April 1994.

The irrigation treatments consisted of dripper (T1, 8 lph, pressure compensat-
ing, 3/plant), microjet 300°(T2, Rayjet, 1/plant), microjet 180°(T3, Ejet, 2/plant) 
and basin (ring) irrigation method (T4) as a control in a randomized block design 
with six replications. The number of plants per treatments was seven. The micro 
irrigation system was laid out in the fi eld as per the statistical design and water me-
ter control valves were installed to monitor irrigation water in each treatment. The 
aluminum access tubes (50 mm) were also installed and the soil moisture status 
was recorded continuously. The rainfall and evaporation were recorded from the 
agrometeorology station at the research farm. The dripper and microjet treatments 
were scheduled based on class A pan evaporation (0.7 Epan). The quantity of irri-
gation water was calculated using the spread area (150 cm during 1996) and depth 
of irrigation was equal to 0.7xEpan.The irrigation frequencies were daily in drip-
per and microjet 300° treatments and at 2 days interval in microjet 180° treatment. 
The average discharge per tree was 23.1 lph in drippers, 26.7 in microjet 300° and 
64.2 lph in microjet 180°, respectively. The equal amount of water was allowed 
to each tree during each month. The irrigation in basin method was scheduled at 
50%depletion of available water content.

Soil water content was monitored using subsurface Newton moisture probe 
(model Troxler 4300, Soil moisture Santa Barbara, California). Aluminum access 
tubes were inserted at 70 cm depth within the tree basin and 70 cm away from the 
trunk in between two emitters. Soil-water measurements were recorded daily dur-
ing December 1996 through June 1997.The neutron probe was calibrated against 
gravimetric sampling for the site using calibration equation: Y= 0.0228x + 0.123(r 
= 0.95), where, y is ratio of actual counts to standard counts and x is soil moisture 
content (volume basis).

The depth of irrigation water, quantity and number of irrigations (in case of 
basin irrigation) were recorded. The vegetative growth parameters of acid lime 
plants (tree height, tree girth, and canopy volume) were recorded in January 1997. 
The plant girth was taken 15 cm above the soil surface. The canopy volume of the 
tree was calculated using the Castle’s formula. The growth parameters of the acid 
lime trees were statistically analyzed using computer program.

9.3 RESULTS AND DISCUSSION

9.3.1 RAINFALL AND EVAPORATION
The average annual rainfall ranged from 850 mm to 1050 mm. During 1995–1999, 
average annual rainfall was 875 mm. The effective rainfall occurred during June 
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through September. The average monthly rainfall during rainy season was 190 
mm. The rainfall recedes after October onwards. The daily pan evaporation ranged 
from 2.85 to 13.87 mm at the site. The maximum daily evaporation was 13.87 
mm in May and the minimum was during November to January. Figure 1 shows 
monthly rainfall and evaporation pattern during 1995–1999. The irrigation sys-
tems were not operated during July to October as the rainfall exceeded evapora-
tion. Irrigation was started in November and continued till the onset of monsoon 
season in July.

FIGURE 9.1 Rainfall and evaporation pattern at experimental site during 1995–1999.

9.3.2 WATER CONSUMPTION OF ACID LIME
The acid lime trees were irrigated uniformly with different irrigation systems. 
Daily irrigations were scheduled based on pan evaporation during 1995–1997. 
Water use of the acid lime was estimated using canopy area and evaporation. Table 
1 indicates that the water requirement of acid lime during 1997–1998 was higher 
than during 1996–1997. Increase in canopy volume increased the water require-
ment. Water applied through micro irrigation systems varied from 22 to 90 L/day/
tree during 1996–1997 and 12 to 96 L/day/tree during 1997–1998. In basin irriga-
tion, the water was applied after 50% depletion of available water. Total amount of 
water required during a month is given in Table 1. Number of irrigations in basin 
irrigation was more in summer due to more evaporation. The water requirement 
in basin irrigation varied from 23 to 175 L/day/tree. Basin method of irrigation 
required 40 to 50%more water compared to micro irrigation systems. Water saving 
was more in summer in all the irrigation treatments. Increasing evapo-transpira-
tion during summer required larger amount of water in all the irrigation systems. 
The water application during May was 90 to 96 L/day/tree for micro irrigation 
systems and 160 to 175 L/day/tree for basin method of irrigation, respectively.
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TABLE 1 Monthly water applied to Acid lime (Liters/day/plant).

Month Micro irrigation systems1 Basin irrigation

1996–1997 1997–1998 1996–1997 1997–1998

October 24 36 38 62

November 27 28 42 46

December 28 12 49 23

January 22 21 34 35

February 41 37 72 64

March 62 47 120 91

April 60 77 105 140

May 90 96 160 175

June 55 64 85 112

1Dripper (8 lph); Microjet (300°); and Microjet (180°).

9.3.3 GROWTH PERFORMANCE OF ACID LIME
The highest increase in plant height was 66.6 cm in microjet 300° treatment, and 
was 66.18 cm in dripper, and 62.72 in microjet 180° irrigation system (Table 2). 
Similarly, the increase in stock girth was 14.59 cm in microjet 300°, 14.49 cm in 
dripper, and 14.17 cm in microjet 180° irrigation system. The increase in canopy 
volume was 7.75 m3 in microjet 300°, 7.21 m3 in dripper and 6.69 m3 microjet 180° 
irrigation system. The increase in plant height, stock girth and canopy volume in 
basin method of irrigation was 52.07 cm, 12.27 cm and 6.07 m3, respectively.

TABLE 2 Acid lime performance under different micro irrigation systems in 1995 and 1997.

Treatments Plantheight
(cm)

Stock girth
(cm)

Canopy volume
(m3)

1995 1997 Increase 1995 1997 Increase 1995 1997 Increase

Dripper, 8 lph
(3/plant)

179.0 245.2 66.2 20.1 34.6 14.5 1.95 9.16 7.21

Microjet,300°
(1/ plant)

193.2 259.8 66.6 21.4 36.0 14.6 2.35 10.1 7.75

Microjet,180°
(2/plant)

180.6 243.4 62.8 20.6 34.8 14.2 2.20 8.99 6.79

Basin (ring)
irrigation

172.9 225.0 52.1 19.7 32.0 12.3 1.85 7.92 6.07
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9.3.4 CHANGES IN AVAILABLE SOIL NUTRIENT STATUS
The observations on year-wise changes in patterns of available N showed a reduc-
tion for all the treatments. However, the basin method of irrigation recorded 42.2 
mg/kg compared to 6.9 mg/kg to 11.4 mg/kg using micro irrigation systems. The 
available soil P improved in dripper (3.13 mg/kg) and microjet 300° (1.27 mg/kg), 
but indicated depletion pattern in microjet 180° (0.92 mg/kg) and basin irrigation 
(5.42 mg/kg) method. The available soil K was improved with dripper (23.0 mg/
kg) and microjet 300° (23.5 mg/kg), but was decreased with microjet 180° (2.3 
mg/kg) and basin irrigation (23.8 mg/kg). Details of soil N, P and K are presented 
in Table 3.

TABLE 3 Effects of micro irrigation systems on soil nutrient status of acid lime plants.

Treatments Nitrogen (mg/Kg) Phosphorous (mg/Kg) Potassium (mg/Kg)

1995 1997 change 1995 1997 change 1995 1997 change

Dripper, 8 lph

(3/plant)

144.8 137.9 -6.9 20.98 24.11 +3.13 144.0 167.0 +23.0

Microjet, 300°

(1/plant)

134.8 123.4 –11.4 19.37 20.64 +1.27 152.1 175.6 +23.5

Microjet, 180°

(2/plant)

122.2 112.7 –9.5 20.73 19.81 -0.92 165.8 163.5 -2.3

Basin (ring) 
irrigation

147.4 105.2 –42.2 24.13 18.71 -5.42 179.1 155.3 -23.8

9.3.5 CHANGES IN AVAILABLE LEAF N, P AND K NUTRIENT STATUS
The leaf nitrogen content decreased (a total of 1.2–1.63%) in micro irrigation sys-
tems compared to the basin irrigation (1.83%). The leaf P content improved mar-
ginally in all the treatments (Table 4). The leaf K content decreased in different 
micro irrigation systems. The magnitude of reduction in leaf K varied from 0.08 to 
0.62%compared to 0.21% in basin irrigation method. The results revealed that the 
growth and soil-leaf nutrient status of acid lime in micro irrigation systems was 
superior over the conventional method of basin irrigation.

TABLE 4 Effects of micro irrigation systems on leaf nutrient status of acid lime during 1996 
and 1997.
Treat-
ments

Nitrogen % Phosphorous % Potassium
%

1995 1997 change 1995 1997 change 1995 1997 change
Dripper, 
8 lph (3/
Plant)

3.00 1.37 –1.63 0.13 0.14 +0.01 1.48 1.01 –0.47
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Treat-
ments

Nitrogen % Phosphorous % Potassium
%

1995 1997 change 1995 1997 change 1995 1997 change
Microjet, 
300° (1/
plant)

2.42 1.33 –1.09 0.10 0.11 +0.01 1.38 1.30 –0.08

Microjet, 
180° (2/
plant)

2.40 1.20 –1.20 0.12 0.12 0.00 1.82 1.20 –0.62

Basin 
(ring) ir-
rigation

3.08 1.25 –1.83 0.11 0.13 +0.02 1.65 1.44 –0.21

9.4 SUMMARY

A field experiment was conducted on acid lime (Citrus aurantifolia Swingle) dur-
ing 1995–1998 in an Inceptisol to evaluate the comparative efficiency of micro ir-
rigation systems versus basin method of irrigation. The irrigation treatments were 
dripper 8 lph (3/plant), microjet 300° (1/plant), microjet 180° (2/plant) and double 
ring method of basin irrigation. The highest increase in plant height, stock girth 
and canopy volume was recorded in microjet 300° followed by dripper and mi-
crojet 180° irrigation system and basin method of irrigation. The observations on 
year-wise changing pattern of available N showed a reduction with all the treat-
ments. However, the basin method of irrigation recorded 42.2 mg/kg compared 
to 6.9 mg/kg to 11.4 mg/kg using micro irrigation systems. The available soil P 
improved in dripper and microjet 300°, but indicated depletion pattern in microjet 
180° and basin irrigation method. The available soil K improved with dripper and 
microjet 300°, but decreased with microjet 180° and basin irrigation. The leaf 
nitrogen content decreased in micro irrigation systems compared to the basin ir-
rigation. The leaf P content improved marginally in all the treatments. The leaf K 
content decreased in different micro irrigation systems. The magnitude of reduc-
tion in leaf K varied from 0.08 to 0.62% compared to 0.21% in basin irrigation 
method. The results revealed that the growth and soil-leaf nutrient status of acid 
lime in micro irrigation systems was superior over the conventional method of 
basin irrigation.

TABLE 4 (Continued)
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10.1 INTRODUCTION

Most important citrus cultivar commercially grown in central India is Nagpur 
mandarin Citrus (Citrus reticulata Blanco), and is third largest fruit crop culti-
vated in India. The production is 0.875 Mha on 0.148 Mha cultivated area. The 
factors that contribute to low productivity (11 tons per ha) are: scarcity of water re-
sources; poor soil; low application efficiency of conventional irrigation methods; 
inadequate maintenance of pressurized irrigation systems; insufficient technical 
services to the grower; and need for constant soil moisture throughout growth and 
fruit development stages. Gravity method (Basin irrigation) is commonly used in 
Nagpur mandarin orchards, however, it has high irrigation losses (conveyance, 
percolation, evaporation, and distribution losses) and the performance of citrus 
crop is poor with this system [20, 21].

Due to the scarcity of irrigation water, micro irrigation is becoming increas-
ingly popular with mandarin growers. However, many growers are still unsure 
about the effi cacy of drip irrigation, especially where soil moisture defi cit stress 
is adopted for regulating stress and fl owering; and lack of uniformity of moisture 
distribution within the root zone. The sustainability of Nagpur mandarin orchards 
is ensured by any irrigation method capable of replenishing the citrus evapotrans-
piration demand, and simultaneously keeping the soil moisture within the desired 
limit during the citrus growth [2, 16].

Micro irrigation systems have been commonly used in trees throughout the 
world. There is now a gradual shifts from furrow irrigation and overhead sprinkler 
irrigation systems to under-tree micro sprinkler systems like microjets [6, 26, 28]. 
Micro irrigation systems (e.g., drip irrigation, under-tree sprinklers, microsprin-
klers, and microjets, etc.) have been highly effective in commercial citrus cultivars 
like Valencia orange [1], Navel orange [7], Hamlin orange [14], Satsuma manda-
rin [15], Clementine [3], and lemon [4].

Earlier research in India has showed better performance using drip irrigation 
compared to fl ood irrigation in Nagpur mandarin [24, 31], sweet orange [12], and 
acid lime [22–24]. This chapter discusses research results to evaluate: Under-tree 
microjet irrigation systems with automatic irrigation scheduling using controller; 
and performance of bearing Nagpur mandarin (Citrusreticulata cv. Blanco) in 
central India with microjet irrigation systems. Authors studied tree growth, yield, 
nutritional status, optimum water use, uniform soil moisture distribution and 
availability.

10.2 MATERIALS AND METHODS

The 12–14 years old Nagpur mandarin trees (Citrus reticulata cv. Blanco) were 
used to study the effects of under-tree microjets irrigation system on the growth 
and productivity. The field experiment was conducted in a block of 50 × 50 m with 
6 × 6 m tree spacing at experimental farm of NRCC during 2008–2011. The irriga-
tion treatments consisted of: M1–180° microjet (2/tree) Fanjet; M2–180° microjet 
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(2/tree) Rayjet; M3–270° microjet (2/tree) Rayjet; and M4–300° microjet (2/tree) 
Rayjet.

There were six replications per treatments in a randomized block design Fig. 
1. The soil in the 0–15 cm depth had pH of 7.5, CaCO3 of 2.6%, sand of 31.5%, 
silt of 23.7%, and clay of 45.2%. The soil type is classifi ed as fi ne, alkaline, hyper-
thermic, calcareous family of Vertic Ustochrept. Volumetric soil moisture content 
at fi eld capacity (FC) and the permanent wilting point (PWP) soil moisture content 
at the site were 29.86% and 20.38%, respectively. The available water content of 
the soil was 9.48% (= 29.86–20.38%). The soil bulk density of the fi eld was 1.34 
g/cm3. The microjet irrigation system was installed in January 2008 and irrigation 
treatments were initiated in April, 2009. The fl ow of water to the irrigation treat-
ment was automatic with solenoid valves and was recorded with water meters.

FIGURE 1 (Continued)
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FIGURE 1 Sustainable irrigation systems in Nagpur mandarin trees.

The average daily pan evaporation varied from 3.12 mm in November to 11.64 
mm in May. The average discharge from microjet 1800 Fanjet, microjet 180° 
Rayet, microjet 270° Rayet and microjet 300° Rayet was 22, 18, 32 and 24 L per 
hour per tree, respectively. Irrigation was accordingly regulated daily by adjusting 
the duration of irrigation. The Hybrid Station Controller (E-6, Rain Bird, USA) 
and Solenoid valve (Hunter, USA) were installed in fi eld. The easy Extra Simple 
Programmable (ESP) hybrid station controller (four stations) automatically oper-
ated the electronic solenoid valves for the specifi ed programmed duration. It has 
three independent programs having six start times and four control stations. Each 
station runs for 4 h at the most. It has a setting for irrigation frequency. The water 
budgeting is also possible from 10 to 200% of the time set. Aluminum access tubes 
(50-mm diameter) were laid at the soil depth of 0.70 m within the tree basin and 
0.90 m from the trunk considering the zone of maximum feeder root distribution. 
Soil moisture status in the tree basin was monitored regularly using a Neutron 
moisture probe at 15-cm, 30-cm, 45-cm, and 60-cm soil depth. The total monthly 
quantity of irrigation water in each treatment was recorded automatically. The in-
crease in biometric growth parameters (tree height, and girth and canopy volume) 



was recorded in October 2009 and 2010. The stock girth was taken 25 cm above 
the soil surface. The vegetative growth parameters (tree height and tree spread) 
were expressed as canopy volume using the formula: canopy volume = 0.54 HD2 

where, H and D indicate tree height and trunk diameter, respectively. The leaf 
canopy temperature was measured using Infrared thermometer (AG4-Telatemp, 
USA), at the interval of 15 days between 13.00 to 14.00 time clock. The infrared 
thermometer was held at 50° inclined on the south facing the tree and 2 m away 
from the tree. The emissivity of the thermometer was fi xed at 0.97.

Fifty mandarin fruits per treatment were randomly harvested for quality analy-
sis. The total soluble solids (TSS) were determined using hand refractometer (0–32 
°Brix). Titratable acidity was determined by titrating the juice against 0.1N NaOH. 
Percent juice content was determined by extracting the fresh juice and weighing. 
Five- to seven-month-old leaf samples from non fruiting terminals at 1.5–1.8 m 
from the ground were collected [30]. Leaf samples were later thoroughly washed, 
ground using a Willey grinding machine to obtain homogenous samples, and sub-
sequently digested in tri-acid mixture of two parts HClO4 + 5 parts HNO3 + 1 part 
H2SO4 [5]. Leaf analysis consisted of N by auto-nitrogen analyzer (Model Perkin 
Elmer-2410), P using vanadomolybdophosphoric acid method, and K by fl ame 
photometry.

Fruits from each tree were harvested to evaluate the fruit yield per tree and var-
ious fruit quality parameters: Total soluble solids (TSS) using hand refractometer, 
acidity Ranganna [18]. Data for all parameters were statistically analyzed by Least 
Signifi cant Difference (LSD) according to the method described by Rao [17].

10.3 RESULTS AND DISCUSSION

10.3.1 WATER MANAGEMENT
The automatic controlled microjet irrigations were scheduled based on tree water 
requirements each month using Class A pan evaporation and by setting the time 
clock for each treatment. The daily maximum open pan evaporation ranged from 
minimum 3.4 mm per day in December to a maximum 12.7 mm per day in May.

The minimum quantity of water requirement was 70.5 to 97.6 L per day per 
tree during November–December, 2009; and the maximum was 124.8 to 151.1 L 
per day per tree during May 2009. The quantity of daily water need using auto-
matic microjet irrigation was minimum (83.2 to 93.2 L per day per tree) during 
October and maximum (151.1 to 178.3 L/day/tree) during May, 2010 (Table 1). 
The total quantity of daily irrigation water need was within 10–15% variation. The 
variation was not signifi cantly different. The volumetric soil moisture at 15, 30, 45 
and 60 cm depth was measured at the interval of 4–5 days from 1st March, 2009 to 
22nd June during 2009 and 2010. The soil moisture was higher level (above 25% 
wet basis) in the automatic micro irrigation systems. The Fig. 2 shows the monthly 
soil moisture status and its distribution at 0–30 cm depth and 1.2 m spread for 
the automatic microjet irrigation systems. The soil moisture above 30% (w/w) 
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was higher in the microjet 180° Fanjet compared to values for other jet systems. 
Similar results in Nagpur mandarin [23] and acid lime [19, 26] have been reported.

FIGURE 2 Soil moisture distribution pattern in tree root zone with micro-jet systems.



TABLE 1 Sustainable microjet irrigation requirements (liters/day/tree) during March 2009 to 
February 2010 and March 2010 to February 2011.

Treatments Sustainable microjet irrigation requirements (liters/day/tree)

Crop season 2009–2010

Mar

9

Apr

9

May

9

Jun

9

Oct

9

Nov

9

Jan 10 Feb 10

M1 90.4 142.1 151.1 121.4 98.8 97.6 111.0 99.7

M2 104.7 116.6 131.2 123.9 91.3 93.9 105.4 92.9

M3 99.9 139.2 127.7 102.1 82.2 76.9 92.9 79.7

M4 94.5 116.3 124.8 101.2 79.2 70.5 86.4 76.6

Treatments Crop season 2010–2011

Mar 10 Apr 10 May 10 Jun 10 Oct

10

Nov 10 Jan 11 Feb 11

M1 110.3 134.4 178.3 160.6 93.2 90.3 98.6 103.4

M2 103.4 121.7 158.2 139.3 90.7 95.4 94.5 98.8

M3 95.9 117.7 155.6 162.3 91.2 82.3 97.3 81.3

M4 93.3 112.1 151.1 149.9 83.6 86.0 93.2 88.7

M1–180° microjet (2/tree) Fanjet; M2–180°microjet (2/tree) Rayjet;

M3–270° microjet (2/tree) Rayjet; M4–300°microjet (2/tree) Rayjet. 

10.3.2 GROWTH AND CANOPY VOLUME OF NAGPUR MANDARIN 
TREES
The efficacy of a micro irrigation system is adjudged by the extent to which evapo-
transpiration demand of the tree is met at critical growth stages to maintain a con-
stant sap flow and its partitioning within the mandarin tree. The canopy volume of 
trees was significantly affected by the various micro irrigation systems during the 
year 2008–2011 Table 2.

TABLE 2 Growth parameters of Nagpur mandarin with four microjet irrigation treatments, 
during October 2008–2010.
Treatment Crop season

2008–09 2009–10 2010–11 Mean

Tree height, m

M1 5.39 5.82 5.91 5.71

M2 5.24 5.63 5.7 5.52

M3 5.43 5.74 5.85 5.67

M4 5.32 5.53 5.6 5.48

LSD

(P=0.05)

NS NS NS

Stockgirth, cm

M1 75.42 79.25 81.00 78.56
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Treatment Crop season

2008–09 2009–10 2010–11 Mean

M2 74.08 77.92 81.02 77.67

M3 73.75 77.6 79.87 77.07

M4 70.00 77.3 79.50 75.60

LSD

(P=0.05)

NS NS NS

Canopyvolume, m3

M1 84.08 97.01 99.96 93.68

M2 85.06 92.71 94.17 90.65

M3 77.29 90.08 98.04 88.47

M4 61.01 74.99 78.44 71.48

LSD

(P=0.05)

8.05 10.02 1.08

M1–180° microjet (2/tree) Fanjet; M2–180° microjet (2/tree) Rayjet;

M3–270° microjet (2/tree) Rayjet; M4–300° microjet (2/tree) Rayjet.

The values for tree height and stock girth were not signifi cantly different. 
Maximum cumulative increase in tree canopy volume was 93.68 m3 with microjet 
180° Fanjet type irrigation system followed by 90.65 m3 with microjet 180° Rayjet 
type irrigation system. The microjet 300° Rayjet type irrigation system gave low-
est increase in canopy volume (71.48 m3) due to large variation in soil moisture 
availability from fi eld capacity (50–70% of AWC), thus providing a nonuniform 
microclimate for growth. Similar results have been reported with Hamlin orange 
[14] and acid lime [22, 25].

10.3.3 LEAF NUTRIENT STATUS OF NAGPUR MANDARIN
The different microjet irrigation treatments showed a significant response for the 
leaf nutrient composition Table 3. Optimum soil moisture distribution during the 
entire growth period maintained the regulated influx of macro and micronutrients 
within the active root zone of trees, and showed that the Fanjet micro irrigation 
system was highly effective compared to other three Rayjet micro irrigation sys-
tems. The leaf N, P, and K concentration increased from lower values of 2.03, 
0.084, and 1.05% with microjet 300° Rayjet type irrigation system to as high as 
2.17, 0.084, and 2.38% with microjet 180° Fanjet, respectively. These values were 
significantly higher than the other microjet irrigation systems including microjet 
180° Rayjet and microjet 270° Rayjet. Similar trends in the uptake of the micronu-
trients (Fe, Mn, Cu and Zn) were observed with various microjet systems during 
2009–2011 (Table 3). Earlier studies on Nagpur mandarin [22, 31] and acid lime 
[22, 27] as a test crop indicated higher leaf N, P, and K concentration under drip 
and micro irrigation systems compared to gravity methods of irrigation.

TABLE 2 (Continued) 



TABLE 3 Leaf nutrient status of Napur mandar in under different microjet irrigation treatments 
during 2008–2011.
Leaf nutrient status

Treatments Macronutrients (%) Micronutrients (ppm)

N P K Fe Mn Cu Zn

2009–10

M1 2.17 0.084 0.93 81.0 52.4 10.0 17.1

M2 2.17 0.078 1.04 86.6 48.0 10.4 21.5

M3 2.11 0.075 0.90 110.0 58.9 9.8 19.5

M4 2.03 0.084 1.05 140.7 33.0 8.9 14.7

CD

(P=0.05)

NS NS NS NS NS NS NS

2010–11

M1 2.34 0.12 1.42 85.4 47.6 9.8 24.8

M2 2.14 0.08 1.13 90.9 56.2 8.8 16.6

M3 2.12 0.07 0.98 94.5 52.8 9.6 15.8

M4 2.00 0.09 1.10 91.7 55.1 7.8 19.4

CD

(P=0.05)

0.18 0.02 0.21 NS NS NS NS

10.3.4 FRUIT YIELD AND QUALITY OF NAGPUR MANDARIN
The yield and fruit quality were highly influenced by the different microjet ir-
rigation treatments Table 4. However, the response of Fanjet microjet was more 
pronounced than the other three microjet Ray type irrigation treatments. Higher 
yield under microjet irrigation was attributed to consistently and regulated sup-
ply of soil moisture within the tree rhizosphere. As shown in Table 5, the highest 
mandarin fruit yield was recorded with microjet 180° Fanjet (29.4 tons/ha). The 
moderate yield was observed with microjet 300° Rayjet (26.2 tons/ha) followed by 
microjet 270° Rayjet (23.6 tons/ha). The lowest fruit yield was 21.9 tons/ha was 
with microjet 1800 Rayjet scheduled daily. This clearly indicated that the microjet 
irrigation systems maintained higher as well as continuous soil moisture pattern 
influenced by the water and nutrient uptake resulting into good quality fruits be-
sides enhancing the yield. The highest average fruit weight (159.8 g) and lowest 
acidity (0.77) was observed with microjet 180° Fanjet. The TSS (9.47 °Brix) and 
juice percent (39.1%) were higher with the microjet 300° Rayjet. The TSS/acidity 
ratio is an indicator of sweetness of the fruit. High TSS to acidity ratio implies 
that the fruits have more TSS (total soluble solids) and less acidity. This ratio was 
determined for all the treatments Table 5. The highest TSS/acidity ratio was 12.3 
with microjet 300° Rayjet followed by microjet 270° Rayjet (10.9). The lowest 
TSS/acidity ratio was 10.8 with microjet 180° Fanjet. An improvement in fruit 
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yield in response to irrigation systems has been reported in Navel orange [7], 
sweet orange [12], Satsuma mandarin [15], and Valencia orange [29].

TABLE 4 Yield and fruit performance of Nagpur mandarin in four microjet irrigation 
treatments during 2008–2011.

Treatments Fruits/tree Yield, tons/ha Avg.weightoffruit, g

2008–
2009

2009–
2010

2010–
2011

2008–
2009

2009–
2010

2010–
2011

2008–
2009

2009–
2010

2010–
2011

M1 500 633 763 18.9 28.7 40.3 136.6 164.4 142.6

M2 442 278 977 18.8 11.6 35.4 153.9 154.6 149.4

M3 650 88 963 26.7 4.3 39.9 148.5 171.9 150.8

M4 821 228 1015 31.5 12.0 35.1 138.7 189.4 151.5

LSD
(P=0.05)

NS 140 121 NS 7.6 2.31 NS 23.3 1.24

TSS, °Brix Juice content, % Acidity, %

M1 8.33 8.57 10.12 33.30 40.42 42.36 0.64 1.12 0.75

M2 9.00 8.20 9.73 35.40 40.86 41.99 0.70 1.03 0.77

M3 9.20 7.57 9.63 30.10 38.41 40.60 0.70 1.00 0.72

M4 10.10 8.35 9.95 35.90 38.50 43.05 0.64 0.92 0.74

LSD
(P=0.05)

NS NS NS NS NS 42.36 NS NS NS

TABLE 5 Average fruit yield and quality of the Nagpur mandarin during 2008–2011(pooled 
data of 3 years).

Treatments No. of
fruits

Yield TSS wt. of 
fruit

Juice content Acidity TSS/acid
ratio

No. Tons/ha °Brix g % % ratio

M1 632 29.4 9.00 147.9 38.7 0.84 10.8

M2 566 21.9 8.98 152.6 39.4 0.83 10.8

M3 567 23.6 8.80 157.1 36.4 0.81 10.9

M4 688 26.2 9.47 159.81 39.1 0.77 12.3

LSD

(P=0.05)

NS 2.17 0.19 4.81 1.21 0.02 NS



Grieve [9] reported 12% increase in fruit yield of Valencia orange and 22% 
increase in water use effi ciency (WUE) under micro irrigation systems compared 
to basin method of irrigation. Koo and Smajstrala [11] observed that fruit quality 
of Valencia orange was superior with trickle irrigation system. Research studies 
comparing drip systems with fl ood irrigation also demonstrated comparatively 
higher fruit weight, rind thickness, and juice content in sweet orange [12, 13].

10.4 SUMMARY

The sustainable higher yield and better fruit quality of Nagpur mandarin is pos-
sible with different with tree microjet irrigation systems using automatic daily 
scheduling. The automatic irrigation scheduling using hybrid station controller 
maintained higher water application in the mandarin orchard. The Nagpur manda-
rin yield was highest with microjet 180° Fanjet irrigation system. The fruit quality 
was also affected with automatic microjet irrigation systems. Highest fruit weight, 
TSS, juice percent and TSS/acidity ratio were obtained with microjet 300° Rayjet. 
The automatic microjet irrigation can be a better substitute for micro irrigation for 
enhancing the yield, fruit quality, water and fertilizer use efficiency.

The irrigation requirement in Ray type microjet irrigation systems was sub-
stantially optimum compared to Fanjet type microjet irrigation system. Depleting 
water resources in Central India and other citrus growing areas need more precise 
management of water in lieu of growing conditions where fl owering is regulated 
by imposing soil-water defi cit stress. The microjet 180° Fanjet or Rayjet can be 
used in commercial production of Nagpur mandarin in Central India. The yield 
and fruit quality of Nagpur mandarin can be substantially improved by adopting 
microjet irrigation systems and may also be used for improved soil moisture pat-
tern, which is mainly required during fruit development stages.

The quantity of water with automatic controller in microjet irrigation sys-
tems varied from 70.5 to 142.1 L/day/tree and 82.3 to 134.4 L/day/tree during 
2009–10 and 2010–11, respectively. The soil moisture distribution was higher 
and uniform under irrigation with 180° Fan type microjet followed by irrigation 
with 180°Ray type microjet. The highest average increase in canopy volume was 
recorded in microjet 180° Fanjet. The highest fruit yield was 29.4 tons/ha with 
180° Fan type microjet followed by 26.2 tons/ha with 300° microjet (2/tree).
The lowest yield was 21.9 tons/ha with 1800 Rayjet type microjet. The analysis 
of fruit quality revealed that total soluble solids was highest (9.47 °Brix) with 
300°Ray type microjet followed by 9.0 °Brix with 180° Fan type microjet treat-
ment. The highest juice content was 39.4% with 180° Ray type microjet irriga-
tion compared to 180° Fan type microjet. The TSS to acidity ratio was highest 
with 300° Rayjet type microjet irrigation system.
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11.1 INTRODUCTION

Citrus reticulata cv.Blanco (Nagpur mandarin) production in India is 0.875×106 
tons that is grown on 0.148×106 ha (bearing area is 86,200 ha). The average citrus 
yield is 10–11 tons/ha that is too low compared to other citrus cultivars, due to crop 
water stress, inadequate method of scheduling, poor irrigation efficiency, lack of 
modern irrigation technology, and inadequate soil moisture during the critical 
plant growth and fruit developmental stages. In Nagpur mandarin orchards, the 
conventional irrigation methods are being replaced with micro irrigation sys-
tems, due to increasing scarcity of water. However, the micro irrigation system 
is not operated regularly to maintain the correct irrigation intervals and irriga-
tion uniformity, which may be due to inadequate maintenance and the 
manual operation. The crop yield can be increased from 10 to 15 tons/ha with 
adoption of the modern fully automated micro irrigation system. The adoption 
of automated microjet irrigation systems in combination with fertigation enhanced 
the production and yield of the Nagpur mandarin [11], and fruit quality [9, 10, 
12].

The computerized method of irrigation scheduling allows adequate irrigation 
management and the growers can know when critical moisture levels are expected 
to occur. The simple, reliable and accurate automated system enables rapid analy-
sis of a number of variables. The inputs by the farmer are minimal namely: monitor 
in grain fall and irrigation levels; and determining oil moisture depletion level, etc. 
Citrus growers are provided with a projected data when crop stress will start, so 
that the technician can start irrigation [4] with a computer based feedback system. 
Information on soil moisture and fertilized levels is registered by sensors and is 
fed into a microcomputer, which initiates, controls and terminates the irrigation or 
fertigation [1]. Eight to ten year old trees cv. Valancia on citrus aurantium root-
stock planted at 8 × 4 m in red loamy soil in Cuba were irrigated at 65, 75, 85, the 
conventional 80% of fi eld capacity, and zero irrigation. The irrigation at 85%fi eld 
capacity g a v e  highest yield and improved fruit quality [6]. Cavazza [2] assessed 
the value of automatic irrigation systems to reduce labor and water consumption 
costs with three automation methods: Local automation control, Cyclic automa-
tion and Central programming automation.

A simplifi ed method of irrigation scheduling for citrus orchards in the Mediter-
ranean was developed in Sicily, Italy. The automation system was implemented 
using data from a meteorological station, a personal computer, fi eld units and 
solenoid valves. Daily gross requirements were calculated with net water require-
ment and irrigation application effi ciency. Reference evapotranspiration was es-
timated based on Hargreaves-Samani model and the class A pan evaporation data 
[7]. A survey of the Florida citrus industry revealed that larger operations are more 
likely to use a computer than smaller operations. If the computers are available, 
then largest citrus operations are more likely to use more specialized software ap-
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plications for irrigation automations, citrus production, decision aids, and access-
ing local weather information [3].

The existing micro irrigation system in Nagpur mandarin orchard was con-
verted to automatic micro irrigation system using ESP-4 Hybrid Station Control-
ler, and 100 PGA solenoid valve. The soil moisture content at 30 cm depth in the 
root zone ranged from 27.2–29.8%, which is 10–15% below the fi eld capacity. 
The canopy volume of the mandarin enhanced from 65.2 to 81.4 m3 due to micro 
irrigation modernization. Fruit yield also increased from 17.6 to 25.1 tons/ha. The 
fruit quality was also improved due to automatic controller based micro irrigation 
system. The optimum quantity of water required for the bearing Nagpur mandarin 
plants was minimum (47 to 70 L/day/plant) during October–December and was 
maximum (118 to 129 L/day/plant) during April–June. The study indicated that 
the automatic micro irrigation scheduling using controller has potential for water 
saving and sustaining the Nagpur mandarin yield and quality [8, 13]. Pulse irriga-
tion system is shown in Fig. 1.

FIGURE 1 Pulse irrigation.

This chapter discusses: (1) The conversion of the existing micro irrigation 
system in Nagpur mandarin orchard to the automatic micro irrigation schedul-
ing system using ESP-6 Hybrid Station Controller and solenoid valves; (2) The 
water was pumped automatically from the subsurface ground water according to 
the irrigation needs (depth, duration and frequency) indicated by the controller to 
maintain irrigation uniformity and continuous soil moisture in the root zone; ef-
fects on the yield and quality of Nagpur mandarin. The author studied automatic 
micro irrigation scheduling daily as well as alternate-day to evaluate the effects on 
tree performance, yield and quality of 12–14 years old Nagpur mandarin trees. He 
also considered potential evapotranspiration.

11.2 MATERIALS AND METHODS

The automatic irrigation scheduling experiment was conducted at experimental 
farm of Nagpur Research Citrus Center of ICAR (NRCC) during 2008–2011. The 
experimental site was 0.25 ha with six rows of citrus trees. The treatments were 
automatic irrigation daily with 60min interval three times (I1), automatic irrigation 
daily with 90-min interval two times (I2), automatic irrigation on alternate day with 
120 min three times (I3) and automatic irrigation on alternate day with 180 min two 
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times (I4) with six replication sin ran domize d block design. The so i l  texture 
was clay loam at a soil depth of 41 cm. The composites oil samples were collected 
for determination of field capacity (FC) and permanent wilting point (PWP). The 
FC and PWP were 30.44% and 19.56%, respectively. The available water content 
of the soil was 10.89% [= 30.44–19.56]. The soil bulk density was 1.34 g/cc that 
was determined using core sample of 100 cm3 and oven drying method. Hydraulic 
conductivity was 14.6 cm/m of soil depth.

The Extra Simple Programming (ESP) with self-display made the electronic 
controller easy to program, read and work. The easy programmable hybrid station 
controller (4–6 stations) automatically was installed to operate the electronic 
solenoid valve forth specifi ed program d duration. The automatic controller had 
three program options (A, B and C) with six independent start times and four 
controlstations. Each station was run for 4 h. The controller also had a feature for 
setting the frequency of irrigation. The water budgeting is also possible from 10 
to 200% of the time set. The Hybrid Station Controller (E-6, Rain Bird, USA) and 
Solenoid valve (Hunter, USA) are installed in fi eld irrigated with micro irrigation.

The electrical control panel consisted of power supply, main switch, pump 
control relays and hybrid station controller. The ground station consisting of 
valves and water meters was also installed to operate the system according to the 
controller settings for each treatment. The irrigations were based on open class A 
pan evaporation and by setting the time in each treatment according to the water 
need of plant each month. The micro irrigation system consisted of 16 mm dia. 
lateral and 8 lph drippers (4/plant) and other accessories. The plant growth pa-
rameters were recorded during October 2008. Increase in plant height, girth and 
canopy volume were recorded in October 2009–2010. The stock girth was taken 
at 15 cm and scion girth at 25 cm above the soil surface. The canopy volume of 
the mandarin tree was calculated using spread and canopy height using Castle’s 
formula. The total fruits harvested from each tree were weighed for evaluating the 
fruit performance. The total soluble solid was determined using hand refractom-
eter (0–32 °Brix). Titratable acidity was determined by titrating the juice against 
0.1N NaOH. Percent juice content was determined by weighing the fresh juice. 
The data was analyzed with standard procedure by SAS.

11.3 RESULTS AND DISCUSSION

11.3.1 WATER USE WITH AUTOMATION
The irrigation scheduling was based on class A pan evaporation and by setting 
the time for each treatment according to the water need of tree every month. The 
total quantity of irrigation water scheduled on daily as well as on alternate day 
basis was nearly same. The daily class A pan evaporation ranged from a minimum 
of 3.4 mm per day in December to a maximum of 12.7 mm per day in May. The 
minimum quantity of water was 46.9 to 55.4 L per day per tree during November–
December, 2009 and the maximum was 118.4 to 129.1 L per day per tree during 
May 2011. The quantity of water for Nagpur mandarin scheduled using automatic 
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micro irrigation, and daily and alternate day basis was minimum (65.00 to 72.4 L 
per day per tree) during October and was maximum (133.04 to 147.7 L/day/plant) 
during May, 2010. The variation in monthly water quantity of water per tree was 
not significant at P = 0.05. The in situ soil moisture was monitored from 1st March, 
2009 to June 22, 2010. The volumetric soil moisture at 15, 30, 45 and 60 cm soil 
depth was measured at an interval of 4–5 days. The soil moisture was monitored 
at higher level (above 25% wet basis) in the automatic irrigation scheduled daily 
with 90 min two times and automatic irrigation scheduled on alternate day with 
180 min two times. The soil moisture was maintained between 15–25% in auto-
matic irrigation scheduled daily with 60 min three times and irrigation scheduled 
on alternate day with 120 min three times. This research study indicates that the 
automatic irrigation scheduling affected the soil moisture and it was higher during 
the critical summer months from March through June. This clearly indicates that 
soil moisture was maintained higher in automatic irrigation scheduled automatic 
irrigation daily with 90 min interval two times and automatic irrigation daily with 
180 min interval two times, which had higher and continuous flow rates. The fluc-
tuations over the period were not observed. The study concludes that higher soil 
moisture during the year 2009 was maintained in the automatic irrigation sched-
uling having 90 min two times daily and 180 min two times on alternate days. 
During the year 2010, the soil moisture was maintained higher and uniform in 
automatic irrigation scheduling daily with 90 min interval two times and auto-
matic irrigation on alternate day with 180 min two times, which have higher and 
continuous flow rates.

11.3.2 PERFORMANCE OF NAGPUR MANDARIN TREES
The growth of Nagpur mandarin was affected by automatic irrigation schedul-
ing treatments based on daily and on alternate day. The growth of mandarin was 
recorded during October of 2008–2010. Data on tree height and tree spread were 
used to estimate the canopy volume. The tree height and stock girth were not 
significantly different at P = 0.05. The average tree height of the Nagpur manda-
rin ranged from 5.10–5.42 m, and stock girth varied from 71.75–76.03 cm. The 
significant differences in canopy volume were observed at P = 0.05, ranging from 
64.56–87.81 m3 (Table 1). The average tree height and stock girth were higher 
in automatic irrigation on alternate day with 120 min three times followed by 
automatic irrigation daily with 90 min interval two times. The canopy volume 
was significantly affected due to the automatic irrigation scheduling. The aver-
age canopy volume was higher (87.81 m3) in automatic irrigation scheduling on 
alternate day with 120 min interval three times followed by automatic irrigation 
scheduling daily with 180 min interval two times (84.83 m3) compared to the 
automatic irrigation scheduling daily 60 min interval three times (66.6 m3) and 
automatic irrigation scheduling daily with 90 min interval two times (64.56 m3) 
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during 2008–2011. The differences were mainly due to availability of constant 
and continuous soil moisture in root zone. The similar observations have been also 
recorded in the studies on Nagpur mandarin [9].

TABLE 1 Effects of four irrigation scheduling treatments on growth of Nagpur mandarin 
during October 2008–2010.

Treatment Plant height (m) Stock girth (cm) Canopy volume (m3)

2008 2009 2010 Mean 2008 2009 2010 Mean 2008 2009 2010 Mean

I1 4.96 5.11 5.23 5.10 67.42 72.92 74.90 71.75 61.94 67.99 69.87 66.60

I2 5.11 5.22 5.27 5.20 69.5 76.25 78.25 74.67 56.18 67.11 70.38 64.56

I3 5.26 5.45 5.54 5.42 72.75 76.33 79.00 76.03 81.43 89.64 92.37 87.81

I4 5.27 5.29 5.45 5.34 72.75 77.13 78.20 76.03 78.99 86.87 88.62 84.83

LSD

(P = 0.05)

NS NS NS NS NS NS NS NS 13.61 1.34

I1 – Automatic irrigation daily with 60 min interval three times; 

I2 – Automatic irrigation daily with 90 min interval two times;

I3 – Automatic irrigation at alternate day with 120 min three times; and

I4 – Automatic irrigation at alternate day with 180 min two times.

11.3.3 FRUIT YIELD AND QUALITY
The average number of fruits per tree, yield, TSS, Juice content, acidity and TSS 
to acidity ratio were analyzed during the study period and pooled data are pre-
sented in Table 2. The Nagpur mandarin fruits were harvested during first two 
weeks of November, and the samples were randomly selected to evaluate the fruit 
performance. During 2008–2011, Nagpur mandarin yield and fruit quality of the 
Nagpur mandarin were significantly affected by the automatic controller based 
irrigation scheduling on daily and alternate day basis having duration of 1–3 h 
and two to three pulses a day. The fruits per tree, fruit yield per ha, TSS, and juice 
content were significantly different at P = 0.05 among the irrigation scheduling 
treatments during 2008–2011. The average fruit weight and acidity were not sig-
nificantly different at P = 0.05 that may be attributed to the internal fruit quality 
and micro irrigation uniformity.
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TABLE 2 The average fruit yield and quality of the Nagpur mandarin during 2008–2011 
(pooled data for 3 years).

Treatment No. of fruits 
per tree

Yield 
(tons/
ha)

TSS

(°Brix)

Average 
weight 

offruit(g)

Juice 
(%)

Acidity 
(%)

TSS/acidity 
ratio

I1 606 24.50 9.71 146.54 38.64 0.83 11.7

I2 747 30.11 9.49 151.96 37.68 0.81 11.7

I3 726 30.91 10.22 153.67 40.77 0.78 13.2

I4 638 27.04 9.92 152.23 37.93 0.80 12.4

LSD 
(P=0.05)

29 0.54 0.37 0.81 1.21 0.04 0.72

The treatments are described in Table 1.

The yield and fruit quality values were signifi cant at P = 0.05 for all irrigation 
treatments. The average number of fruits per tree varied from 606 to 726 in all 
treatments. The number of fruits per tree was highest in the automatic irrigation on 
alternate day with 120 min three times followed by automatic irrigation daily with 
90 min interval two times. The yield of the Nagpur mandarin was signifi cantly 
infl uenced by various micro irrigation scheduling. The yield increased from 24.5 
to 30.91 tons/ha. The highest mandarin fruit yield was recorded in the automatic 
micro irrigation on alternate day with 120 min three times (30.91 tons/ha). The 
moderate yield was observed in automatic micro irrigation daily with 90 min in-
terval two times (30.11 tons/ha) followed by automatic micro irrigation daily with 
180 min interval two times (27.04 tons/ha). The lowest fruit yield was seen in 
irrigation scheduled daily having 60 min interval three times. This concludes that 
the automatic micro irrigation scheduling on daily and alternate days maintained 
higher as well as continuous soil moisture infl uenced by water and nutrient uptake 
resulting into good quality fruits besides enhancing the yield. The mandarin fruit 
diameter ranged from 1.51 to 6.87 cm during the study period. High fruit growth 
rate was seen in automatic irrigation on alternate day with 180 min two times in 
2009 and 2010.

The highest average fruit weight (153.67 g.) and lowest acidity (0.78) were 
observed in the automatic micro irrigation on alternate day with 120 min three 
times. The TSS (10.22 °Brix) and juice percent (40.77%) were higher in the auto-
matic irrigation on alternate day with 120 min three times. The TSS/acidity ratio 
is an indicator of sweetness of the fruit. The high TSS to acidity ratio implies that 
the fruits have more TSS (total soluble solids) and less acidity. This ratio was 
analyzed for all the treatments. The highest TSS/acidity ratio was found in the au-
tomatic micro irrigation on alternate day with 120 min three times (13.2) followed 
by automatic micro irrigation on alternate day with 180 min two times (12.4). The 
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lowest TSS/acidity ratio (11.7) was observed in automatic micro irrigation with 60 
min three times daily.

11.4 CONCLUSIONS

The sustainable and higher production of Nagpur mandarin is possible with auto-
matic micro irrigation scheduling daily or on alternate days, which maintained 
higher water application to the mandarin trees. Automated  micro irrigat ion 
maintained the soil moisture status above 25% (wet basis) throughout the fruit 
growing period. The automatic irrigation on alternate day with 120 min three times 
gave highest values of yield, fruit weight, TSS, juice percent and TSS/acidity ratio. 
The automatic micro irrigation scheduling is a good substitute for manual micro 
irrigation operation to enhance the yield, fruit quality, water and fertilizer use ef-
ficiency.

11.5 SUMMARY

During 2008–2011, the hybrid station controller based automatic pulse irrigation 
scheduling field experiment was conducted on 10–12 years old bearing Nagpur 
mandarin (Citrus reticulata Blanco) at National Research Center for Citrus, Nag-
pur. The objective was to study the automatic daily micro irrigation scheduling 
daily as well as alternate day based on time schedules and potential evapotrans-
piration. The treatments consisted of automatic daily irrigation daily with 60 min 
interval three times (I1); automatic irrigation daily with 90 min interval two times 
(I2); automatic irrigation on alternate day with 120 min three times (I3); and auto-
matic irrigation on alternate day with 180 min two times (I4) with six replications 
in randomized block design. The automatic hybrid station controller E-6 (Rain 
Bird, USA) was used for micro irrigation scheduling setting the time for each 
treatment based on the tree water need and class A pan evaporation. The various 
scheduling treatment timings were programmed in A, B and C options of the hy-
brid station controller. The sustainable production of Nagpur mandarin is possible 
with automated micro irrigation scheduling daily or on alternate days.

The water use in October varied from 65.0–72.4 L/day/plant and during May–
June it was 133.0–147.7 L/day/plant. The leaf nutrient status was high with au-
tomatic alternate day micro irrigation scheduling. The canopy temperature was 
positively infl uenced with automatic micro irrigation scheduling. The Nagpur 
mandarin fruit yield was highest (30.91 tones/ha) with irrigation on alternate day 
120 min three times, followed by irrigation scheduled with 90 min interval two 
times daily (30.11 tones/ha). Fruit weight (154.7 g), TSS (10.22 °Brix) and juice 
percent (40.77%) were signifi cantly different with automatic irrigation at alternate 
day with 120 min three times. The automatic micro irrigation scheduling may be 
better option than the manual micro irrigation scheduling to enhance the water use 
effi ciency of Nagpur mandarin.
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12.1 INTRODUCTION

In majority of commercially grown citrus orchards, citrus is usually cultivated as 
monoculture and any onset of epidemic may lead to crop destruction. In major 
citrus grown orchards in India, cotton is one of the commercial crops besides pulse 
and oilseed crops [1, 3, 12]. The intercropping in citrus is reported by Krishnamur-
ti [7] and Gill [4]. The research on sustainable intercropping practices in Nagpur 
mandarin orchards with single inter strip crops is being conducted [5, 6, 8]. The 
integrated citrus based cropping system: (1) Optimizes land use, maximum return 
per unit area, soil conservation and fertility build-up, waste recycling and insur-
ance against failure of individual crop; and (2) Provides year round employment 
and reduces total cost of production.

In India, the citrus production is about 0.86 million tons per annum on an area 
of 0.923 million hectares. The important commercial citrus cultivars of citrus are 
mandarin (Citrus reticulata Blanco), sweet orange (Citrus sinensis Osbeck), and 
acid lime (Citrus aurantifolia Swingle) with a total production of 1.634, 3.567 and 
2.571 million tons, respectively. Nagpur mandarin (Citrus reticulata Blanco) is an 
important commercial citrus crop in the Vidarbha region of Maharashtra – India 
[13].

The declining of the citrus orchards in India is a major concern due to lack 
of disease-free planting material, inadequate sustainable soil and water practices, 
poor health management [2, 9], lack of irrigation water resources, and conven-
tional irrigation practices. The Nagpur mandarin orchards are also declining due 
to shortage of irrigation water during the critical tree growth stage and poor drain-
age system during the rainy season [10]; inadequate best management practices 
(BMP). The adoption of intercropping practices provides an effective strategy to 
obtain additional income during off-season without inducing soil moisture stress 
and soil infertility. The adoption of strip cropping with pulse and cotton in pre-
bearing citrus orchards is highly remunerative per unit area both qualitatively and 
quantitatively in irrigated agro ecosystem. The fruit bearing of the mandarin starts 
from fourth year onwards [11]. Therefore, during the prebearing Nagpur mandarin 
orchard establishment, unused row spaces can be effectively used for sustainable 
intercropping practices. This helps citrus growers economically. The innovative 
intercropping system in Nagpur mandarin grove has not studied in central Indian 
conditions, with cotton as a main intercrop and the leguminous/ oilseed crops 
(e.g., soybean, groundnut and gram) as sub intercrops between the cotton and 
mandarin trees.

In this chapter, the author presents research results on performance of Nagpur 
mandarin with sustainable practices to recommend suitable intercropping system 
consisting of cotton and leguminous crops. He also discusses the relationship and 
interactions between Nagpur mandarin trees and intercropping system consisting 
of cotton, soybean, black gram, groundnut, gram and mung beans (also known 
as green gram or golden gram in India: Vigna radiata). According to the author, 
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the complementary, competitive and supplementary nature of such practices near 
the mandarin root zone improve the soil moisture and soil fertility status in the 
long-term with emphasis on the health and yield performance of citrus trees with 
regard to plant growth, yield, quality, nutrient and moisture conservation of main 
and intercrops.

12.2 MATERIALS AND METHODS

The research, on sustainable intercropping practices in prebearing and bearing 
Nagpur mandarin during 2009–2012, consisted of seven intercrops in the farmer’s 
field at Sawandri and Brhamni villages of Nagpur District in India. The follow-
ing intercropping treatments were evaluated using randomized block design with 
three replications and six trees per plot:

T1: Nagpur mandarin + no intercrop;
T2: Nagpur mandarin + cotton;
T3: Nagpur mandarin + cotton + soybean;
T4: Nagpur mandarin + cotton + black gram;
T5: Nagpur mandarin + cotton + groundnut;
T6: Nagpur mandarin + soybean followed by gram;
T7: Nagpur mandarin + black gram followed by gram; and
T8: Nagpur mandarin + groundnut followed by summer mung.
The soil was moderately deep (49 cm), well drained, calcareous, clayey, gently 

sloping with land capability class III. The soil fi eld capacity and permanent wilt-
ing percentage were determined using pressure plate apparatus (Soil moisture Inc., 
Santa Barbara, USA). Soil bulk density was estimated with core method and oven 
drying methods. The prebearing and bearing mandarin trees were spaced at 6 m 
with an average canopy area of 10.75–13.85 m2.

In prebearing stage of Nagpur mandarin, the cotton was sown at a plant spac-
ing of 5 m between two rows of mandarin trees at 6 m spacing. In bearing man-
darin grove, inter space was 3 m for intercropping. In case of Cotton with other 
intercrops (T2, T3, and T4), the cotton was spaced at 3 m and soybean/black gram/
groundnut at one meter spacing on either side of cotton. In other than cotton treat-
ments (T5, T6, T7 and T8), the intercrop was sown at 5 m spacing between two 
rows of main crop in kharif crop (Indian word: refers to the planting, cultivation 
and harvesting of any domesticated plant sown in the monsoon rainy season, and 
these crops are usually sown with the beginning of the fi rst rains towards the end 
of May) and then followed with rabi crop (Indian word: refers to agricultural crops 
sown in winter and harvested in the spring; these crops are sown after the depar-
ture of monsoon rains and harvested in the beginning of April/May) such as gram/
summer mung in the residual moisture with light irrigation if required. In bearing 
mandarin stage, light to medium pruning was done.

In bearing mandarin orchard, plant spacing of cotton was 3 m space between 
two rows of mandarin spaced at 6 m (T2). Cotton with other intercrops (T3, T4, 
T5) was sown at 3 m spacing with the central row at 1 m for cotton and soybean/
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black gram/groundnut on both sides at one meter. In treatments without cotton 
crop (T6, T7, T8), the kharif intercrop was sown at 3 m spacing between the tree 
rows and then followed with rabi intercrop. In the kharif season, cotton (var. LRK-
516), soybean (var. JS-335), black gram (var. TAU-1) and groundnut (var. JL-24) 
were sown as intercrops. After the monsoon season land attained fi eld capacity 
(1/3 bar soil moisture), the kharif intercrops were sown. In rabi season, gram (var. 
Chaffa) and summer mung (var. K-581) were intercropped..

In prebearing mandarin orchard, the soil fi eld capacity was 31.4% at 102 cm 
soil depth and 29.8%, at 78 cm. The soil bulk density was 1.35 g/cc in prebear-
ing and 1.54 g/cc in bearing Nagpur mandarin orchards, respectively. From June 
through September, suffi cient soil moisture in the citrus grove as well as in inter-
crop regions was maintained due to effective rainfall. From October through May, 
conventional method of gravity irrigation was used. Surface fl ooding was used 
for intercrops using basin method of irrigation, based on the calendar method of 
irrigation scheduling. Irrigation was initiated when 50% of available water con-
tent was depleted. The soil moisture at 30 cm depth was monitored every 15 days 
with the soil moisture monitoring probe (Profi le Probe PR1, Delta T, UK) and soil 
moisture monitoring meter (HH2 Delta T, UK). The fi berglass-reinforced plastic 
(FRP) tubes were installed in each treatment for monitoring the soil moisture with 
the profi le probe.

The experiment was initiated and initial growth parameters were recorded dur-
ing October 2009 subsequently. Increase in tree growth parameters (tree height, 
stock and scion girth and canopy volume) were recorded in October 2011 and 
2012. The stock girth was measured 15 cm and scion girth at 25 cm above the 
ground surface. The canopy volume of the mandarin tree was calculated using 
spread and canopy height with a Castle’s formula. The total fruits from each tree 
were harvested and weighed to calculate the yield. A total of 50 fruits per treat-
ment were randomly taken for analyzing the fruit quality. The total soluble solids 
(TSS) were determined using hand refractometer (0–32 °Brix). Titratable acidity 
was determined by titrating the juice against 0.1N NaOH. Percent juice content 
was determined by weighing the extracted juice.

12.3 RESULTS AND DISCUSSION

12.3.1 EFFECTS OF SUSTAINABLE INTERCROPPING PRACTICES ON SOIL 
MOISTURE CONSERVATION IN NAGPUR MANDARIN
The soil moisture status in Nagpur mandarin with intercrop cotton was lower than 
the other intercropping treatments (Table 1) due to higher soil moisture extraction 
by the cotton crop. It can be attributed to narrow row spacing and larger foliage 
coverage. This also reveals that cotton crop required more moisture compared to 
soybean, black gram and groundnut intercrops. Comparatively higher soil mois-
ture was observed in soybean and groundnut intercrops. Moderately high soil 
moisture content was recorded in rabi season in treatments with soybean followed 
by gram, and groundnut followed by mung bean. Lower soil moisture was 
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observed during April-May due to high temperature and evaporation during sum-
mer months. The advantage of conserved soil moisture was more in prebearing 
Nagpur mandarin orchard than the bearing grove. It is concluded that the sustain-
able intercropping practices can best use the available soil moisture during the 
rainy season and irrigation water (Table 1).

TABLE 1 Effect of sustainable intercropping practices on soil moisture status in Nagpur 
mandarin orchard during 2010–2012.

Treatment Soil moisture at 30 cm depth,% (wet basis)

2010–2011 2011–2012

Jun–
Sep

Oct-
Dec

Jan-
Mar

Apr–
May

Jun–
Sep

Oct-
Dec

Jan-
Mar

Apr–
May

Pre-bearing Nagpur mandarin orchard

T1 25.49 25.12 31.87 28.99 26.44 21.12 23.38 23.58

T2 21.81 28.87 30.82 27.50 25.87 16.13 24.42 11.05

T3 19.40 29.74 31.23 28.89 27.41 24.82 22.80 18.65

T4 25.82 29.93 33.38 26.11 25.34 18.43 22.70 13.94

T5 27.59 27.08 32.21 28.75 25.34 18.09 24.10 22.62

T6 30.65 28.82 31.72 34.19 27.40 19.69 23.18 22.67

T7 25.44 29.90 32.19 29.87 30.53 22.46 22.05 22.85

T8 28.37 28.21 25.61 26.91 28.42 19.87 24.87 22.75

CD (P=0.05) NS NS NS 2.4 NS NS NS 1.8

Bearing Nagpur mandarin orchard

T1 18.62 28.04 20.18 24.30 20.80 19.80 20.77 24.10

T2 20.04 27.82 23.05 27.57 18.86 20.70 20.52 25.02

T3 21.44 27.08 22.42 22.54 18.25 20.40 19.88 27.34

T4 27.94 27.82 22.03 18.11 22.78 20.90 20.87 25.75

T5 29.75 27.05 20.92 17.54 20.56 20.05 23.67 25.83

T6 24.33 27.36 24.41 22.64 18.91 21.50 25.12 28.75

T7 31.87 26.82 22.17 20.64 20.27 20.70 20.16 28.54

T8 24.55 29.26 24.06 21.35 24.03 20.60 21.42 26.31
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Treatment Soil moisture at 30 cm depth,% (wet basis)

2010–2011 2011–2012

Jun–
Sep

Oct-
Dec

Jan-
Mar

Apr–
May

Jun–
Sep

Oct-
Dec

Jan-
Mar

Apr–
May

CD

(P=0.05)

NS NS NS 1.9 NS NS NS 1.5

Sustainable practices: Intercropping treatments

T1 – Nagpur mandarin;

T2 – Nagpur mandarin + cotton;

T3 – Nagpur mandarin + cotton + soybean;

T4 – Nagpur mandarin + cotton + black 
gram;

T5 – Nagpur mandarin + cotton +

Groundnut;

T6 – Nagpur mandarin + soybean followed by 
gram;

T7 – Nagpur mandarin + black gram followed 
by Gram; and

T8 – Nagpur mandarin + groundnut followed 
by summer mung beans.

Increase in soil moisture content during April-May months of summer was 
signifi cant at P = 0.05. Higher soil moisture content at 30 cm depth was observed: 
34.2% for prebearing in T6 and 29.6% for bearing in T5 during 2010–2011; and 
30.53% for prebearing in T7 and 28.75% for bearing in T6 during 2011–2012 
(Table 1). Amongst all treatments, the treatment with soybean, black gram and 
groundnut intercrops resulted in signifi cantly higher increase in soil moisture at 
30 cm during both the years. Chadha et al. [1] reported similar results in their 
research with intercropping practices in young citrus orchards. The higher soil 
moisture content below the crop canopy of the intercropping treatments can be due 
to reduction in soil surface evaporation and weed growth. The Nagpur mandarin 
with cotton intercrop also conserved soil moisture in the tree root zone compared 
to Nagpur mandarin alone.

12.3.2 EFFECTS OF SUSTAINABLE INTERCROPPING PRACTICES ON 
PERFORMANCE OF NAGPUR MANDARIN
Sustainable intercropping practices in this research affected tree height, stock 
girth, scion girth and canopy volume of Nagpur mandarin (Table 2). The increase 
in tree height, stock girth and scion girth was not significant. However, the cano-
py volume of the plant was significantly influenced by the various intercropping 
treatments during 2009–2010. The highest increase in tree height of 1.04 m in T5 
and stock/scion ratio of 0.61 in T6 were observed in bearing Nagpur mandarin or-
chard. The highest increase in tree height of 0.53 m in T3 and stock/scion ratio of 
0.67 in T2 were observed in prebearing Nagpur mandarin orchard. The tree height, 

TABLE 1 (Continued) 
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canopy volume and stock/scion ratio were comparatively higher in the intercrops 
with Nagpur mandarin along with soybean, black gram and groundnut followed 
by gram and summer mung bean. The increase in tree height, canopy volume and 
stock/scion ratio were 0.28 m, 8.5 m3 and 0.64 for pre bearing Nagpur mandarin in 
treatment without cotton and intercrops (T1). The increase in tree height, canopy 
volume and stock/scion ratio were 0.92 m, 19.52 m3 and 0.59 for bearing Nagpur 
mandarin in treatment without cotton and intercrops (T1).

In bearing mandarin grove, there was no effect of various intercropping treat-
ments on growth parameters (Table 2). The maximum canopy volume was 28.81 
m3 in treatment T6, followed by T5, followed by T8, followed by T7.Maximum 
yield was 20.0 tons per ha in treatment T6. However, the effect of various treat-
ments on yield was nonsignifi cant. In bearing orchard, tree height increments in 
various intercropping combinations were nonsignifi cant. However, the values of 
increase in tree height and canopy volume were much lower in prebearing orchard 
(Table 2).

Plant canopy volume showed signifi cantly more increase in treatment Nagpur 
mandarin + black gram followed by gram (10.66 m3) followed by Nagpur man-
darin + cotton + soybean during 2010–2012. There was no signifi cant effect on 
stock/scion ratio under various intercropping combinations in all treatments. The 
stock/scion ratio was higher in prebearing mandarin orchard than bearing man-
darin plants. This is due to the establishment of the new plants in the prebearing 
orchard of mandarin.

TABLE 2 Effect of sustainable intercropping practices on tree performance and yield of 
prebearing and bearing Nagpur mandarin orchard during 2009–2012.

Treat-
ment

Increase
in tree
height

Canopy
volume

Stock /
scion
ratio

Yield Treat-
ment

In-
crease

in
tree

height

Canopy
volume

Stock /
scion
ratio

Yield

m m3 ratio tons/
ha

m m3 ratio tons/
ha

Pre-bearing Nagpur mandarin orchard Bearing Nagpur mandarin orchard

T1 0.28 8.49 0.64 — T1 0.92 19.52 0.59 12.20

T2 0.44 7.73 0.67 — T2 0.58 17.15 0.66 12.75

T3 0.53 10.53 0.66 — T3 0.64 16.10 0.56 14.56

T4 0.35 8.73 0.65 — T4 0.62 10.99 0.55 15.11

T5 0.37 9.29 0.63 — T5 1.04 27.06 0.57 14.50
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Treat-
ment

Increase
in tree
height

Canopy
volume

Stock /
scion
ratio

Yield Treat-
ment

In-
crease

in
tree

height

Canopy
volume

Stock /
scion
ratio

Yield

m m3 ratio tons/
ha

m m3 ratio tons/
ha

Pre-bearing Nagpur mandarin orchard Bearing Nagpur mandarin orchard

T6 0.26 8.19 0.63 — T6 1.01 28.81 0.61 20.00

T7 0.24 10.66 0.61 — T7 0.86 22.95 0.56 12.85

T8 0.43 10.60 0.64 — T8 0.63 23.72 0.55 13.51

C D 
(P=0.05)

NS 1.24 NS — CD 
(P=0.05)

NS 2.45 NS 4.71

Note: Treatments are defined in Table 1.

12.3.3 GROWTH AND YIELD OF INTERCROPS IN NAGPUR MANDARIN 
ORCHARDS
In prebearing mandarin orchard, Table 3 indicates that the plant volume of cotton 
was not significantly different among all intercropping combinations. The number 
of bolls/plant and cotton yield were maximum in the treatment T4 compared to 
cotton alone and cotton in combination with soybean, black gram and groundnut 
intercrops. The plant volume of soybean did not show any distinct trend. However, 
number of pods per plants and yield were 92.60 and 2837.33 Kg/ha for treatment 
T3 compared to soybean alone followed by gram (T6). Length of pod was higher 
in cotton + soybean (3.39 cm) but number of seeds per pod was more in soybean 
alone followed by gram (2.68). Yield of soybean was more in combination with 
cotton compared to that when grown alone followed by gram. The volume of plants 
in black gram did not show significant differences in the two treatments (Nagpur 
mandarin + cotton + black gram, and Nagpur mandarin + black gram followed by 
gram). The volume of plants during 2011–2012 was less due to high incidence of 
mosaic disease. This directly affected number of pods, length of pods, and number 
of seeds per pod and yield of black gram. The plant volume and number of pods 
per plants in groundnut were not significantly different in treatments T5 and T8. 
However, the length of pods, number of seeds and yield were significantly more 
when groundnut was grown with cotton. The plant volume was similar in all treat-
ments combination with gram. Yield of gram was more in treatment involving 
soybean (Table 3). The yield of intercrops per tree during 2010–2011 and 2011–
2012 was influenced by different intercropping systems. Significant differences 

TABLE 2 (Continued)
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in yield of intercrops were observed in different intercropping treatments during 
2010–2012. Similar results of increased yield with intercropping practices have 
been reported in mandarin grove and other citrus cultivars [7, 9, 12].

TABLE 3 Performance of intercrops during 2009–2012.

Treat-
ment

Volume
of 

plants 
m3

No. of
pods per

plant

Yield
kg per 

ha

Treat-
ment

Volume
of plants

m3

No. of 
pods 
per

plant

Yield
kg per ha

Pre-bearing Nagpur mandarin orchard Bearing Nagpur mandarin orchard
Cotton Cotton
T2 0.027 22.44 898.58 T2 0.018 21.47 286.54
T3 0.027 25.80 975.23 T3 0.013 18.93 275.48
T4 0.026 24.08 1008.25 T4 0.014 18.93 252.93
T5 0.025 22.57 893.44 T5 0.012 18.28 211.40
Soybean Soybean
T3 0.031 92.60 2837.33 T3 0.011 24.16 390.99
T6 0.029 67.07 1358.77 T6 0.009 22.48 340.35
Black gram Black gram
T4 0.017 21.80 823.91 T4 0.008 10.11 147.63
T7 0.014 18.90 545.67 T7 0.007 8.74 67.22
Groundnut Groundnut
T5 0.021 23.18 898.37 T5 0.007 17.66 128.50
T8 0.019 25.31 814.54 T8 0.008 23.27 139.29
Gram Gram
T6 0.009 24.23 453.04 T6 0.002 3.85 123.50
T7 0.011 25.80 526.94 T7 0.002 3.18 105.84
CD

(P=0.05)

0.005 2.88 27.3 CD

(P=0.05)

0.002 1.73 18.4

Note: The treatments are defined in Table 11.

12.3.4 SOIL FERTILITY STATUS AND NUTRIENT UPTAKE IN NAGPUR 
MANDARIN ORCHARDS
In all the treatments, the soil organic carbon increased significantly in both pre-
bearing and bearing orchards. Considerable higher increase was observed in treat-
ments T6 and T7 after two years. Whereas, in no intercrop treatment (T1), it did 
not change. The increase is attributed to addition of organic residues by the in-
tercrops. The soil pH value in both orchards was unaffected in all treatments. In 
bearing orchard, decrease in electrical conductivity (EC) values was observed in 
T5, T6 and T7 treatments while in prebearing orchard it decreased in treatment T4 
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(0.34 ds/m). In prebearing mandarin orchards soil nutrient variation was greater 
compared to bearing orchards due to large space available for growing different 
intercrops. The nitrogen content among different treatments varied significantly. 
The decrease was observed in treatment T2 while the highest increase was ob-
served in T6.

The phosphorus content decreased after two years in all treatments except in 
T4. The potassium content also varied signifi cantly. It decreased treatments in 
T2 and T4, whereas it increased in other treatments. The highest increase was 
observed in T3 (328.7 kg/ha). The soil iron status varied signifi cantly among all 
treatments. The increase was observed in T1 and T6 treatments, where it decreased 
in treatment T2, from the initial value after two years. The manganese content de-
creased in all treatments after fi rst year, and afterwards it increased. Considerable 
decrease in manganese was observed in T1 treatment. Differences in Zinc content 
among all treatments were not signifi cant.

In prebearing orchards, the nitrogen uptake in all the treatment increased dur-
ing 2010–2012. The highest increase was 2.24% T6 (Nagpur mandarin + soy-
bean followed by gram). The P uptake was 0.13% in T1 (Nagpur mandarin alone), 
0.12% in T2 (Nagpur mandarin + cotton var. LRK516), 0.16% in T5 (Nagpur 
mandarin + cotton + groundnut var. JL24), and 0.16% in T7 (Nagpur mandarin + 
black gram followed by gram). The potassium uptake was not signifi cantly differ-
ent among T1, T2 and T3, after two initial years. In T4 to T8, it increased over the 
initial content. The percentage values of Fe, Mn, Cu and Zn varied signifi cantly 
among different treatments. The Fe content increased during initial two years, and 
then decreased during third year in T1, T2 and T3. The manganese content varied 
signifi cantly among different treatments. The highest increase in Mn content was 
75.8 ppm in T6 after two years. The copper content among different treatments 
was signifi cant during initial two years, whereas it was nonsignifi cant during third 
year. The highest increase in Zinc uptake was 22.8 ppm in T8.

In bearing orchard, the nitrogen uptake varied signifi cantly (from 1.62 to 
2.14%) during 2011 and 2012 among all treatments. It was highest in the treatment 
T7 (2.08% in 2011 and 2.14% in 2012). In all the intercropping treatments except 
in T2, it increased. The variation in phosphorus uptake was not signifi cantly in 
all treatments. In T4 (Nagpur mandarin + cotton + black gram var. TAU1), the P 
content was decreased from 0.19 to 0.12% after three years. In most of the inter-
cropping treatments, the K content increased after fi rst and second year, while it 
decreased during third year. The black soils of central India are rich on potassium 
and luxury consumption by plants may be the reason for these differences.

12.3.5 FRUIT QUALITY OF BEARING NAGPUR MANDARIN
The fruit quality of Nagpur mandarin was affected in all treatments as shown in 
Table 4. Better fruit weight, TSS, acidity, juice content and yield were due the 
in-situ soil moisture conservation by different intercropping practices. The differ-
ences were significant in juice content, acidity and TSS. The values of fruit size, 
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peel weight and thickness, number of seeds and segments were non significant. 
Highest fruit juice content (3.12%) was observed in the Nagpur mandarin without 
any intercrops (T1).

The highest TSS (13.6 °Brix) was in T4. The lowest acidity (0.74) was in T7. 
The TSS to acidity ratio was highest in T7 (15.95), indicating the sweet mandarin. 
The TSS to acidity ratio was 14.51 in T5 and 13.72 in T8. The fruit size was 6.36 
cm in T8. The mandarin fruit size was lowest in T1.This implies that sustainable 
intercropping practices were benefi cial. Similar results in Nagpur mandarin have 
been reported by other scientists [12, 8]. Total soluble solids (TSS) was 13.61% in 
T4 and was signifi cant. Vitamin C of the fruit was unaffected with intercropping 
systems in Nagpur mandarin orchards.

TABLE 4 Effect of sustainable intercropping practices on quality and performance of Nagpur 
mandarin fruits during 2009–2012.

Treat-
ment

Fruit

Diameter

cm 

Peel No. of Juice

Weight

g

thickness

mm

Seeds Segments Content

% 

T.S.S

°Brix

Acidity

%

TSS/ 
acidity

ratio

T1 5.87 57.3 1.87 10.29 8.03 43.12 11.55 0.97 11.90

T2 6.04 62.3 1.76 9.95 8.73 39.64 11.62 0.97 11.97

T3 5.76 48.7 1.76 8.94 7.97 41.06 12.80 0.96 13.34

T4 5.84 55.4 1.77 10.02 7.61 43.03 13.61 1.03 13.21

T5 5.74 58.0 1.75 10.06 9.01 40.92 12.63 0.87 14.51

T6 6.14 57.1 1.89 10.18 8.56 41.74 11.41 0.84 13.58

T7 6.13 68.5 1.77 9.96 9.01 39.65 11.81 0.74 15.95

T8 6.36 63.0 1.93 10.06 7.67 37.41 11.53 0.84 13.72

CD

(P=0.05)

NS NS NS NS NS 1.65 1.61 0.41

Note: The treatments are defined in Table 1.

12.4 CONCLUSIONS

In bearing orchard, tree growth was not affected by the intercrops. In prebearing 
orchard, tree height and stock-scion ratio of Nagpur mandarin trees was not af-
fected by various intercrops, whereas canopy volume was maximum in the treat-
ment Nagpur mandarin + black gram followed by gram. Cotton can be grown at 
a row spacing of 3 m and 5 m between the mandarin rows without affecting the 
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yield. Cotton with the other intercrops (soybean, black gram and groundnut) can 
be sown between centrally grown cotton row s and in strips between Nagpur man-
darin. The plant canopy volume of Nagpur mandarin was maximum in Nagpur 
mandarin + soybean followed by gram. The highest Nagpur mandarin yield of 
20.0 tons/ha (72.3 kg/tree) was recorded in the intercropping of Nagpur mandarin 
+ soybean followed by gram. Growth and yields of the intercrops in the bearing 
orchard were lower than those under prebearing orchard. In bearing orchard, com-
bination of Nagpur mandarin + soybean followed by gram resulted in maximum 
yield of 20.0 tons/ha of Nagpur mandarin. The total soluble solids (TSS) to acidity 
ratio was more in Nagpur mandarin + black gram followed by gram than for the 
Nagpur mandarin + cotton + groundnut. The fruit acidity and juice percent were 
also significantly affected.

High soil moisture status was observed in intercrops of soybean and ground-
nut. The maximum cotton yield was intercropping with soybean, black gram and 
groundnut compared to cotton alone. The number of pods per plants was more in 
soybean grown with cotton as compared to soybean alone. This research revealed 
that the intercropping system with cotton + soybean or cotton + black gram in 
the interspaces of prebearing and bearing mandarin improved the yield as well as 
sustainability of mandarin, and the production of intercrops.

Net price-return of the intercrops was higher in prebearing orchard compared 
to bearing orchard. The economical return of mandarin crop was higher in the in-
tercropping with soybean followed by gram compared to other treatments.

12.5 SUMMARY

A field experiment was conducted during 2009–2012 to evaluate the sustainable 
intercropping practices with cotton as the main intercrop and black gram/soybean/
groundnut/gram/mung bean as intermediate intercrops in prebearing and bearing 
Nagpur mandarin orchards. The treatment consisted of Nagpur mandarin with-
out intercrop, Nagpur mandarin + cotton, Nagpur mandarin + cotton + soybean, 
Nagpur mandarin + cotton + black gram, Nagpur mandarin + cotton + groundnut, 
Nagpur mandarin + soybean followed by gram, Nagpur + black gram followed by 
gram, Nagpur mandarin + groundnut followed by summer mung. The tree canopy 
volume indicated maximum increase in Nagpur mandarin + soybean followed by 
gram. The highest Nagpur mandarin yield was 20.0 tons/ha (72.3 kg/tree) with 
Nagpur mandarin + soybean followed by gram. The prebearing orchard, the Nag-
pur mandarin + black gram followed by gram gave significant increase compared 
to Nagpur mandarin + cotton + soybean. The total soluble solids (TSS) to acidity 
ratio was higher in Nagpur mandarin + black gram followed by gram compared to 
Nagpur mandarin + cotton + groundnut. The fruit acidity and juice percent were 
also significantly affected. Higher soil moisture was observed in intercrops of soy-
bean and groundnut. The maximum cotton yield was in intercropping treatments 
with soybean, black gram and groundnut compared to cotton alone. The number 
of pods per plants was more in soybean grown with cotton compared to soybean 
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alone. This study revealed that the intercropping system with cotton + soybean 
or cotton + black gram in the interspaces of prebearing and bearing mandarin 
improved the yield, sustainability of mandarin, and the production of intercrops.
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13.1 INTRODUCTION

Nagpur mandarin occupies an area of 0.0286 Mha in Maharashtra, Madhya 
Pradesh, Rajasthan and Chattisgarh States of Central India. In the current citricul-
ture crops of India, the major concerns are efficient use of water and fertilizer to 
increase the crop yield and fruit quality [24]. To maximize yield and fruit quality 
and nutrient uptake in citrus groves with limited amounts of water and fertilizer, 
the essential factors are: Maximization of water use; minimization of input cost 
of irrigation and fertilizers; the adoption of sustainable micro irrigation systems 
[16]; irrigation scheduling based on class A pan evaporation [13, 18, 19, 25] ; and 
fertigation [17]. For higher yield and good fruit quality of Nagpur mandarin, the 
use of optimum quantity of Potassium fertilizer along with other N and P fertil-
izers at appropriate time of the fruit growth stages is among the various factors. To 
enhance the growth and productivity, amount of NPK fertilizer either in the form 
of organic or inorganic and its application method play an important role [1].

The current practice dose is to split into three the fertilizer doses applied in 
June, October and February. These doses of fertilizers are applied as banded caus-
ing nutrient pollution and waste of fertilizer due to leaching, evaporation and soil 
fi xation. The fertilizer application effi ciency with conventional methods is low 
due to its lateral movement away from the active root zone. Sustainable micro ir-
rigation in combination with fertigation is the most effi cient method of pressurized 
irrigation because of saving in water and fertilizer use [7, 10, 25]. Fertigation is 
most effective, economical and convenient means of maintaining optimum fertil-
ity level according to the specifi c requirement of each crop and resulting in higher 
yield and better fruit quality [26, 29]. In areas with inadequate rainfall, fertigation 
offers the best option to ensure that nutrients reach the root zone. The Nitrogen 
fertigation have been evaluated on Shamouti sweet orange [2], Valencia orange 
[8], Naval orange [5, 9], Sunburst mandarin [4], Nagpur mandarin [14, 22, 23] and 
acid lime [12, 15]. The Potassium (K) fertigation during fl ower initiation to fruit 
growth and development is a latest technology and not enough literature is avail-
able on Nagpur mandarin under Central Indian agro-climatic conditions.

In this chapter, the authors discuss the effects of fertigation with various sourc-
es of potash (K) fertilizers on tree vegetative growth, leaf nutrient status and up-
take, yield and fruit quality of Nagpur mandarin (Citrus reticulate cv. Blanco) in 
Central India.

13.2 MATERIALS AND METHODS

At experimental farm of National Research Centre for Citrus (NRCC) – ICAR- 
Nagpur – India, the field experiment was set up on a 0.25 ha with 6 × 6 m tree 
spacing to evaluate effects of four different Potassium fertilizers on: Nutrient up-
take due to K fertigation; growth and productivity of 12–14 years old bearing Nag-
pur mandarin during 2009 to 2012. The treatments consisted of fertigation with:

T1 Potassium Chloride (KCL)(150 g K2O/tree) at 15 days interval, 
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T2 Potassium Nitrate (KNO3)(150 g K2O/tree) at 15 days interval, 
T3 Potassium Sulfate of Potash (K2SO4)(150 g K2O/tree) at 15 days interval, 

and
T4 Mono Potassium Phosphate (KH2PO4)(150 g K2O/tree) at 15 days interval.
Randomized block design with six replications was used to setup the fi eld ex-

periment. The soil texture at the site is clay loam and the soil depth is 45 cm. The 
composite soil samples were collected for determination of fi eld capacity and per-
manent wilting point. Volumetric soil moisture content at fi eld capacity (FC) and 
the permanent wilting point (PWP) were determined using pressure plate method. 
The FC and PWP was 28.14% and 19.1%, respectively. The available water con-
tent of the soil is 9.04% (= 28.14–19.10). The soil bulk density was determined 
using core sampler having 100 cm3 volume and oven drying method. The soil bulk 
density was 1.5 g/cm3. The soil water holding capacity was 12.23 cm/m of soil 
depth.

The micro irrigation system consisted of 4 lph drippers @ 4 per tree at 
4 locations on the lateral (16 liters per hour per tree) and the liquid dispenser 
(DOSTRAN, France). For studying suitability of different Potassium fertilizers 
for K fertigation, the authors used Potassium Chloride (KCL, 0:0:60), Potassium 
Nitrate (KNO3, 13:0:46), Potassium Sulfate (K2SO4, 0:0:50) and mono Potassium 
Phosphate (KH2PO4, 0:52:34). The recommended fertigation dose for the Nagpur 
mandarin grove is 500:150:150 of N:P:K, respectively. Fertigation was started in 
October at an interval of 15 days, on 2nd and 16th day each month. Nitrogen was 
fertigated from October to January, and all N, P and K were fertigated from Febru-
ary to June. From October to January months, Nitrogen (N) was fertigated with 
urea (46% N) @ 11.60 Kg of urea in all treatments. From February to June, differ-
ent Potassium fertilizers were fertigated. The various fertilizer combinations along 
with the quantity of fertilizers for 48 trees in each fertigation treatment were:

1. For Treatment T1,  KCL: In this treatment, Urea Phosphate, Urea and 
KCL were used in following quantities:  KCL, 1.20 Kg   + Urea Phos-
phate, 1.632 Kg + Urea, 2.256 Kg.

2. For Treatment T2 , KNO3: Urea Phosphate, Urea and KNO3  were 
used in following quantities: KNO3, 1.6 Kg + Urea Phosphate, 1.637 
Kg + Urea, 1.806 Kg.

3. For Treatment T3, K2SO4: Urea Phosphate (UP), Urea and K2SO4 
were used in following quantities: K2SO4, 1.44 kg  + UP, 1.632 Kg + 
Urea,  2.256 Kg.

4. For Treatment T4, KH2PO4: KH2PO4, Phosphoric acid (86 %) and 
Urea, were used in following quantities: KH2PO4, 1.385 Kg + P2O5 
acid, 0.290 + Urea, 2.898 Kg.

The biometric growth parameters of Nagpur mandarin trees (height, girth, 
spread) were recorded in October during 2009, 2010 and 2011. The tree stock 
girth was taken 15 cm above the soil surface.  The canopy volume of the manda-
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rin tree was calculated with Castle formula [3]. Nagpur mandarin fruit yield and 
quality were evaluated with procedures described by Ranganna [11]. The initial 
soil and leaf samples were collected from the different treatments during No-
vember, 2009, using procedures suggested by Srivastava et al. [27]. Finally leaf 
samples were digested in diacid mixture of H2SO4: HClO4 in 2.5:1 ratio. The 
leaf N was determined using alkaline permangate steam distillation method, P by 
vanadomolybdophosphoric acid method and K by fl ame photo metrically. The 
data on fruit yield and quality in different K fertigation treatments for 3 years 
were analyzed by analysis of variance method [6].

13.3 RESULTS AND DISCUSSION

13.3.1 TREE PERFORMANCE OF NAGPUR MANDARIN WITH K 
FERTIGATION
The growth of mandarin tree (tree height, stock girth, and canopy volume) was 
recorded during October of 2009–10, 2010–11 and 2011–12 (Table 1). The differ-
ent Potassium (K) fertigation treatments using four different potash fertilizers af-
fected the growth parameters of 14–16 years Nagpur mandarin during 2009–2012. 
According to the data in Table 1, among all the growth parameters, only canopy 
volume was significantly different among all K fertigation treatments. The tree 
height and stock girth were not significantly different among all K fertigation 
treatments. The highest mean tree height (5.53 m) and mean stock girth (77.25 
cm) were recorded in mono-Potassium Phosphate fertigation [T4]. The lowest 
mean tree height (5.42 m) and mean stock girth (73.63 cm) were observed in K 
fertigation with Potassium Nitrate [T2] during 2009–2012. The significant canopy 
volume was observed ranging from 65.05 to 71.51m3 in 2009–10, 77.51 to 84.88 
m3 in 2010–11 and 79.0 to 88.09 m3 in 2011–12, respectively. The highest mean 
canopy volume (81.49 m3) was recorded with K fertigation using mono-Potassium 
Phosphate [T4]. The lowest mean tree canopy volume (73.85 m3) was observed 
in K fertigation with Potassium Nitrate [T2] during 2009–12. This may be due to 
fertigation Potassium fertilizers during the tree growth stages, frequent irrigation. 
The fertigation scheduling favored fruit growth development. The similar type of 
observations have been observed in the earlier studies on fertigation scheduling in 
Nagpur mandarin [14] and in acid lime [21] under the Central Indian conditions.

TABLE 1 The tree growth and canopy volume of Nagpur mandarin during 2009–2012.
Treatments Tree height, m Stock girth, cm Canopy volume, m3

2009–
10

2010-

11

2011-

12

Mean 2009-

10

2010-

11

2011-

12

Mean 2009-

10

2010-

11

2011-

12

Mean

T1 5.31 5.54 5.65 5.50 74.13 75.75 75.90 75.26 67.31 78.57 80.25 75.46

T2 5.19 5.50 5.57 5.42 70.92 74.59 75.38 73.63 65.05 77.51 79.00 73.85

T3 5.26 5.53 5.70 5.50 73.32 78.25 80.04 77.20 70.38 81.37 84.86 78.87
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Treatments Tree height, m Stock girth, cm Canopy volume, m3

2009–
10

2010-

11

2011-

12

Mean 2009-

10

2010-

11

2011-

12

Mean 2009-

10

2010-

11

2011-

12

Mean

T4 5.26 5.64 5.68 5.53 75.07 77.83 78.86 77.25 71.51 84.88 88.09 81.49

LSD

(P=0.05)

NS NS NS — NS NS NS — NS 0.28 0.67 —

T1 – Fertigation with Potassium Chloride; T2 – Fertigation with Potassium Nitrate;

T3 – Fertigation with Potassium Sulfate; and T4 – Fertigation with mono Potassium Phosphate.

13.3.2 LEAF NUTRIENT STATUS WITH K FERTIGATION USING FOUR 
POTASH FERTILIZERS
The periodic nutrient status of leaf was monitored to evaluate the effects of dif-
ferential K fertigation with four different Potassium fertilizers treatments on leaf 
status and nutrient up-take. In all fertigation treatments, the initial and final leaf 
samples were analyzed for macronutrients (N, P and K) and micronutrients (Fe, 
Mn, Zn and Cu) during 2009–2012 (Table 2).

Before the initiation of  K fertigation treatments, the leaf nutrient status was:  
N (1.86 to 2.08%),  P (0.078 to 0.084%),  K (0.97 to 1.18%),  Fe (117.4 to 168.5 
ppm),  Mn (33.0 to 58.7 ppm),  Cu (8.8 to 19.3 ppm), and Zn (16.6 to 28.2 ppm).

In the fi nal leaf nutrient analysis, the K fertigation with mono Potassium Phos-
phate recorded the highest concentration of macronutrients (N, P and K) and mi-
cronutrients (Fe, Mn, Cu, and Zn) compared to rest of the other fertigation treat-
ments (Table 2). The P and Cu values were signifi cantly different among all the 
treatments, whereas N, K, Fe, Mn and Zn values were not signifi cantly different. 
The fertigation with mono-Potassium Phosphate recorded the highest concentra-
tion of macronutrients (2.23% N, 0.095% P and 1.16% K) compared to rest of the 
fertigation treatments. Leaf N (2.14%), P (0.92%) and K (1.1%) contents were 
observed signifi cantly higher with Potassium Sulfate fertigation than N (2.04%), 
P (0.087%) and K (1.08%) contents with Potassium Nitrate fertigation. The lowest 
leaf nutrient composition N (1.98%), P (0.09%) and K (1.01%) was observed with 
Potassium Chloride fertigation during 2009–2012. Similarly the fi nal leaf analysis 
for micronutrients (Fe, Mn, Cu and Zn) was done during March 2012. The Fe, Mn 
and Zn elements were signifi cantly different due to K fertigation scheduling, how-
ever, the Copper (Cu) element was not signifi cant. The leaf analysis revealed that 
the K fertigation treatment with mono Potassium Phosphate recorded the high-
est concentration of micronutrients (127.1 ppm Fe, 60.1 ppm Mn, 10.9 ppm Cu 
and 26.2 ppm Zn) compared to rest of the fertigation treatments. Leaf Fe (120.8 
ppm), Mn (53.1 ppm), Cu (10.8 ppm) and Zn (24.9 ppm) contents were observed 
signifi cantly higher with Sulfate of potash fertigation than with Potassium Nitrate 
fertigation (Fe, 114.8 ppm), Mn (49.8 ppm), Cu (9.6 ppm) and Zn (23.1 ppm). The 
lowest leaf micronutrients nutrient composition with Fe (112.4 ppm), Mn (43.6 

TABLE 1 (Continued)
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ppm), Cu (9.1 ppm) and Zn (19.2 ppm) content was observed with Potassium 
Chloride K fertigation during 2009–2012.

TABLE 2 The leaf nutrient status in different K fertigation treatments.

Treatments Macronutrients (%) Micronutrients (ppm)

N P K Fe Mn Cu Zn

Initial leaf nutrient status (2009–2010)

T1 1.97 0.080 0.97 122.0 58.7 08.8 18.2

T2 1.86 0.078 0.88 168.5 37.5 10.2 18.4

T3 2.08 0.079 1.18 117.4 38.4 19.3 28.2

T4 2.08 0.084 1.01 142.5 33.0 09.3 16.6

LSD

(P=0.05)

NS NS NS NS NS NS NS

Final leaf nutrient status (2011–2012)

T1 1.98 0.090 1.01 112.4 43.6 09.1 19.2

T2 2.04 0.087 1.08 114.8 49.8 09.6 23.1

T3 2.14 0.092 1.10 120.8 53.1 10.8 24.9

T4 2.23 0.095 1.16 127.1 60.1 10.9 26.2

LSD

(P=0.05)

0.08 NS 0.07 1.04 4.6 NS 1.47

Note: The treatments are defined in Table 1.

13.3.3. EFFECTS OF POTASSIUM FERTIGATION ON FRUIT PERFORMANCE 
OF NAGPUR MANDARIN
The Nagpur mandarin fruits were harvested during first fortnight of November in 
2009, 2010 and 2011. Table 3 indicates the results for mean values of number of 
fruits per tree, yield per ha, TSS, juice content, and acidity during 2009–2012. The 
Potassium (K) fertigation with four different potash fertilizers affected signifi-
cantly the yield and fruit quality of the Nagpur mandarin. The number of fruits per 
tree, fruit yield, fruit weight, total soluble solids (TSS), juice percentage, acidity, 
and TSS/acidity ratio were significantly different during 2010–2011 and 2011–
2012. Yield and fruit quality were significantly affected by K fertigation treat-
ments (Table 3). The average number of fruits per tree varied from 590 to 697 in 
all K fertigation treatments. The highest number of fruits per tree (697 fruits/tree) 
was in K fertigation with mono-Potassium Phosphate followed by K fertigation 
with of potash Nitrate (668 fruits/tree) and Potassium Sulfate (625 fruits/tree). The 
lowest number of fruits per tree was with K fertigation using Potassium Chloride 
(590 fruits/tree), may be due to single K element and not with nitrogen (N) or 
phosphorus (P) during the fruit development phases. The mean Nagpur manda-
rin yield varied from 24.32 to 31.13 tons/ha in all the K fertigation treatments. 
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The highest fruit yield per hectare was with mono Potassium Phosphate fertilizer 
(31.13 tons/ha) followed by K fertigation with Potassium Nitrate (29.40 tons/ha) 
and with Potassium Sulfate (26.77 tons/ha). The lowest fruit yield was with Potas-
sium Chloride (murate of potash, 24.32 tons/ha), may be due to single K source 
and not with N and K elements in critical fruit growth development stages during 
2009–2012 (Table 3). This clearly indicates that Potassium (K) fertigation with 
mono-Potassium Phosphate (MKP) is essential for production of good quality 
mandarin fruits. The micro irrigation in combination with K fertigation resulted in 
good quality fruits and gave higher yield.

TABLE 3 The performance of fruits of Nagpur mandarin during 2009–2012.

Treatments No. of

fruits

Yield Average weight 
of fruit

TSS Juice Acidity TSS/acidity

Ratio

No. tons/ha g °Brix % % Ratio

T1 590 24.32 154.96 10.07 37.16 0.85 11.8

T2 668 29.40 155.28 10.44 38.05 0.84 12.4

T3 625 26.77 155.33 10.48 37.55 0.80 13.1

T4 697 31.13 156.24 10.49 38.76 0.77 13.6

LSD

(P=0.05) 31 1.72 0.03 2.81 0.52 NS ——

Note: The treatments are defined in Table 1.

13.3.4 EFFECTS OF POTASSIUM FERTIGATION ON FRUIT QUALITY OF 
NAGPUR MANDARIN
The mean fruit weight (156.24 g), TSS (10.49 °Brix), juice percent (38.76%) were 
highest and acidity (0.77) was lowest with mono Potassium Phosphate followed 
by K fertigation with Potassium Sulfate. The mean fruit weight (155.33 g), TSS 
(10.48 °Brix), juice percent (37.55%) and acidity (0.8) were observed in K fer-
tigation with Potassium Sulfate. The lowest mean fruit weight (154.96 g), TSS 
(10.07 °Brix), juice percent (37.16%) and highest acidity (0.85) were observed in 
K fertigation with Potassium Chloride. The TSS to acidity ratio is an indicator of 
sweetness of the fruit. High TSS to acidity ratio implies that the fruits have more 
TSS (total soluble solids) and less acidity. The highest TSS to acidity ratio (13.6) 
was found in K fertigation with mono-Potassium Phosphate followed K fertiga-
tion with Potassium Sulfate with TSS to acidity ratio of 13.1. The TSS to acidity 
ratio was 12.4 with the K fertigation with Potassium Nitrate. The lowest TSS to 
acidity (11.8) was observed the K fertigation with Potassium Chloride Table 3. 
The similar results for fruit yield and quality have been observed in Nagpur man-
darin [13, 28] and acid lime [15].
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13.4 CONCLUSIONS

The quality and yield of Nagpur mandarin can be increased with Potassium fer-
tigation. Potassium fertigation was successful with Potassium Chloride (KCL), 
Potassium Nitrate (KNO3), Potassium Sulfate (K2SO4) and mono-Potassium Phos-
phate (KH2PO4) fertilizers in 14–16 years bearing Nagpur mandarin in Central 
India. The leaf nutrient uptake was high in fertigation with Mono Potassium Phos-
phate (150 g K2O/tree) at 15 days interval from February to June. The mandarin 
yield was highest (31.13 tones/ha) with Mono Potassium Phosphate (150 g K2O/
tree) followed by Potassium Nitrate (150 g K2O/tree) at 15 days interval (29.4 t/
ha). The fruit quality was also affected with different sources of potash fertilizers. 
Highest fruit TSS (10.48–0Brix) and fruit weight (156.24 g) were observed with 
mono Potassium Phosphate at 15 days interval.

The highest TSS to acidity ratio was observed in Mono Potassium Phosphate 
(13.6) followed by Potassium Sulfate (13.1). Thus the use of different potash (K) 
fertilizers through micro irrigation and fertigation technique is a sustainable solu-
tion for increasing the citrus production and fruit quality.

13.5 SUMMARY

At experimental farm of National Research Centre for Citrus (NRCC) – ICAR- 
Nagpur – India, the field experiment was set up on a 0.25 ha with 6 × 6 m tree 
spacing to evaluate effects of four different Potassium fertilizers on: Nutrient 
uptake due to K fertigation; growth and productivity of 12–14 years old bearing 
Nagpur mandarin during 2009 to 2012. The treatments consisted of fertigation 
with:

T1 Potassium Chloride (KCL) (150 g K2O/tree) at 15 days interval;
T2 Potassium Nitrate (KNO3) (150 g K2O/tree) at 15 days interval; 
T3 Potassium Sulfate of Potash (K2SO4) (150 g K2O/tree) at 15 days interval; 

and
T4 Mono Potassium Phosphate (KH2PO4) (150 g K2O/tree) at 15 days interval.
The recommended fertigation dose was 500:150:150 (N:P:K) and was given 

at 15 days interval. The fruit yield and quality were measured at harvest. Results 
showed the highest response of the fruit yield (31.13 t/ha) with treatment mono 
Potassium Phosphate. The total soluble solid was highest (10.49 0Brix) in K 
fertigation with mono Potassium Phosphate. Highest juice content (38.76%) and 
low acidity (0.77%) were found in K fertigation with mono Potassium Phos-
phate. The highest TSS to acidity ratio was observed in Mono Potassium Phos-
phate (13.6).



Potassium Fertigation in Nagpur Mandarin 177

KEYWORDS

 • acidity
 • Brix
 • citriculture
 • citrus
 • citrus grove
 • evaporation
 • fertigation
 • fertilizer
 • fruit quality
 • fruit yield
 • India
 • irrigation scheduling
 • juice content
 • leaching
 • lemon
 • micro irrigation
 • microjet irrigation
 • mono Potassium Phosphate
 • murate of potash
 • Nagpur mandarin
 • National Research Centre for Citrus – India
 • NPK
 • P2O5

 • Potassium Chloride
 • Potassium fertigation
 • Potassium fertilizers
 • Potassium Nitrate
 • Potassium Sulfate
 • root zone
 • soil fixation
 • total soluble solids, TSS
 • TSS
 • TSS/acidity ratio
 • urea
 • urea of Phosphate
 • Valencia orange



178 Sustainable Micro Irrigation Management for Trees and Vines

REFERENCES
1. Beridze, T. R. (1990). The effect of organic fertilizers on lemon tree productivity. Sub tropi-

cheskie Kul’tury, 3:83–86.
2. Bielorai, H., Deshberg, E., and Brum, M. (1984). The effect of fertigation and partial wetting of 

the root zone on production of shamouti orange. Proc. Int. Soc. of Citriculture, 1:118–120.
3. Castle, W. (1983). Growth, yield and cold hardiness of seven year old “Bearss” lemon on 20 

seven root-stocks. Proc. Florida State Hort. Soc., 96:23–25.
4. Ferguson, J. J., Davies, F. S., and Bulger, J. M. (1990). Fertigation and growth of young ‘Sun-

burst’ tangerine trees. Proc. of Florida State Hort. Sci., 103:8–9.
5. Fouche, P. S., and Bester, D. H. (1987). The influence of water soluble fertilizer on nutrition and 

productivity of Navel orange trees under microjet irrigation. Citrus and Sub-tropical fruit. J., 
62:8–12.

6. Gomez, K. A., and Gomez, A. A. (1984). Statistical Procedures for Agriculture Research. John 
Wiley & Sons, 664–665 pages.

7. Koo, R.C.J. (1981). Results of Citrus fertigation studies. Proc. of Florida State Horti. Sci., 
93:33–36.

8. Koo, R.C. J., and Smjstrala, A. G. (1984). Effect of trickle irrigation and fertigation on fruit 
production and fruit quality of Valencia orange. Proc. Florida State Hort. Sci., 97:8–10.

9. Louse, F. (1990). Nitrogen fertigation of citrus summery of citrus research. Citrus Research 
Centre and Agricultural Station. University of California, Riverside, 20–22 pages.

10. Haynes, R. J. (1985). Principles of fertilizer use for trickle irrigated crops. Fert. Res., 6:235–
255.

11. Ranganna, S. (1986). Handbook of analysis and quality control for fruit and vegetable products. 
Tata McGraw Hil Pub. Co. Ltd., New Delhi, 881–882 pages.

12. Shirgure, P. S., Lallan, R., Marathe, R. A., and Yadav, R. P. (1999). Effect of Nitrogen fertigation 
on vegetative growth and leaf nitrogen content of acid lime. Indian J. Soil Conserv., 27(1):45–
49

13. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2001a). Effect of pan evaporation based irriga-
tion scheduling on yield and quality of drip irrigated Nagpur mandarin. Indian J. Agri. Sci., 71 
(4), 264–266.

14. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2001b). Growth, yield and quality of Nagpur 
mandarin (Citrus reticulate Blanco) in relation to irrigation and fertigation. Indian J. Agri. Sci. 
71(8):547–550.

15. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2001c). Effect of nitrogen fertigation and band 
placement fertilizer application on soil -leaf nutrient build-up and incremental growth of acid 
lime. J. Soil and Water Cons., 45 (3&4):176–181.

16. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2001d). Effect of drip, microjets and basin ir-
rigation method on growth, soil and leaf nutrient change in acid lime. Indian J. Soil Cons., 29 
(3):229–234.

17. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2003a). Evaluating micro irrigation systems in 
Nagpur mandarin under sub humid tropical climate. Trop. Agri. (Trinidad), 80(2):91–96.

18. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2003b). Irrigation scheduling and fertigation in 
acid lime (Citrus aurantifolia Swingle). Indian J. of Agric. Sci., 73(7):363–367.

19. Shirgure, P. S., Srivastava, A. K., Singh, S., and Pimpale, A. R. (2004a). Micro irrigationsched-
uling growth, yield and quality of acid lime (Citrus aurantifolia Swingle). Indian J. of Agric. 
Sci., 74 (2):92–94.

20. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2004b). Growth, yield and quality of acid lime 
under pan evaporation based micro irrigationscheduling. Indian J. of Soil Cons., 32 (1):32–35.

21. Shirgure, P. S., Srivastava, A. K., and Singh, S. (2004c). Integrated water and nutrient manage-
ment in acid lime. Indian J. of Soil Cons., 32 (2):148–151.



Potassium Fertigation in Nagpur Mandarin 179

22. Shirgure, P. S., and Srivastava, A. K. (2012). The effect of four under tree microjet irrigation 
(180–300°) systems on fruit yield and quality of Nagpur mandarin in Central India. Sci. J. Agri., 
1(7):177–186.

23. Shirgure, P. S. (2012a). Effect of pulse irrigation scheduling with hybrid station controller on 
fruit yield and quality of Nagpur mandarin (Citrus reticulate Blanco). Sci. J. Crop Sci., 1(5):76–
82.

24. Shirgure, P. S., 2012b. Micro-irrigation systems, automation and fertigation in Citrus. Sci. J. 
Rev., 1(5): 156–169.

25. Shirgure, P. S. (2013). Yield and fruit quality of Nagpur mandarin (Citrus reticulata Blanco) as 
influenced by evaporation based micro irrigationschedules. Sci. J. Crop Sci., 2(2):28–35.

26. Smith, M. W., Kenworthy, A. L., and Bedford, C. L. (1979). The response of fruit trees to injec-
tions of Nitrogen through a trickle irrigation system. J. Amer. Soc. Hort. Sci., 104: 311–313.

27. Srviastava, A. K., Ram, L., Huchche, A. D., Kohli, R. R., and Dass, H. C. (1994). Standardiza-
tion of leaf sampling technique in Nagpur mandarin under subhumid tropical climate. Indian J. 
Hort. Sci. 51(1):32–36.

28. Srivastava, A. K., Shirgure, P. S., and Singh, S. (2003). Differential fertigation response of 
Nagpur mandarin (Citrus reticulata Balanco) on an alkaline Inceptisol under subhumid tropical 
climate. Trop. Agr. (Trinidad), 80(2):97–104.

29. Syvertsen, J. P., and Smith, M. L. (1996). Nitrogen uptake efficiency and Leaching losses 
from Lysimeter grown citrus trees fertilized at three nitrogen rates. J. Amer. Soc. Hort. Sci., 
121(1):57–62. 





CHAPTER 14

SENSOR BASED IRRIGATION 
SCHEDULING IN BLUEBERRIES

B. KEITH BELLINGHAM

CONTENTS

14.1 Introduction ................................................................................................... 182
14.2 Soil Moisture Budget .................................................................................... 182
14.3 Water Application ......................................................................................... 186
14.4 Data Acquisition ............................................................................................ 189
14.5 Blueberry Farm in Washington County, Oregon: Case Study ...................... 195
14.6 Conclusions ................................................................................................... 197
14.7 Summary ....................................................................................................... 197
Keywords ................................................................................................................. 197
References ................................................................................................................ 200

The author is thankful to Stevens Water Monitoring Systems, Inc. for the support. Printed with permission 
from: http://www.stevenswater.com/articles/irrigationscheduling.aspx.



182 Sustainable Micro Irrigation Management for Trees and Vines

14.1 INTRODUCTION

In the western United States, irrigation accounts for about 80% of the water con-
sumed [8]. Concerns about changes in land use due to growing populations, cli-
mate change, and the protection of aquatic habitats are driving a need to conserve 
water. Optimization of irrigation will not only benefit the environment, but also 
benefit local economies. Over irrigation may lead to dangerous increases in the 
total maximum daily loads (TMDL) of temperature, nitrates, and salinity in natu-
ral waters [6]. Nitrate fertilizers leached out of the soils get transported to natural 
waters causing eutrophication and other aquatic impairments. Run off from over 
irrigation may affect water quality parameters such as pH, total suspended solids 
(TSS), and dissolved oxygen [18]. Other negative impacts associated with over 
irrigation include wastes of water and energy, and reduced crop yields. The nega-
tive impacts associated with under irrigation are more intuitive. Under irrigation 
may reduce crop yields, which will reduce profit margins. This chapter discusses 
a soil water balance model incorporated into a data acquisition system that is a 
power tool for scheduling and optimizing irrigation. A case study for blueberries 
is presented.

Advancements in computer microprocessors, memory and software devel-
opment tools has improved data acquisition methods and made data acquisition 
system integration more reliable and more cost effective. The soil water balance 
model incorporates inputs of soil moisture, water application and evapotranspira-
tion (ET). The soil moisture data acquisition system retrieves the input parameters 
via telemetry and populates software that accommodates the soil water balance 
model. The soil data acquisition software integrated with a soil water balance 
model is commercially available from Stevens Water Monitoring Systems, Inc.

14.2 SOIL MOISTURE BUDGET

To begin our discussion about soil moisture budgets, we first describe the com-
ponents and the hydrological conditions of soil. In general, inorganic soil is com-
posed of mixes of sands, silts and clays. Sands, silts and clays differ not only by 
particle size distribution, but also in the atomic arrangement and charge distribu-
tion at the molecular level [9]. Soil geomorphology is the process by which sands 
and silts chemically and physically transform into clays as the soil ages [2]. The 
soil textural class is determined by the gravimetric percentage of sand silt and clay. 
Figure 1 shows the soil texture classifications based on gravimetric percentage.

Sands, silts, clays and organics represent the solid particle composition of soil 
while air and water fi ll the pore spaces between the solid particles. When soil is 
completely saturated with water, the porosity will be equal to the volumetric soil 
moisture content [16]. The amount of organics in soil will affect the bulk density 
and the porosity. Some organic soils may have porosities of over 90%, but in 
general, most inorganic agricultural loams will have a porosity of near 50%. The 
pores can be nearly microscopic (micropores) or visible with the naked eye (mac-
ropores) [3].
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FIGURE 1 Soil textural classes based on the percentage of sand, silt, and clay.

The hydrologic properties of soil play an important role in a crop’s ability 
to transpire water with their root systems. Knowledge of volumetric soil mois-
ture content (θ, m3 m–3) is an important input into the soil water balance model. 
Permanent wilting point (θPW) is the soil moisture level at which plants can no 
longer adsorb water from the soil. Plant transpiration and direct evaporation will 
decrease the moisture level in soil to a point below θPW and, in some cases, down 
to near dryness.

Field capacity (θFC) is defi ned as the threshold point at which the soil pore 
water will be infl uenced by gravity. Above fi eld capacity, the gravitational force 
will overcome the capillary forces suspending the moisture in the pores of the soil 
allowing for down movement of water in the soil column. Below θFC,  there will 
be a net upward movement of water driven by ET. Field capacity and permanent 
wilting point are heavily infl uenced by soil textural classes, particularly clay con-
tent [10].

Figure 2 shows an example of soil moisture at saturation, fi eld capacity and 
permanent wilting point, for a typical soil. Clays interact with water in ways 
uniquely different from sand, silt and organics. Clays will have a physical and 
chemical affi nity for water due to the negative charge distribution and the plan-
ner molecular lattice. The positive portion of the water molecule will be oriented 
toward the negatively charged clay lattice and the oxygen’s lone electron pair will 
be pointed outwards [7]. The available water capacity (θAC) of soil is the water that 
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is available to a plant. It represents the range of soil moisture values that lie above 
permanent wilting point and below the fi eld capacity.

 θPW < θac < θFC (1)

Table 1 shows the typical values for permanent wilting point and field capacity for 
common soil textural classes [10]. Plants are able to uptake water from soil if the 
soil moisture is above permanent wilting point. As the soil moisture approaches 
permanent wilting point, the plant will become increasingly stressed as the soil 
pore water becomes depleted. The point below field capacity where plants become 
stressed is called the maximum allowable depletion (MAD). 

FIGURE 2 Soil moisture: Saturation, field capacity and permanent wilting point.

TABLE 1 Field capacity and permanent wilting point for common soil textural classes.

Soil Texture Field capacity Permanent wilting point

Clay 0.36 0.21

Loam 0.26 0.12

Loamy Sand 0.14 0.06

Sand 0.12 0.04

Sandy Clay Loam 0.33 0.175

Sandy Loam 0.23 0.1

Silt 0.32 0.165

Silt Loam 0.3 0.15

Silty Clay Loam 0.34 0.19

SiltyClay 0.36 0.21
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The MAD value is expressed as a percent of the available water capacity. Table 
2 shows typical MAD values for a few selected crops. Figure 3 shows the soil fi eld 
capacities and the permanent wilting points for common soil textural classes. The 
topmost curve in Fig. 3 is the available water capacity showing 25%, 50% and 
75% MADs. As shown in Fig. 3, the fi eld capacity and the permanent wilting point 
will increase with the percentage of clay. With specifi c knowledge of fi eld capac-
ity, soil textural class and the maximum allowable depletion, a soil moisture target 
can be determined for irrigation optimization [4]. The soil moisture target is the 
range of soil moistures that lie above the MAD but below the fi eld capacity. Below 
the MAD value the crop will still have the ability to receive water from the soil, 
however, the crop will become stressed after a period of time. If the crop becomes 
stressed due to the lack of water, the plant will have a reduced yield and become 
more susceptible to pathogens. If the soil moisture gets above fi eld capacity, water 
will be transported downward by gravity potentially wasting water and leaching 
nutrients. Upper soil moisture target for the soils in the root zone will be the fi eld 
capacity. The lower soil moisture target is determined by the MAD, θFC, and θPW:

Lower Soil Moisture Target = θFC –  (θFC –  θPW) × MAD (2)

FIGURE 3 The relationship between soil textural classes and the hydrological thresholds θPW, 
θAC, and θFC. The 25%, 50% and 75% MAD levels are displayed in the available water capacity 
region.
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For example, green beans with a MAD of 50% have a root zone depth of 18 
inches. If the green beans are growing in a silt loam, the fi eld capacity will be 0.3 
water fraction by volume (wfv) and the permanent wilting point will be 0.15 wfv. 
Using Eq. (2), the lower soil moisture target will be 0.23 wfv. In this example, the 
soil moisture target for the green beans will lie between 0.23 wfv and 0.3 wfv from 
5 inches to 18 inches deep adjacent to the root ball. It is important to note that the 
values in Table 1 are typical values and can vary slightly with bulk density of soil, 
mineralogy and organic content. Similarly, the MAD values in Table 2 are typical 
values and may vary by species, age of crop, region and soil chemistry.

TABLE 2 Maximum allowable depletion and effective root zone depth for selected crops [12].

Crop Maximum allowable
depletion (MAD)

Effective root
Depth, inches

Blue berries Berries 50% 18

Orchard Apples 75% 36

TABLE 3 Typical values for sprinkler efficiencies for various sprinkler systems [12].

Irrigation system Sprinkler
efficiency (Ef)

Sprinkler efficiency
(sprinkler spacing
over 40×40 feet)

Solid set 0.70 0.63

Hand move or side roll 0.80 0.74

Pivot or linear move 0.90 0.81

Offset managed hand move 0.90 0.81

14.3 WATER APPLICATION

While soil moisture data provides information about the root zone, the measured 
application of water can be used concurrently with the soil moisture values to 
provide a more complete suite of tools for the irrigator. The measured application 
of water (D) is the amount of water applied to the crops with sprinklers, plus the 
amount of natural precipitation measured in inches/day. It is the total depth of 
water received by the crop.

14.3.1 SPRINKLER EFFICIENCY
In order to effectively use the application of water in a water budget model, a high 
sprinkler efficiency (Ef) is required. Sprinkler efficiency (Ef) is the measure of 
uniformity of water application. Ponding of irrigation water, and uneven applica-
tion of water over the field is the result of poor sprinkler efficiency. Soil moisture 
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data and rain gauge data are less meaningful if the monitoring site receives more 
or less water than the rest of the irrigation regime. Sprinkler efficiency is deter-
mined by placing catch cans or a set of containers of uniform size in the field. The 
catch cans can be placed in grid or uniformly distributed among the crops. After 
running the sprinklers for a length of time, the amount of water in the catch cans 
is measured. The sprinkler efficiency is expressed as a fraction and an Ef value 
of 1 is perfect uniformity. There are a number of methods for calculating Ef. The 
most common method for determining Ef involves averaging the lower 25% of 
the measured catchment of catch cans divided by the mean. An Ef value greater 
than 0.8 is preferred. Table 3 shows typical Ef values for several different types of 
sprinkler systems.

14.3.2 EVAPOTRANSPIRATION
An important factor for quantifying the water budget is the evapotranspiration 
rate (ET). Evapotranspiration is the water that is transpired out of the soil by the 
plant plus the amount of water lost to evaporation [1]. ET represents the rate of 
water consumed by the plant and lost by direct evaporation. The factors that affect 
the ET rate include wind, temperature, relative humidity, and solar radiation. The 
units for ET are inches/day. Based on the Penman Monteith model for ET estima-
tions, ET is not measured directly for an individual crop, but rather it is determined 
from a standard reference grass and then adjusted for different crops and plants 
with a crop coefficient [1]. The evapotranspiration for a reference grass is referred 
to as the potential evapotranspiration (ET°). Potential evapotranspiration values 
will vary regionally and seasonally and are available in the literature. If literature 
values for ET° are not available or if the irrigator wishes to have a real time ET 
measurements, ET data acquisition systems are commercially available. ET data 
acquisition systems consist of weather sensors, telemetry and software that can 
retrieve the weather sensor inputs and perform the Penman Monteith model cal-
culations. While an ET data acquisition system could potentially provide accurate 
real time ET° values, these systems are very expensive and do not necessarily 
represent microclimates. Because ET° is the ET for a standard reference grass, 
a crop coefficient (Kc) is necessary to determine the ET for the crop of interest. 
With information about sprinkler efficiency, crop coefficient and potential evapo-
transpiration, the water consumption (ET”) for a specific crop (in inches per day) 
are calculated from the Eq. (3). Typically, Kc values will range from 0.75 to 1.25 
depending on species of the plant, the growth stage of the plant, and vary region-
ally. In practice, ET° and Kc values can be obtained from a local government crop 
extension or a local crop advisor.

 ET” = [ET° ´ Kc] /Ef  (3)
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14.3.3 APPLIED WATER SCHEDULING
In general, the water application (D) in inches/day should be roughly equal to the 
system water loss (ET”) due to ET and sprinkler uniformity. The water loss calcu-
lated by Eq. (3) can be compared to the applied water measured with a rain gauge 
to set an irrigation target.

 D ≈ ET” (4)

It is difficult to keep D ≈ ET” on an hourly or daily basis due to factors such as 
pivot lap speed and soil infiltration rates. Eq. (4) should define a water application 
target on a weekly basis. In general, depending on the crop and the irrigation sys-
tem, crops should be irrigated 3 to 7 times a week and net weekly sum of the daily 
D values should be roughly equal to the net weekly sum of the daily ET” values. 
Figure 5 demonstrates a weekly water application target. In Fig. 4, there are three 
irrigation events and an ET” rate of 0.26 inches per day. Based on an ET” rate of 
0.26 inches per day and the Ef, by the end of the week, 1.80 inches of water was 
consumed and approximately 1.80 inches would need to be applied. The applica-
tion rate in Fig. 4 is 0.3 inches per hour for 2 h.

FIGURE 4 There are three irrigation events, and an ET” rate of 0.26 inches per day. D ≈ ET” 
after the 3 irrigation event at the end of the week during the July, 2008.\
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TABLE 4 Typical Infiltration rates based on soil texture.

Soil Texture Typical infiltration rate inches/hour

Clay 0.05 to 0.25

Clay Loam 0.25 to 0.5

Loam 0.5 to 1

Sand 1.5 or more

Sandy Loam 1 to 1.5

To minimize the water loss due to direct evaporation, the irrigation events take 
place between sunset and sunrise. It is important to irrigate at a rate that is less 
than the infi ltration rate of the soil. Runoff and ponding may occur if the rate of 
application exceeds infi ltration rate of the soil. Table 4 provides infi ltration rates 
of soils based on soil textural class [2]. The infi ltration of water into soil will vary 
with texture, but it will also depend on soil moisture, vegetation, bulk density and 
soil geomorphology among other factors. Soil infi ltration rates can be determined 
from tests and area soil surveys data.

14.4 DATA ACQUISITION

Data acquisition systems are the most effective tool for identifying and reach-
ing soil moisture and water application targets for irrigation optimization. A data 
acquisition system with the water budgeting method was constructed and is com-
mercially available from Stevens Water Monitoring Systems, Inc. The Stevens 
Agricultural Monitoring (SAM) Package integrates the input from sensors, dis-
plays the data from the remote field locations and integrates the water balance 
method described in the previous section. The SAM package includes rain gauges, 
the Stevens Hydra Probe Soil Sensor, a Stevens DL3000 data logger, telemetry 
and the software program. Described below is the engineering that collects field 
data (soil moisture and precipitation) and the software program that acquires the 
data from the data loggers through the telemetry. The data is either exported to 
the internet or is imported into the SAM software where it can be used to make 
informed decisions about irrigation scheduling.

14.4.1 SOIL MOISTURE DATA COLLECTION
The soil moisture is collected using the Stevens Hydra Probe. The Hydra Probe is 
the soil sensor used in the USDA’s Soil Climate Analysis Network (SCAN) and 
NOAA’s Climate Reference Network (CRN). The Hydra Probe uses electromag-
netic waves to measure both the real and imaginary dielectric permittivity [5]. The 
real component of the dielectric permittivity represents the energy storage based 
on the high rotational dipole moment of water compared to that of dry soil [14]. 
The measured real dielectric permittivity (εr) is used to accurately calculate the 
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soil moisture in water fraction by volume () in most soils [11] with the calibration 
equation:

 rA Bθ ε= +  (5)

where, A is 0.109 and B is equal to −0.179. The Hydra Probe is digital and Eq. (5) 
is written into the firmware of the probe. The digital communication between the 
Hydra Probe and the data logger is the standard communication format Serial Data 
Interface at 1200 Baud (SDI-12). The advantages of SDI-12 include connecting 
many sensors on a single serial addressable bus and cable lengths up to 1000 feet 
from the sensor to the data logger. Multiple digital sensors are “daisy chained” 
together and the longer cable lengths provide flexibility in the architecture of the 
system in the field. Up to 4 or more SDI-12 soil moisture profiles can be installed 
up to 1000 feet away from the data logger reducing the cost by using common data 
loggers and telemetry.

14.4.2 RAIN DATA COLLECTION
The precipitation and the irrigation from sprinklers are measured together with a 
tipping bucket rain gauge. A tipping bucket is a 6 to 10 inch in diameter cylinder 
with a screen at the top facing end and a drain out the bottom. Inside of the bucket 
is a dual sided tray that is located under a funnel. The tray will tip over and drain 
after receiving 0.01 inches of rain. After tipping, the other half of the tray will 
fill with water, tip and drain after receiving another 0.01 inches of water. Every 
time the tipping bucket’s tray tips (0.01 inch of rain), an electrical pulse is sent to 
the DL3000 data logger. The data logger counts the tips and calculates the depth 
of rainfall over time. It is important that the tipping bucket remain level and is 
placed in a location that will receive a representative application of water from 
the sprinklers.

If an irrigation method is used that does not include the use of sprinklers such 
as furrow or drip irrigation, the method described in Fig. 4 and Eq. (4) will not be 
as applicable. In this case, one or no rain gauge would be used in the data acquisi-
tion package.

14.4.3 DATA LOGGER AND FIELD STATION
The Stevens Data Logic 3000 (DL3000) data collection platform resides inside 
a weather proof fiber glass enclosure located in the field. The cable from each 
SDI-12 Hydra Probe enters the enclosure by running through bulkhead bushings 
located on the bottom of the enclosure. The Hydra Probe power, ground and SDI-
12 communication wires are “daisy chained” together with a multiplex inside the 
enclosure. A single SDI-12 communication wire runs from the multiplexer to the 
DL3000’s SDI-12 communication port. The DL3000 will log data on a set time 
interval typically every 30 min, and will hold up to 2 Gigabytes of data. The wire 
from the tipping bucket also runs into the enclosure through a bulkhead and is 
wired into the DL3000’s pulse port. The data logger has a wireless RS232 com-
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munication radio attached. A coaxial cable runs from the radio out of the enclosure 
through the bulkhead to an Omni directional antenna. Also contained in the field 
enclosure is a 9 Amp/hour 12 volt DC battery, and charge regulator for the solar 
panel power supply. Figure 5 describes a field station with a subsurface soil mois-
ture monitoring profile.

FIGURE 5 Typical soil moisture profile station, which includes four Hydra Probe Soil 
Sensors, Stevens DL3000 data logger, radio, antenna and accessories.

14.4.4 WIRELESS TELEMETRY
After the data from the sensors is received by the data logger, the data is transmit-
ted from the field to the base station computer via radio. The frequency and type 
of radio would depend on the distance from the field to the base station computer. 
The radio communication between the field and the base station is usually line of 
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sight. Large obstacles such as buildings, mountains and trees will impede the radio 
signal and prevent the signal from reaching its destination. If there is a large ob-
stacle in the way, a repeater station could be installed, however, repeater stations 
will increase the overall cost of the system. Radio communication always takes 
place between two or more radios. The radio at the base station is called the server 
or master radio and the radios in the field are call client or slave radios. The master 
radio is connected to the base station computer and a directional Omni antenna. 
Each radio has a Media Access Control (MAC) address written into the radio’s 
firmware, identifying it. When the master radio needs communication with a spe-
cific radio, the master radio will address the radio with the MAC address. Radios 
will only respond their specific MAC address from the master radio. In a network 
of radios, the master radio will communicate with each slave radio one by one and 
retrieve the sensor data from each logger individually.

Distance from the fi eld site to the base station is the main factor determin-
ing the most appropriate radio and frequency. In most agriculture applications, 
900 MHz Spread Spectrum radio with a 5 miles line of sight range is the most 
common. While satellite communication is common in the water resources indus-
try, it is less common at the farm level due to licensing and hardware costs. Table 
5 lists the different kinds of telemetry solutions, the ranges and the frequencies.

TABLE 5 Summary of telemetry options and ranges.

Radio Range Frequency

Blue Tooth 100 m 2,400 to 2,483.5 MHz

Cellular Modem Cell Coverage 824.01 to 848.97 MHz

Geosynchronous Satellite 1/3 the of Earth 401.7010 to 402.0985 MHz

Low Earth Orbiting Satellite Global Coverage 148 to 150.05 MHz

Spread Spectrum 5 miles 902 to 928 MHz

UHF 30 miles 300 to 1,000 MHz

VHF 30 miles 30 to 300 MHz

Wi-Fi 100 m 2.4 GHz

Wi-Max 30 miles 2.3 to 3.5 GHz

14.4.5 SOIL PROFILE
Soil moisture probes at different depths in the soil column are referred to as a soil 
profile. Depending on the root zone depth, the typical soil profile consists of four 
soil sensors. One probe in the top soil (2 to 4 inches) two probes in the root zone 
(6 to 30 inches) and one probe below the root zone (36 inches). The Hydra Probe 
in the topsoil will experience the greatest moisture fluctuation because it will be 
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the most influenced by ET and downward flow. The topsoil may reach satura-
tion or reach a soil moisture value over the field capacity thus conducting water 
downward into the root zone of the crop. The lower soil moisture target for the two 
Hydra Probes in the root zone however, are calculated from the MAD, θFC and θPW 
in Eq. (2) and the upper soil moisture target in the root zone will be the soil’s field 
capacity. The soil sensor below the root zone should stay below field capacity. If 
the soil moisture below the root zone reaches values above field capacity, there 
will be downward conductance of water.

The soil profi le should be placed in a location that will most represent the ir-
rigated area. Soil moisture can be highly variable spatially [17]. The factors that 
affect soil moisture variability are slope, vegetation type, bulk density, soil type, 
microclimate, and other variables. An irrigation regime represents an area that 
is homogenous enough that the soil moisture variability will be low and the soil 
moisture data will represent the entire irrigation regime. There should be at least 
one soil profi le for every irrigation regime. Irrigation regimes are determined by 
crop type, crop age, soil type, slope, and irrigation method. If the irrigation re-
gimes are less than 1000 feet apart, it may reduce cost to tie multiple soil profi les 
into one data logger. By tying multiple profi les into a single data logger, the irriga-
tor can save on the number of solar panels, batteries, radios, data loggers and other 
necessary accessories.

14.4.6 DATA ACQUISITION SOFTWARE
The central user interface of the data acquisition package is the software. The 
Stevens Agricultural Monitoring (SAM) Software is commercial available and can 
be subsidized by some energy and water conservation grants. The SAM software 
runs on a computer that is connected to the master radio. A master radio is not 
necessary if the system has a field cellular modem or satellite transceiver. The 
SAM Software acquires the sensor data in the field from a polling sequence. The 
polling sequence runs at a user specified time interval, which is usually every 15 
or 30 min. Communication begins with a serial command from the software to the 
data logger to take a current a current reading from all of the sensors. The SAM 
sends the command to the master with instructions to use a specific slave radio. 
The data logger becomes active after receiving the command and takes a current 
reading from all of the sensors that are connected to it. Next the data logger sends 
a comma-delimitated string of sensor data back to the SAM software through the 
slave and master radio. The SAM software parses the data and populates the tables 
and graphical displays in the software.

The irrigator can then view the real time data and make decisions about when 
to irrigate based on the soil moisture targets and the rate of water consumption by 
the crop from the ET. Other features in the software include battery voltages for 
power management. In the SAM Software, a display of MAD, θFC, θPW and the 
lower soil moisture limit based on the calculations from Eq. (2) are superimposed 
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unto the real time soil moisture data. The superimposed real time soil moisture 
onto the soil moisture targets are displayed on a screen similar to Fig. 6.

FIGURE 6 Soil moisture measurements in a profile 2, 8, 16 and 30 inches in depth. Daily 
irrigation events with subsequent decrease in soil moisture from a high ET rate.

At the beginning of the irrigation season, the irrigator can manually input the 
weekly ET values or the values from Eq. (3) into the SAM setup page. A real time 
display similar to Fig. 6 is displayed. With real time displays of the real time data 
superimposed onto the targets in a graphical representation will allow the irrigator 
to easily interpret the data.

14.4.7 SAM DATA ACQUISITION POLLING SEQUENCE FOR STATION 1
The flow chart below describes the process by which the SAM (Stevens Agricul-
ture Monitoring) software communicates with the field stations. Figure 5 shows a 
diagram of a field station. The SAM Software will poll data from each station in 
consecutive order starting with the first field station. After retrieving the data from 
one field station the software will move on to the next field station.

1. The Polling Sequence initiates on a fixed time interval.
2. The Acquisition command “Take Current Readings Data Logger 1” along 

with a command to the master radio to communicate with radio 1 with its 
MAC address.

 These two commands are sent by the software out the serial port of the 
computer.
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3. With an RS232 or USB connection to the computer, the Master Radio re-
ceives the “Take Current Readings Data Logger 1” message and transmits 
this message to slave radio 1 as commanded by the SAM software.

 4. Slave radio 1 receives the “Take Current Readings Data Logger 1” and 
passes the message to the data logger via a RS232 cable.

5. Data Logger 1 receives the command “Take Current Readings Data Log-
ger 1” from the slave radio and one by one collects the current data read-
ings from each sensor that is connected to it.

6. Data Logger 1 sends a comma delimited data string back to the SAM soft-
ware through the radios and serial ports.

7. The SAM software receives the data string, parses the data, and populates 
the graphical displays and tables in the software viewable by the user.

8. After the SAM software receives the data from data logger 1, it repeats 
steps 1 through 7 for data logger 2 and slave radio 2.

14.5 BLUEBERRY FARM IN WASHINGTON COUNTY, OREGON: 
CASE STUDY

A SAM Soil Moisture data acquisition package complete with telemetry and soft-
ware was installed on a 200-acre blueberry farm in Washington County, Oregon. 
The soil unit is Woodburn Silt Loam with less than 3% slope and the soil taxo-
nomic description is Typic Plinthoxeralf. There are two irrigation regimes based 
on the age of the crop. Two stations, one in each irrigation regime, were installed 
with four Hydra Probe soil sensors, a tipping bucket rain gauge, and an air temper-
ature sensor. Soils data for this location and most locations in the United States are 
provide for free by the US Department of Agriculture’s Web Soil Survey Program, 
http://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx.

Figure 7 shows the annual precipitation and ET rate for blueberries in Wash-
ington County, Oregon [12]. The ET exceeds precipitation from April to October 
and this generally defi nes the irrigation season.

Each station is located 1 mile away from the computer with the master radio; 
therefore, this network uses spread spectrum radios. The stations each have one 
soil profi le consisting of 4 Hydra Probes at various depths (2″, 8″ 16″ and 30″). 
The SDI-12 Hydra Probe Soil Sensors are wired into a multiplexer which is con-
nected to the Stevens Data Logger. Each station is power with a solar panel and 
the enclosure houses the battery, multiplexer, charge regulator and radio. The radio 
antennas are mounted to the same mast as the tipping bucket. Figure 9 illustrates 
one of the fi eld stations with the soil profi le.

Using Tables 1 and 2, the permanent wilting point is 0.15 the fi eld capacity is 
0.3 and the MAD is 50%. The lower soil moisture target as calculated from Eq. 
(2) is 0.22.

Figure 6 shows the soil moisture for a warm week in July 2008. The topmost 
region of the chart represents soil moisture levels over fi eld capacity, the middle 
region shows the range of soil moistures available to the crop (available water 
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capacity) and the bottom region is below permanent wilting point. The two-inch 
deep soil moisture values fl uctuate the most for downward conductivity and ET 
and stays above fi eld capacity. This is typical because if the top 2 inches of the 
soil stayed below fi eld capacity then the root zone would not receive the water. 
The 8-inch soil moisture values fl uctuate widely due to ET and there is a 4 h lag 
time between the 2- and 8-inch soil moisture probes from the downward move-
ment time of the wetting front. During extremely hot days, it is not uncommon to 
have the soil moisture values briefly drop below permanent wilting point between 
irrigation cycles. The 16-inch soil moisture mirrors the 8-inch values with a 4 h 
latency from the soil moisture values above it and the rise and fall of soil moisture 
values with the irrigation events. The 30 inch deep soil moisture probe below the 
root zone is remaining constant about 0.10 wfv indicating that water is not peculat-
ing downward to the water table.

FIGURE 7 Typical values for monthly ET and precipitation for blue berries in western Oregon.

The solid set sprinklers rotator (with an effi ciency of 0.90) apply water daily. 
For the month of July ET (=ET° ´ Kc) is 0.25 inches per day. Using Eq. (3), the 
daily water consumption will be 0.28 inches. A weekly display similar to Fig. 6 is 
displayed in the software, which will allow the irrigator to meet the soil moisture 
and water application targets.
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14.6 CONCLUSIONS

As the demand for water increases, along with the need to protect aquatic habitats, 
water conservation practices for irrigation need to be effective and affordable. 
Precision irrigation will optimize irrigation by minimizing the waste of water, and 
energy, while maximizing crop yields. The most effective method for determining 
the water demands of crops is the based on the real time monitoring of soil mois-
ture, and direct water application used in conjunction with the information about 
soil hydrological properties and evapotranspiration. The Stevens Agriculture 
Monitoring data acquisition system wirelessly acquires rain and soil data from the 
field and integrates the data into water management tools. The water management 
tools use information about evapotranspiration, soil and the crop to set specific ir-
rigation targets. These irrigation targets will help the irrigator optimize the amount 
of water used on a weekly basis. Optimization of irrigation water will increase 
crop yields while conserving water resources.

14.7 SUMMARY

The water requirements of crops are dependent on ET, soil chemistry, and the 
MAD. Direct measurements of root zone soil moisture, water application along 
with published ET values and soil textures, can be used in a soil water balance 
model that can significantly optimize irrigation efficiency. Over the past five 
years, advancements in computer microprocessors, memory, and software devel-
opment tools has improved data acquisition methods and made data acquisition 
system integration more reliable and more cost effective. This chapter presents an 
irrigation scheduling method based on a volumetric soil moisture balance model 
and data acquisition. An example of sensor-based irrigation scheduling in blueber-
ries is discussed.
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 • porosity

 • radio frequency

 • rain gage

 • real dielectric permittivity

 • root zone

 • RS232 communication
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 • soil micro pores

 • soil moisture

 • soil moisture budget

 • soil moisture sensor

 • soil particle size

 • soil saturation

 • soil sensor
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 • spread spectrum radio
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 • total suspended solids

 • unsaturated soil

 • volumetric soil moisture content

 • water molecule

 • web soil survey

 • wetting front

 • wireless telemetry
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Megh R. Goyal. New Jersey, USA: Apple Academic Press Inc.)

APPENDIX A

CONVERSION SI AND NON-SI UNITS

To convert the Column 1 Column 2 To convert the Column

Column 1 in the Unit Unit 2 in the Column 1

Column 2, SI Non-SI Multiply by

Multiply by  

LINEAR

0.621 ------ kilometer, km (103 m) miles, mi ------------------ 1.609
1.094 ------ meter, m yard, yd ------------------- 0.914
3.28 ------- meter, m feet, ft ---------------------- 0.304
3.94 × 10–2 ---- millimeter, mm (10–3) inch, in ------------------- 25.4

SQUARES

2.47 ------- hectare, he acre --------------------- 0.405
2.47 ------- square kilometer, km2 acre --------------------- 4.05 × 10–3

0.386 -------- square kilometer, km2 square mile, mi2 ------------ 2.590
2.47 × 10–4 ---- square meter, m2 acre --------------------- 4.05 × 10–3

10.76 -------- square meter, m2 square feet, ft2 -------------- 9.29 × 10–2

1.55 × 10–3 ---- mm2 square inch, in2 -------------- 645

CUBICS

9.73 × 10–3 ---- cubic meter, m3 inch-acre ----------------- 102.8
35.3 -------- cubic meter, m3 cubic-feet, ft3 ---------------- 
2.83 × 10–2

6.10 × 104 ---- cubic meter, m3 cubic inch, in3 ------------- 1.64 × 10–5

2.84 × 10–2 ---- liter, L (10–3 m3) bushel, bu ------------------ 35.24
1.057 -------- liter, L liquid quarts, qt ------------ 0.946
3.53 × 10–2 ---- liter, L cubic feet, ft3 -------------- 28.3
0.265 -------- liter, L gallon -------------------- 3.78
33.78 -------- liter, L fluid ounce, oz ------------- 2.96 × 10–2

2.11 ------- liter, L  fluid dot, dt --------------- 0.473

APPENDICES
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WEIGHT

2.20 × 10–3 ---- gram, g (10–3 kg) pound, -------------------- 454
3.52 × 10–2 ---- gram, g (10–3 kg) ounce, oz ------------------ 28.4
2.205 ------ kilogram, kg pound, lb ----------------- 0.454
10–2 ------- kilogram, kg quintal (metric), q ---------- 100
1.10 × 10–3 ---- kilogram, kg ton (2000 lbs), ton ---------- 907
1.102 ------ mega gram, mg ton (US), ton -------------- 0.907
1.102 ------ metric ton, t ton (US), ton -------------- 0.907

YIELD AND RATE

0.893 ------- kilogram per hectare pound per acre ------------ 1.12
7.77 × 10–2 --- kilogram per cubic meter pound per fanega ---------- 12.87
1.49 × 10–2 --- kilogram per hectare pound per acre, 60 lb ----- 67.19
1.59 × 10–2 --- kilogram per hectare pound per acre, 56 lb ----- 62.71
1.86 × 10–2 --- kilogram per hectare pound per acre, 48 lb ----- 53.75
0.107 ------- liter per hectare galloon per acre --------- 9.35
893 ---------- ton per hectare pound per acre ---------- 1.12 × 10–3

893 ---------- mega gram per hectare pound per acre ---------- 1.12 × 10–3

0.446------- ton per hectare ton (2000 lb) per acre ----- 2.24
2.24 ---------- meter per second mile per hour ------------ 0.447

SPECIFIC SURFACE

10 --------- square meter per square centimeter per
                  kilogram gram ------------------ 0.1
103 ---------- square meter per square millimeter per
                     kilogram gram ------------------ 10–3

PRESSURE

9.90 ---------- megapascal, MPa atmosphere ----------- 0.101
10 --------- megapascal bar ------------------- 0.1
1.0 ---------- megagram per cubic gram per cubic
                    meter centimeter -------------- 1.00
2.09 × 10–2 ---- pascal, Pa pound per square feet ------ 
47.9
1.45 × 10–4 ---- pascal, Pa pound per square inch ----- 6.90 × 103

To convert the Column 1 Column 2 To convert the column

column 1 in the Unit Unit 2 in the column 1

Column 2, SI Non-SI Multiply by

Multiply by    
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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

9.52 × 10–4 ---- Joule J BTU ------------------ 1.05 × 103

0.239 -------- Joule, J calories, cal ------------ 4.19
0.735 -------- Joule, J feet-pound ------------ 1.36
2.387 × 105 --- Joule per square meter calories per square centimeter --- 4.19 × 104

105 ---------- Newton, N dynes ----------------- 10–5

WATER REQUIREMENTS

9.73 × 10–3 --- cubic meter inch acre --------------- 102.8
9.81 × 10–3 --- cubic meter per hour cubic feet per second ------  101.9
4.40 ---------- cubic meter per hour galloon (US) per minute ----  0.227
8.11 ---------- hectare-meter acre-feet --------------- 0.123
97.28 ------- hectare-meter acre-inch ---------------- 1.03 × 10–2

8.1 × 10–2 ---- hectare centimeter acre-feet --------------- 12.33

CONCENTRATION

1 ------------ centimol per kilogram milliequivalents per
  100 grams -------------- 1
0.1 --------- gram per kilogram percents ---------------- 10
1 ------------ milligram per kilogram parts per million --------- 1

NUTRIENTS FOR PLANTS

2.29 -------- P P2O5 -------------------- 0.437
1.20 -------- K K2O -------------------- 0.830
1.39 -------- Ca CaO -------------------- 0.715
1.66 -------- Mg MgO ------------------ 0.602

NUTRIENT EQUIVALENTS

Conversion Equivalent

Column A Column B A to B B to A

N NH3 1.216 0.822

 NO3 4.429 0.226

 KNO3 7.221 0.1385

 Ca(NO3)2 5.861 0.171
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Conversion Equivalent

Column A Column B A to B B to A

 (NH4)2SO4 4.721 0.212

 NH4NO3 5.718 0.175

 (NH4)2 HPO4 4.718 0.212

P P2O5 2.292 0.436

 PO4 3.066 0.326

 KH2PO4 4.394 0.228

 (NH4)2 HPO4 4.255 0.235

 H3PO4 3.164 0.316

K K2O 1.205 0.83

 KNO3 2.586 0.387

 KH2PO4 3.481 0.287

 Kcl 1.907 0.524

 K2SO4 2.229 0.449

Ca CaO 1.399 0.715

 Ca(NO3)2 4.094 0.244

 CaCl2 × 6H2O 5.467 0.183

 CaSO4 × 2H2O 4.296 0.233

Mg MgO 1.658 0.603

 MgSO4 × 7H2O 1.014 0.0986

S H2SO4 3.059 0.327

 (NH4)2 SO4 4.124 0.2425
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Conversion Equivalent

Column A Column B A to B B to A

 K2SO4 5.437 0.184

 MgSO4 × 7H2O 7.689 0.13

 CaSO4 × 2H2O 5.371 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 Nov 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 5.98 6.30 8.24 9.24 10.7 10.9 11.0 10.0 8.35 7.45 6.10 5.64

52 5.77 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 5.65 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

5 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

30 9.70 8.33 8.62 7.73 7.45 6.96 7.31 7.76 8.07 8.97 9.24 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 9.35 10.2

38 10.2 8.57 8.66 7.54 7.08 6.50 6.87 7.49 8.03 9.16 9.61 10.3
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40 10.3 8.63 8.67 7.49 6.97 6.37 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 9.8 10.6

44 10.5 8.78 8.69 7.38 6.73 6.08 6.51 7.25 7.99 9.31 9.94 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 (Γ) FOR DIFFERENT ALTITUDES (Z)

γ = 10–3 [(Cp.P) ÷ (ε.λ)] = (0.00163) × [P ÷ λ] 

γ, psychrometric constant [kPa C–1] cp, specific 
heat of moist air = 1.013

[kJ kg–10C–1] P, atmospheric pressure [kPa].

ε, ratio molecular weight of water

vapor/dry air = 0.622 λ, latent heat of vaporization 
[MJ kg–1]

= 2.45 MJ kg–1 at 20°C.

Z
(m)

γ 
kPa/°C

z
(m)

γ 
kPa/°C

z
(m)

γ 
kPa/°C

z
(m)

γ
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

APPENDIX E

SATURATION VAPOR PRESSURE [es] FOR DIFFERENT TEMPERATURES 
(T)
Vapor pressure function = es = [0.6108]*exp{[17.27*T]/[T + 237.3]}

T
°C

es
kPa

T
°C

es
kPa

T
°C

es
kPa

T
°C

es
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 37.5 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
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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

APPENDIX F

SLOPE OF VAPOR PRESSURE CURVE (Δ) FOR DIFFERENT TEMPERATURES 
(T)

∆ = [4098. e0(T)] ÷ [T + 237.3]2

   = 2504{exp[(17.27T) ÷ (T + 237.2)]} ÷ [T + 237.3]2

T
°C

Δ 
kPa/°C

T
°C

Δ 
kPa/°C

T
°C

Δ 
kPa/°C

T
°C

Δ 
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 15.5 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 0.412

5.5 0.063 17.5 0.126 29.5 0.237 41.5 0.421

6.0 0.065 18.0 0.130 30.0 0.243 42.0 0.431
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6.5 0.067 18.5 0.133 30.5 0.249 42.5 0.441

7.0 0.069 19.0 0.137 31.0 0.256 43.0 0.451

7.5 0.071 19.5 0.141 31.5 0.262 43.5 0.461

8.0 0.073 20.0 0.145 32.0 0.269 44.0 0.471

8.5 0.075 20.5 0.149 32.5 0.275 44.5 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 33.5 0.289 45.5 0.504

10.0 0.082 22.0 0.161 34.0 0.296 46.0 0.515

10.5 0.085 22.5 0.165 34.5 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 23.5 0.174 35.5 0.318 47.5 0.550

12.0 0.092 24.0 0.179 36.0 0.326 48.0 0.562

12.5 0.095 24.5 0.184 36.5 0.334 48.5 0.574

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 61 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 80 111 141 172 202 233 264 294 325 355
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Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

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

APPENDIX H

STEFAN-BOLTZMANN LAW AT DIFFERENT TEMPERATURES (T):

[σ*(TK)4] = [4.903 × 10–9], MJ K–4 m–2 day–1

Where: TK = {T[°C] + 273.16}

T σ*(TK)4 T σ*(TK)4 T σ*(TK)4 

Units

°C MJ m–2 d–1 °C MJ m–2 d–1 °C MJ m–2 d–1

1.0 27.70 17.0 34.75 33.0 43.08

1.5 27.90 17.5 34.99 33.5 43.36

2.0 28.11 18.0 35.24 34.0 43.64

2.5 28.31 18.5 35.48 34.5 43.93

3.0 28.52 19.0 35.72 35.0 44.21

3.5 28.72 19.5 35.97 35.5 44.50

4.0 28.93 20.0 36.21 36.0 44.79

4.5 29.14 20.5 36.46 36.5 45.08

5.0 29.35 21.0 36.71 37.0 45.37

5.5 29.56 21.5 36.96 37.5 45.67

6.0 29.78 22.0 37.21 38.0 45.96

6.5 29.99 22.5 37.47 38.5 46.26

7.0 30.21 23.0 37.72 39.0 46.56

7.5 30.42 23.5 37.98 39.5 46.85

8.0 30.64 24.0 38.23 40.0 47.15

8.5 30.86 24.5 38.49 40.5 47.46

9.0 31.08 25.0 38.75 41.0 47.76

9.5 31.30 25.5 39.01 41.5 48.06

10.0 31.52 26.0 39.27 42.0 48.37



Appendices 303

T σ*(TK)4 T σ*(TK)4 T σ*(TK)4 

Units

10.5 31.74 26.5 39.53 42.5 48.68

11.0 31.97 27.0 39.80 43.0 48.99

11.5 32.19 27.5 40.06 43.5 49.30

12.0 32.42 28.0 40.33 44.0 49.61

12.5 32.65 28.5 40.60 44.5 49.92

13.0 32.88 29.0 40.87 45.0 50.24

13.5 33.11 29.5 41.14 45.5 50.56

14.0 33.34 30.0 41.41 46.0 50.87

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 I

THERMODYNAMIC PROPERTIES OF AIR AND WATER

1. Latent Heat of Vaporization (λ)
 λ = [2.501–(2.361 × 10–3) T]
Where: λ = latent heat of vaporization [MJ kg–1]; 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): λ = 2.45 
MJ kg–1.

2. Atmospheric Pressure (P)

P = Po [{TKo–α(Z–Zo) } ÷ {TKo}](g/(α.R))

Where: P, atmospheric pressure at elevation z [kPa]
 Po, atmospheric pressure at sea level = 101.3 [kPa]
z, elevation [m]
zo, elevation at reference level [m]
g, gravitational acceleration = 9.807 [m s–2]
R, specifi c gas constant == 287 [J kg–1 K–1]
α, constant lapse rate for moist air = 0.0065 [K m–1]
TKo, reference temperature [K] at elevation zo = 273.16 + T
T, means air temperature for the time period of calculation [°C]
When assuming Po = 101.3 [kPa] at zo = 0, and TKo = 293 [K] for T = 20 [°C], 

above equation reduces to:
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P = 101.3[(293–0.0065Z) (293)]5.26

3. Atmospheric Density (ρ)
ρ = [1000P] ÷ [TKv R] = [3.486P] ÷ [TKv], and TKv = TK[1–0.378(ea)/P]–1

Where: ρ, atmospheric density [kg m–3]
R, specifi c gas constant = 287 [J kg–1 K–1]
TKv, virtual temperature [K]
TK, absolute temperature [K]: TK = 273.16 + T [°C]
ea, actual vapor pressure [kPa]
T, mean daily temperature for 24-hour calculation time steps.
For average conditions (ea in the range 1–5 kPa and P between 80–100 kPa), 

TKv can be substituted by: TKv ≈ 1.01 (T + 273)

4. Saturation Vapor Pressure function (es)
es = [0.6108]*exp{[17.27*T]/[T + 237.3]}
Where: es, saturation vapor pressure function [kPa]
T, air temperature [°C]

5. Slope Vapor Pressure Curve (Δ)
∆ = [4098. e°(T)] ÷ [T + 237.3]2

= 2504{exp[(17.27T) ÷ (T + 237.2)]} ÷ [T + 237.3]2

Where: Δ, slope vapor pressure curve [kPa C–1]
 T, air temperature [°C]
 e0(T), saturation vapor pressure at temperature T [kPa]

In 24-hour calculations, Δ is calculated using mean daily air temperature. In 
hourly calculations T refers to the hourly mean, Thr.

6. Psychrometric Constant (γ)

γ = 10–3 [(Cp.P) ÷ (ε.λ)] = (0.00163) × [P ÷ λ]
Where: γ, psychrometric constant [kPa C–1]
 cp, specific heat of moist air = 1.013 [kJ kg–10C–1]
 P, atmospheric pressure [kPa]: equations 2 or 4
 ε, ratio molecular weight of water vapor/dry air = 0.622
 λ, latent heat of vaporization [MJ kg–1]

7. Dew Point Temperature (Tdew)
When data is not available, Tdew can be computed from ea by:

Tdew = [{116.91 + 237.3Loge(ea)} ÷ {16.78–Loge(ea)}]
Where: Tdew, dew point temperature [°C]

ea, actual vapor pressure [kPa]
For the case of measurements with the Assmann psychrometer, Tdew can be 

calculated from:
Tdew = (112 + 0.9Twet)[ea ÷ (e0 Twet)]

0.125–[112–0.1Twet]
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8. Short Wave Radiation on a Clear-Sky Day (Rso)
The calculation of Rso is required for computing net long wave radiation and for 
checking calibration of pyranometers and integrity of Rso data. A good approxima-
tion for Rso for daily and hourly periods is:

 Rso = (0.75 + 2 × 10–5 z)Ra 
Where: z, station elevation [m]
Ra, extraterrestrial radiation [MJ m–2 d–1]
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°.

For areas of high turbidity caused by pollution or airborne dust or for regions 
where the sun angle is signifi cantly less than 50° so that the path length of radia-
tion through the atmosphere is increased, an adoption of Beer’s law can be em-
ployed where P is used to represent atmospheric mass:

 Rso = (Ra) exp[(-0.0018P) ÷ (Kt sin(Φ))]

Where: Kt, turbidity coefficient, 0 < Kt < 1.0 where Kt = 1.0 for clean air and
Kt = 1.0 for extremely turbid, dusty or polluted air.
P, atmospheric pressure [kPa]
Φ, angle of the sun above the horizon [rad]
Ra, extraterrestrial radiation [MJ m–2 d–1]

For hourly or shorter periods, Φ is calculated as:
sin Φ = sin φ sin δ + cos φ cos δ cos ω
Where: φ, latitude [rad]
δ, solar declination [rad] (Eq. (24) in Chapter 3)
ω, solar time angle at midpoint of hourly or shorter period [rad]
For 24-hour periods, the mean daily sun angle, weighted according to Ra, can 

be approximated as:
sin(Φ24) = sin[0.85 + 0.3 φ sin{(2πJ/365)–1.39}–0.42 φ2]

Where: Φ24, average Φ during the daylight period, weighted according to Ra [rad]
φ, latitude [rad]
J, day in the year
The Φ24 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 Rso by the atmosphere. Φ24 should be limited to >0. In some situations, 
the estimation for Rso can be improved by modifying to consider the effects of 
water vapor on short wave absorption, so that: Rso = (KB + KD) Ra where:

KB = 0.98exp[{(–0.00146P) ÷ (Kt sin Φ)}–0.091{w/sin Φ}0.25]
Where: KB, the clearness index for direct beam radiation
KD, the corresponding index for diffuse beam radiation
KD = 0.35–0.33 KB for KB > 0.15
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KD = 0.18 + 0.82 KB for KB < 0.15
Ra, extraterrestrial radiation [MJ m–2 d–1]
Kt, turbidity coeffi cient, 0 < Kt < 1.0 where Kt = 1.0 for clean air and Kt = 1.0 

for extremely turbid, dusty or polluted air.
P, atmospheric pressure [kPa]
Φ, angle of the sun above the horizon [rad]
W, perceptible water in the atmosphere [mm] = 0.14 ea P + 2.1
ea, actual vapor pressure [kPa]
P, atmospheric pressure [kPa]

APPENDIX J

PSYCHROMETRIC CHART AT SEA LEVEL



www.appleacademicpress.com

Sustainable 
Micro Irrigation Management
for Trees and Vines 

 Research Advances in Sustainable Micro Irrigation

 3

Megh R. Goyal, PhD, PE
Senior Editor-in-Chief

Sustainable Micro Irrigation Management for Trees and Vines 

Goyal

Sustainable Micro Irrigation Management 
for Trees and Vines

This valuable book focuses on sustainable micro irrigation management for trees 
and vines. Specialists throughout the world share their expertise, specifically on 
micro irrigation practices for citrus, blueberries, and other fruit crops. Chapters 
cover the principles as well as recent advances and applications and include 
such topics as:

•  automation of  micro irrigation systems
•  service and maintenance of  micro irrigation systems
•  evaluation of  micro irrigation systems
•  scheduling of  irrigation
•  using municipal wastewater for micro irrigation
•  micro-jet irrigation and other systems
•  the effect of  potassium, acid lime, and other elements
•  much more

ABOUT THE SENIOR EDITOR-IN-CHIEF

Megh R. Goyal, PhD, PE, is a retired professor of  agricultural and biomedical 
engineering at the College of  Engineering at University of  Puerto Rico. He has 
worked at the Biomedical Engineering Department of  Florida International 
University, Miami, USA; was a Lecturer/Research Assistant at Haryana 
Agricultural University, India, and Ohio State University, USA; and was Professor 
and Research Agricultural Engineer at the Agricultural Experiment Station of  the 
University of  Puerto Rico, Mayaguez campus. He is also Senior Acquisitions 
Editor for Apple Academic Press, Inc., in the areas of  agricultural science and 
biomedical engineering, as well as Senior Editor-in-Chief  of  the book series 
Research Advances in Sustainable Micro Irrigation.

_________________________________________________________
Books in the Research Advances in Sustainable Micro Irrigation 
book series: 

Volume 1: Sustainable Micro Irrigation: Principles and Practices
Volume 2: Sustainable Practices in Surface and Subsurface Micro Irrigation
Volume 3: Sustainable Micro Irrigation Management for Trees and Vines
Volume 4: Management, Performance, and Applications of 

Micro Irrigation Systems
Volume 5: Applications of Furrow and Micro Irrigation in Arid and 

Semi-Arid Regions 

ISBN: 978-1-77188- 25-10

9 781771 880251

00009

Sustainable 
Micro Irrigation Management
for Trees and Vines 

 Research Advances in Sustainable Micro Irrigation

 3

Megh R. Goyal, PhD, PE
Senior Editor-in-Chief

Sustainable Micro Irrigation Management for Trees and Vines 

Goyal

Sustainable Micro Irrigation Management 
for Trees and Vines

This valuable book focuses on sustainable micro irrigation management for trees 
and vines. Specialists throughout the world share their expertise, specifically on 
micro irrigation practices for citrus, blueberries, and other fruit crops. Chapters 
cover the principles as well as recent advances and applications and include 
such topics as:

•  automation of  micro irrigation systems
•  service and maintenance of  micro irrigation systems
•  evaluation of  micro irrigation systems
•  scheduling of  irrigation
•  using municipal wastewater for micro irrigation
•  micro-jet irrigation and other systems
•  the effect of  potassium, acid lime, and other elements
•  much more

ABOUT THE SENIOR EDITOR-IN-CHIEF

Megh R. Goyal, PhD, PE, is a retired professor of  agricultural and biomedical 
engineering at the College of  Engineering at University of  Puerto Rico. He has 
worked at the Biomedical Engineering Department of  Florida International 
University, Miami, USA; was a Lecturer/Research Assistant at Haryana 
Agricultural University, India, and Ohio State University, USA; and was Professor 
and Research Agricultural Engineer at the Agricultural Experiment Station of  the 
University of  Puerto Rico, Mayaguez campus. He is also Senior Acquisitions 
Editor for Apple Academic Press, Inc., in the areas of  agricultural science and 
biomedical engineering, as well as Senior Editor-in-Chief  of  the book series 
Research Advances in Sustainable Micro Irrigation.

_________________________________________________________
Books in the Research Advances in Sustainable Micro Irrigation 
book series: 

Volume 1: Sustainable Micro Irrigation: Principles and Practices
Volume 2: Sustainable Practices in Surface and Subsurface Micro Irrigation
Volume 3: Sustainable Micro Irrigation Management for Trees and Vines
Volume 4: Management, Performance, and Applications of 

Micro Irrigation Systems
Volume 5: Applications of Furrow and Micro Irrigation in Arid and 

Semi-Arid Regions 

ISBN: 978-1-77188- 25-10

9 781771 880251

00009

Sustainable 
Micro Irrigation Management
for Trees and Vines 

 Research Advances in Sustainable Micro Irrigation

 3

Megh R. Goyal, PhD, PE
Senior Editor-in-Chief

Sustainable Micro Irrigation Management for Trees and Vines 

Goyal

Sustainable Micro Irrigation Management 
for Trees and Vines

This valuable book focuses on sustainable micro irrigation management for trees 
and vines. Specialists throughout the world share their expertise, specifically on 
micro irrigation practices for citrus, blueberries, and other fruit crops. Chapters 
cover the principles as well as recent advances and applications and include 
such topics as:

•  automation of  micro irrigation systems
•  service and maintenance of  micro irrigation systems
•  evaluation of  micro irrigation systems
•  scheduling of  irrigation
•  using municipal wastewater for micro irrigation
•  micro-jet irrigation and other systems
•  the effect of  potassium, acid lime, and other elements
•  much more

ABOUT THE SENIOR EDITOR-IN-CHIEF

Megh R. Goyal, PhD, PE, is a retired professor of  agricultural and biomedical 
engineering at the College of  Engineering at University of  Puerto Rico. He has 
worked at the Biomedical Engineering Department of  Florida International 
University, Miami, USA; was a Lecturer/Research Assistant at Haryana 
Agricultural University, India, and Ohio State University, USA; and was Professor 
and Research Agricultural Engineer at the Agricultural Experiment Station of  the 
University of  Puerto Rico, Mayaguez campus. He is also Senior Acquisitions 
Editor for Apple Academic Press, Inc., in the areas of  agricultural science and 
biomedical engineering, as well as Senior Editor-in-Chief  of  the book series 
Research Advances in Sustainable Micro Irrigation.

_________________________________________________________
Books in the Research Advances in Sustainable Micro Irrigation 
book series: 

Volume 1: Sustainable Micro Irrigation: Principles and Practices
Volume 2: Sustainable Practices in Surface and Subsurface Micro Irrigation
Volume 3: Sustainable Micro Irrigation Management for Trees and Vines
Volume 4: Management, Performance, and Applications of 

Micro Irrigation Systems
Volume 5: Applications of Furrow and Micro Irrigation in Arid and 

Semi-Arid Regions 

ISBN: 978-1-77188- 25-10

9 781771 880251

00009


	FRONT COVER
	CONTENTS
	LIST OF CONTRIBUTORS
	LIST OF ABBREVIATIONS
	LIST OF SYMBOLS
	PREFACE
	FOREWORD
	FOREWORD
	FOREWORD
	FOREWORD
	BOOK SERIES: RESEARCH ADVANCES IN SUSTAINABLE MICRO IRRIGATION
	ABOUT THE SENIOR EDITOR-IN-CHIEF
	WARNING/DISCLAIMER
	PART I - PRINCIPLES OF SUSTAINABLE MICRO IRRIGATION FOR TREES AND VINES
	CHAPTER 1 - PRINCIPLES OF AUTOMATION
	CHAPTER 2 - PRINCIPLES OF SERVICE AND MAINTENANCE
	CHAPTER 3 - EVALUATION OF THE UNIFORMITY COEFFICIENTS
	CHAPTER 4 - WATER MANAGEMENT IN CITRUS: INDIA
	CHAPTER 5 - RESEARCH ADVANCES IN IRRIGATION AND FERTIGATION MANAGEMENT: CITRUS
	CHAPTER 6 - MICRO IRRIGATION POTENTIAL IN FRUIT CROPS: INDIA
	CHAPTER 7 - QUALITY OF MUNICIPAL WASTEWATER FOR MICRO IRRIGATION
	CHAPTER 8 - EVALUATION OF MICRO IRRIGATION WITH MUNICIPAL WASTEWATER

	PART II - RESEARCH ADVANCES AND APPLICATIONS
	CHAPTER 9 - EFFECTS OF IRRIGATION METHODS ON FRUIT PERFORMANCE OF ACID LIME
	CHAPTER 10 - PERFORMANCE OF CITRUS RETICULATA CV. BLANCO WITH MICROJET IRRIGATION
	CHAPTER 11 - MICRO IRRIGATION SCHEDULING IN NAGPUR MANDARIN
	CHAPTER 12 - PERFORMANCE OF NAGPUR MANDARIN WITH PRACTICES
	CHAPTER 13 - POTASSIUM FERTIGATION IN NAGPUR MANDARIN
	CHAPTER 14 - SENSOR BASED IRRIGATION SCHEDULING IN BLUEBERRIES

	BIBLIOGRAPHY
	APPENDICES
	BACK COVER



