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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 the water 
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 ir-
rigation methods.

The “http://newindianexpress.com/cities/bangalore/Micro-irrigation-to-be-promot-
ed/2013/08/17/” weblink published an article on the importance of micro irrigation in 
India. Every day, similar news appear all-round the world indicating that Government 
agencies at central/state/local level, research and educational institutions, industry, 
sellers and others are aware of the urgent need to adopt micro irrigation technology 
that can have an irrigation efficiency up to 90% compared to 30–40% for the con-
ventional irrigation systems. I here share with the readers the news on 17 August of 
2013 by Indian Express Newspaper, “In its efforts to increase the irrigated area by ef-
ficiently 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 dis-
putes 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 proj-
ects to introduce micro irrigation in four or five places in the Cauvery basin.’ Kapil 
further said that unless the farmers are willing to embrace micro irrigation, it would 
be difficult 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 finalizing the technology that 
should be adopted while undertaking the pilot project. ‘If everything goes as planned 
we should implement the pilot project within this financial 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 official sources, water would be supplied through micro sprin-
klers 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 irrigation system.”

Evapotranspiration (ET) is a combination of two processes: evaporation and tran-
spiration. Evaporation is a physical process that involves conversion of liquid water 
into water vapor and then into the atmosphere. Evaporation of water into the atmo-
sphere occurs on the surface of rivers, lakes, soils and vegetation. Transpiration is a 
physical process that involves flow of liquid water from the soil (root zone) through 
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the trunk, branches and surface of leaves through the stomates. An energy gradient is 
created during the evaporation of water, which causes the water 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 wa-
ter requirements and for irrigation scheduling. To determine crop water requirements, 
it is necessary to estimate ET by on site measurements or by using meteorological data. 
On site measurements are very costly and are mostly employed to calibrate ET meth-
ods 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 depends 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 reflect 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 flows through the soil. The height 
and density of vegetation influence efficiency of the turbulent heat interchange and the 
water vapor of the foliage.

Micro irrigation, also known as trickle irrigation or drip irrigation or localized ir-
rigation 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, tub-
ing, 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 ef-
fective in the home garden or even for houseplants or lawns. They are easily customiz-
able 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.

The mission of this compendium is to serve as a text book or a reference manual 
for graduate and under graduate students of agricultural, biological and civil engi-
neering; horticulture, soil science, crop science and agronomy. I hope that it will be a 
valuable reference for professionals that work with micro irrigation and water man-
agement; for professional training institutes, technical agricultural centers, irrigation 
centers, Agricultural Extension Service, and other agencies that work with micro ir-
rigation programs.

After my first textbook on Drip/Trickle or Micro Irrigation Management by Apple 
Academic Press Inc. and response from international readers, I was motivated to bring 
out for the world community this series on Research Advances in Sustainable 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 replace anyone of these. 
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This book series is unique because it is complete and simple, a one stop manual, with 
worldwide applicability to irrigation management in agriculture. Its coverage of the 
field of micro irrigation includes, historical review; current status and potential; ba-
sic principles and applications; research results for vegetable/row/tree crops; research 
studies from Chile, Colombia, Egypt, India, Mexico, Puerto Rico, Saudi Arabia, Spain, 
and U.S.A.; research results on simulation 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 irrigation 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, name-
ly, researchers, scientists, educators and students.

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

Volume 2 in this book series is titled Sustainable Practies in Surface and Subsur-
face Micro Irrigation, and includes 16 chapters consisting of: Wetting Pattern Simula-
tion of Subsurface Micro Irrigation: Part I, Model Development by M.N. El-nesr, S.M. 
Ismail, T.K. Zien El-Abedin, and M.A. Wassif; Wetting Pattern Simulation of Subsur-
face Micro Irrigation: Part II, Model Validation by M.N. El-nesr, S.M. Ismail, T.K. 
Zien El-Abedin, and M.A. Wassif; Micro Irrigation in Egyptian Sandy Soil: Hydraulic 
Barrier Technique by M.N. El-nesr, S.M. Ismail, T.K. Zien El-Abedin, and M.A. Was-
sif; Micro irrigation Design using MicroCAD by M.N. El-nesr, S.M. Ismail, T.K. Zien 
El-Abedin, and M.A. Wassif; Subsurface Drip Irrigation in Australia: Vegetables by 
Viola Devasirvatham; Mechanics of Clogging in Microirrigation System by Vishal 
keshavrao Chavan, P. Balakrishnan, Santosh Deshmukh, and M.B. Nagdeve; Water 
Movement in Drip Irrigated Sandy Soils by Eric Simonne, Aparna Gazula, Robert 
Hochmuth, and Jim DeValerio; Crop Coefficients: Trickle Irrigated Common Beans 
by Victor H. Ramirez Builes, Eric W. Harmsen and Timothy G. Porch; Water Require-
ments for Papaya on a Mollisol Soil by Ricardo Goenaga, Edmundo Rivera, and Car-
los Almodovar; Water Requirements for Tanier (Xanthosoma spp.) by Ricardo Goe-
naga; Water Requirements for Tanier (Xanthosoma spp.) on a Mollisol Soil by Ricardo 
Goenaga; Water Requirements for Banana on a Mollisol Soil by Ricardo Goenaga, 
and Heber Irizarry; Water Requirements for Banana on an Oxisol Soil by Ricardo 
Goenaga, and Heber Irizarry; Water Requirements for Plantains on a Mollisol Soil 
by Ricardo Goenaga, Heber Irizarry, and Eladio Gonzalez; Drip Irrigation Manage-
ment: Plantain and Banana by Ricardo Goenaga, Heber Irizarry, Bruce Coleman and 
Eulalio Ortiz; Biometric Response of Eggplant under Sustainable Micro Irrigation 
with Municipal Wastewater Vinod Kumar Tripathi, T.B.S. Rajput, Neelam Patel, and 
Pradeep Kumar; and Appendices.

Volume 3 in this book series is titled Sustainable Micro Irrigation Management 
for Trees and Vines.

Volume 4 in this book series is titled Management, Performance, and Applica-
tions of Micro Irrigation.
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The contribution by all cooperating authors to this book series has been most valu-
able in the compilation of this three-volume compendium. Their names are mentioned 
in each chapter. This book would not have been written without the valuable coopera-
tion of these investigators, many of them are renowned scientists who have worked in 
the field of evapotranspiration throughout their professional careers.

I would like to thank the editorial 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 the di-
minishing water resources is a major issue worldwide. Special thanks are due to the 
AAP Production Staff for typesetting the entire manuscript and for the quality produc-
tion of this book. We request the reader to offer us your constructive suggestions that 
may help to improve the next edition. The reader can order a copy of this book for 
the library, the institute or for a gift from CRC Press (Taylor & Francis Group), 6000 
Broken Sound Parkway, NW Suite 300, Boca Raton, FL, 33487, USA; Tel.: 800-272-
7737 or search at Weblink: http://www.crcpress.com.

I express my deep admiration to my family for understanding and collaboration 
during the preparation of this three volume book series. With our whole heart and best 
affection, I dedicate this book series to my wife, Subhadra Devi Goyal, who has sup-
ported 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. I present 
here the Hymn on Micro Irrigation by my students. 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
July 14, 2014



Since 1978, I have been a research assistant at Agricultural Experiment Substation – 
Juana Diaz, soil scientist, Chairman of Department of Agronomy and Soils in the Col-
lege 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 Depart-
ment (1997–2000). I am privileged to write a foreword for Goyal’s three volume book 
series that is titled Micro Irrigation Research Advances and Applications.

I have known Dr. Megh R. Goyal since 1st of 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 Puerto 
Rico. When I asked why he did so. His straight-forward reply was challenges in drip 
irrigation offered by this job. With no knowledge of Spanish, Megh survived. He also 
started learning 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, first drip irrigation system in our 
university for research on water requirements of vegetable crops was in action. Soon, 
he formed State Drip Irrigation Committee consisting of experts from university, sup-
pliers and farmers. He published his first 22-page Spanish publication titled, “Ten-
siometers: 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 field and laboratory hand in hand with his students. These 
students would later collaborate with Megh to produce a Spanish book on Drip Irriga-
tion 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, ex-
tension workers, scientists. Great contribution for Spanish speaking users!

Megh is a fluent writer. His research studies and results started giving fruits with at 
least one peer-reviewed publication on drip irrigation per month. Soon, our university 
researchers will have available basic information on drip irrigation in vegetable and 
tree crops so that they could design their field experiments. Megh produced research 
publications not only on different aspects of drip irrigation, but also on crop evapo-
transpiration estimations, crop coefficients, agroclimatic data, crop water require-
ments, etc. I had a chance to review his two latest books by Apple Academic Press 
Inc.: Management of Drip/Trickle or Micro Irrigation, published (2013) and Evapo-
transpiration: 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 that indicates his relationship with the world educational 
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community. Now he has written three - volume series on “Research Advances in Sus-
tainable Micro Irrigation,” that is due for out of press in the middle of next year. My 
appreciation to Megh for his good work and contribution on micro irrigation; and for 
this he will always be remembered among the educational fraternity today, tomorrow 
and forever.

Conventional irrigation systems, such as gravity irrigation and flooding tend to 
waste water as large quantities are supplied to the field in one go, most of which just 
flows over the crop and runs away without being taken up by the plants. Micro irriga-
tion keeps the water demand to a minimum. It has been driven by commercial farm-
ers in arid regions of the United States of America and Israel in farming areas where 
water is scarce. Micro irrigation, also known as trickle irrigation or drip irrigation or 
pressurized irrigation, saves water and fertilizer by allowing water to drip slowly to 
the roots of plants, either onto the soil surface or directly near 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. Primitive drip irrigation has been used 
since ancient times.

Ancient Methods: Centuries ago in the Middle East, farmers developed an effi-
cient way of irrigating trees in desert soil with a minimum of water. If poured directly 
on the ground, much water flows away from the plant and seeps beyond the reach of 
the roots. To control the flow of water, farmers buried special unglazed pots near the 
trees and periodically filled them with water. The water seeped through the clay walls 
slowly, creating a pocket of wet soil around the tree. Trees grew as well with the pot 
method as in orchards watered by trench irrigation.

Clay Pipes: Predecessors of today’s drip irrigation systems included experiments 
with unglazed clay pipe systems in Afghanistan in the late 1800s. Research conducted 
by E. B. House at Colorado State University in 1913 showed that slow irrigation could 
target the root zone of plants. In Germany during the 1920s, researchers devised con-
trolled irrigation systems based on perforated pipe. None of these systems proved as 
efficient as modern drip irrigation technology.

Plastics: In the 1950s, plastics molding techniques and cheap polyethylene tubing 
made micro irrigation systems possible for the first time. Though researchers in both 
England and France experimented with controlled irrigation, the greatest advance-
ments came from the work of a retired British Water Agency employee—Symcha 
Blass. In Israel, Blass found inspiration in a dripping faucet near a thriving tree and 
applied his knowledge of microtubing to an improved drip method. The Blass system 
overcame clogging of low volume water emitters by adding wider and longer pas-
sageways or labyrinths to the tubing. Patented in 1959 in partnership with Kibbutz 
Harzerim in Israel, the Blass emitter became the first efficient drip irrigation method.

Expansion: By the late 1960s, many farmers in Americas and Australia shifted 
to this new drip irrigation technology. Typical water consumption decreased from 30 
percent to 50 percent. In the 1980s, drip irrigation saw use in commercial landscap-
ing applications. Because the drip irrigation emitter technology focused water below 
ground in the root zone, these systems saved labor costs by reducing weed growth. 
With drip systems yards and gardens flourished without sprinklers or manual watering.
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Plantations: One of drip irrigation’s bigger success stories involves the sugar plan-
tations of Hawaii. Sugar cane fields require irrigation for two years before harvesting, 
and in Hawaii, the hillside fields make ditch irrigation impractical. Producers aban-
doned sprinkler systems in favor of the low-flow drip irrigation methods—a conver-
sion which took 16 years. In 1986, 11 sugar plantations in Hawaii had completely 
shifted to drip irrigation. One plantation spanned 37,000 acres of drip-irrigated sugar 
cane fields. The total cost of the conversion reached $30 million. Typically, these com-
mercial irrigation systems consist of a surface or buried pipe distribution network 
using emitters supplying water directly to the soil at regular intervals along the pipe-
work. They can be permanent or portable.

Many parts of the world are now using micro irrigation technology. The systems 
used by large commercial companies are generally quite complex with an emphasis on 
reducing the amount of labor involved. Small-scale farmers in developing countries 
have been reluctant to take up micro irrigation methods due to the initial high invest-
ment required for the equipment.

Today, drip irrigation is used by farms, commercial greenhouses, and residential 
gardeners. Drip irrigation is adopted extensively in areas of acute water scarcity and 
especially for crops such as coconuts, containerized landscape trees, grapes, bananas, 
berries, eggplant, citrus, strawberries, sugarcane, cotton, maize, and tomatoes.

Properly designed, installed, and managed, drip irrigation may help achieve wa-
ter conservation by reducing evaporation and deep drainage when compared to other 
types of irrigation such as flood or overhead sprinklers since water can be more pre-
cisely applied to the plant roots. Some advantages of drip irrigation system are: Fertil-
izer and nutrient loss is minimized due to localized application and reduced leaching; 
water application efficiency is high; field leveling is not necessary; fields with irregu-
lar shapes are easily accommodated; recycled nonpotable water can be safely used; 
moisture within the root zone can be maintained at field capacity; soil type plays less 
important role in frequency of irrigation; soil erosion is minimized; weed growth is 
minimized; water distribution is highly uniform, controlled by output of each nozzle; 
labor cost is less than other irrigation methods; variation in supply can be regulated 
by regulating the valves and drippers; fertigation can easily be included with minimal 
waste of fertilizers; foliage remains dry, reducing the risk of disease; usually operated 
at lower pressure than other types of pressurized irrigation, reducing energy costs.

The disadvantages of drip irrigation are: Initial cost can be more than overhead 
systems; the sun can affect the tubes used for drip irrigation, shortening their usable 
life; if the water is not properly filtered and the equipment not properly maintained, 
it can result in clogging; drip irrigation might be unsatisfactory if herbicides or top 
dressed fertilizers need sprinkler irrigation for activation; drip tape causes extra clean-
up 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 innovation 
in agriculture. Drip irrigation may also use devices called microspray heads, which 



xxvi Foreword

spray water in a small area, instead of emitters. These are generally used on tree and 
vine crops with wider root zones. Subsurface drip irrigation (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 irrigation, especially in areas where water supplies 
are limited or recycled water is used for irrigation. Careful study of all the relevant 
factors like land topography, soil, water, crop and agro-climatic conditions are needed 
to determine the most suitable drip irrigation system and components to be used in a 
specific installation.

The main purpose of drip irrigation is to reduce the water consumption by reduc-
ing the leaching factor. However, when the available water is of high salinity or alka-
linity, the field soil becomes gradually unsuitable for cultivation due to high salinity 
or poor infiltration of the soil. Thus drip irrigation converts fields 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 efficiency, meaning little or no leaching fraction. 
Without sufficient 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.

This three-volume compendium brings academia, researchers, suppliers and in-
dustry partners together to present micro irrigation technology to partially solve water 
scarcity problems in agriculture sector. The compendium includes key aspects of mi-
cro irrigation principles and applications. I find it user-friendly and easy-to-read and 
recommend being to be on shelf of each library. My hats 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

June 14, 2014



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 supplies of water 
should be used intelligently to the best possible advantage. Recent research around the 
world has shown that the yields per unit quantity of water can be 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 patterns are changed so as to minimize storage 
during the hot summer months when evaporation losses are high, if seepage losses 
during conveyance are reduced, and if water is applied at critical times when it is most 
useful for plant growth.

Irrigation is mentioned in the Holy Bible and in the old documents of Syria, Per-
sia, India, China, Java, and Italy. The importance of irrigation in our times has been 
defined appropriately by N.D Gulati: “In many countries irrigation is an old art, as 
much as the civilization, but for humanity it is a science, the one to survive.” The 
need for additional food for the world’s population has spurred rapid development of 
irrigated land throughout the world. Vitally important in arid regions, irrigation is also 
an important improvement in many circumstances in humid regions. 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 efficiency of water application.

The main objective of irrigation is to provide plants with sufficient water to pre-
vent stress that may reduce the yield. The frequency and quantity of water depends 
upon local climatic conditions, crop and stage of growth, and soil-moisture-plant char-
acteristics. Need for irrigation can be determined in several ways that do not require 
knowledge of evapotranspiration (ET) rates. One way is to observe crop indicators 
such as change of color or leaf angle, but this information may appear too late to avoid 
reduction in the crop yield or quality. Other similar methods of 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 char-
acteristics 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 avail-
able. This has contributed to one of the existing problems that the vegetable crops are 
over irrigated and tree crops are under irrigated.

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

Drip irrigation is an application of water in combination with fertilizers within 
the vicinity of plant root in predetermined quantities at a specified time interval. The 
application of water is by means of drippers, which are located at desired spacing on 
a lateral line. The emitted water moves due to an unsaturated soil. Thus, favorable 
conditions of soil moisture in the root zone are maintained. This causes an optimum 
development of the crop. Drip/micro or trickle irrigation is convenient for vineyards, 
tree orchards, and row crops. The principal limitation is the high initial cost of the sys-
tem that can be very high for crops with very narrow planting distances. Forage crops 
may not be irrigated economically with drip irrigation. Drip irrigation is adaptable for 
almost all soils. In very fine textured soils, the intensity of water application can cause 
problems of aeration. In heavy soils, the lateral movement of the water is limited, thus 
more emitters per plant are needed to wet the desired area. With adequate design, use 
of pressure compensating drippers and pressure regulating valves, drip irrigation can 
be adapted to almost any topography. In some areas, drip irrigation is used success-
fully 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 con-
servation 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 unselfish job in the presentation of this compendium that is simple 
and thorough. I have known Megh Raj since 1973 when we were working together at 
Haryana Agricultural University on an ICAR research project in “Cotton Mechaniza-
tion in India.”
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Gajendra Singh, PhD,  
prof.gsingh@gmail.com, Tel. +91 99 7108 7591
Adjunct Professor, Indian Agricultural Research Insti-
tute, New Delhi
Ex-President (2010-2012), Indian Society of Agricul-
tural Engineers
Former Vice Chancellor, Doon University, Dehradun, 
India.
Former Deputy Director General (Engineering), Indian 
Council of Agricultural Research (ICAR), New Delhi.
Former Vice-President/Dean/Professor and Chairman, 
Asian Institute of Technology, Thailand

New Delhi 
June 14, 2014
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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 estimates that by the year 2025, one 
person in three in other words 3.25 billion people in 52 countries will live in condi-
tions 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%, respectively. 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 water 
in and around the root zone of plant (crop) and consists of a network of pipes with suit-
able 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 sandy belts, 
water scarcity areas, semi arid zones, and well-irrigated lands. By using micro 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 efficiency is 30–40% for sur-
face 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 gathered 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 irriga-
tion 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 economically vi-
able and profitable. 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 
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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 irriga-
tion 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, re-
views of the system, principles of micro irrigation, the experience of micro irrigation in 
desert region—mainly in the Middle East, and application in the field for various crops, 
especially in water requirements, like banana, papaya, plantations, tanier, etc. The chap-
ters are written by experienced scientists from various parts of the world bringing their 
findings, which will be useful for all the micro irrigation farmers in the world in the com-
ing years. I must congratulate Dr. Goyal for taking trouble in contacting and collecting 
papers from experts on their subjects and publishing 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, particularly mi-
cro irrigation. After a big success for his first 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 account 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 experience and knowledge about micro irriga-
tion to this book. He has also given many figures, illustrations and tables to understand 
the subject. I congratulate the author for writing this valuable book series. The informa-
tion 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 irrigation, I am indebted to Dr. Megh R. Goyal and Apple Academic 
Press for undertaking this project.

Professor (Dr.) R. K. Sivanappan, 
Email: sivanappan@hotmail.com
Former Dean-cum-Professor of College of Agricultural 
Engineering and Founding Director of Water Technology 
Centre at Tamil Nadu Agricultural University [TAMU], 
Coimbatore – India. Ex-member of Tamil Nadu State 
Planning Commission (2005–2006).
Father of Micro irrigation in India as mentioned by Mrs. 
Sandra Postel in her book Pillar of Sand –– Can the 
Irrigation Miracle Last by W. W. Norton and Company – 
New York.
Recipient of Honorary PhD. degree by Linkoping University 
– Sweden; and conferment of the honorary DSc degree by the 
TAMU-India.

 
June 14, 2014 
Coimbatore––

India
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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 
various systems that are being used around the world, the principles of mi-
cro irrigation, chemigation, filtration systems, water movement in soils, soil-
wetting patterns, crop water requirements and crop coefficients for a number 
of crops. It also includes chapters on hydraulic design, emitter discharge and 
variability, and pumping station. Irrigation engineers will find 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

June 14, 2014
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pump does not fit all sizes of agricultural land and to all crops.
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1.1 INTRODUCTION

Campbell [5] stated that unlike flood and sprinkler irrigation systems modeling, drip 
source infiltration modeling cannot be accepted in any way to be modeled in less than 
two dimensions (2D). However, the drip source infiltration can be represented in a 
very satisfactory way in 2D cylindrical coordinates for point source and 2D Cartesian 
coordinates for line source.

Several investigators had developed mathematical models to predict infiltration 
characteristics from water source. These models are either numerical or analytical, for 
solving steady or time dependent flow, of surface or subsurface point or line sources. 
Most of these models dealt only with the wetting pattern shape in bare soil, but some 
of them dealt also with solute transport or root uptake. Some of these models and their 
properties are listed in Table 1.

In this chapter, authors discuss the research results on development of a simulation 
model for both the surface and subsurface drip irrigation systems. The model includes 
effects of soil type, soil-water characteristics, lateral burying depth, lateral spacing, 
physical barrier, and multiple tubing.

1.2 MODEL DEVELOPMENT

1.2.1 GOVERNING EQUATIONS
Vadose zone of the soil is the shallow, unsaturated zone above water table. In the va-
dose zone of a soil, the soil-moisture is governed by the Darcy’s law. The Darcy’s law 
can be applied in the vertical direction (z) as follows:

TABLE 1 Selected two-dimensional models for water infiltration in soil.

Model Name nD Loc. Shape Time Method Wf Tc

Brandt et al. [3] 2 Sr Point Td Nm Wf ADI

Bresler [4] 2 Sr Point Td Nm Wf+St ADI

Raats [17] 2 Br Point Td Nm

Raats [18] 2 Sr Point Td Nm

Selim, and Kirkham [23] 2 Sr Trench Td Nm ADI

Zachmann and Thomas [32] 2 Sr Line Ss An D.A.

Warrick [30] 2 Sr Point Td An Wf

Lomen, and Warrick [12] 2 Sr Line Td An

Warrick and Lomen [31] 2 Sr Disk Td An

Gilley, and Allred [8] 2 Br Line Ss An

van Der Ploeg et al. [27] n Sr Point Td Nm

Thomas et al. [24] 2 Br Line Ss An

Raats [19] 2 Br Both Ss An D.A.
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Model Name nD Loc. Shape Time Method Wf Tc

Thomas et al. [25] 2 Br Point Ss An chart

Caussade et al. [6] 2 Sr Point Td Nm ALN

Ahmad [1] 2 Br Line Td Nm

Oron [16] 2 Br Point Ss Nm Ru

Ragab et al. [20] 2 Sr Line Td Nm

Ben-Asher et al. [2] 2 Sr Point Td An

Zazueta et al. [33] 2 Sr Point Td An Wf D.A.

Lafolie et al. [11] 2 Sr Point Td Nm Wf

Morcos et al. [15] 2 Sr Point Td Nm

Zin El-Abedin et al. [34] 2 Br Point Ss Nm Wf

Revol et al. [21] 2 Sr Point Td An Wf

Russo et al. [22] 2 Sr Point Td Nm St+Ru

Šimůnek et al. [11] 2 SrBr Point Td Nm St+Ru

Mmolawa, and Or [16] 2 SrBr Point Td An St

Russo et al. [22] 3 Br Point Td Nm St

Moncef et al. [14] 2 Sr Point Td Nm Wf ADI

Khalifa et al. [9] 2 Sr Point Td Nm ADI

An: Analytical solution; Br: Buried source; D.A.: dimensional analysis; nD: number of di-
mensions; Nm: Numerical solution; Ru: Root uptake study; Sr: Surface source; Ss: Steady 
state solution; St: solute transport study; Tc: Solution technique; Td: Time dependent solu-
tion; Wf: Wetting front determine.

 ( ) 1z
hv K

z
qq

q
∂ ∂ = − ⋅ − ∂ ∂ 

 (1)

where,  vz is a water vertical velocity (LT–1) in z direction (L); K is a soil hydraulic 
conductivity (LT–1) at soil moisture content q. Darcy’s law can be represented in the 
diffusivity form as follows:

 ( ) ( )zv D K
z
qq q∂= − +

∂
 (2)

where, D (q) is the water diffusivity of soil (L2T-1), defined by Eq. (3):

 ( ) ( ) hD Kq q
q

∂=
∂

 (3)

Darcy’s law is modified for the unsaturated flow in three dimensions to obtain a 
nonlinear partial differential equation (known as Richard’s equation) as follows.

TABLE 1 (Continued)
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 ( ) ( ) ( ) ( ) D D D K
t x x y y z z z
q q q qq q q q ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂     ∴ = + + −      ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂    

 (4)

Richard’s equation can also been expressed in terms of the Matric Flux Potential (MFP 
or S (q)) term in order to make the equation linear. So the diffusivity form of MFP is:

 ( ) ( )
d

r

dS D d
q

q

q q q= ⋅∫  (5)

where, qd is the desired soil moisture content which corresponds to the matric flux 
potential; qr is the residual water content of the soil.

 ( ) ( ) ( ) ( )2 2 2

2 2 2

S S S K
t x y z z

q q q qq ∂ ∂ ∂ ∂∂ = + + −
∂ ∂ ∂ ∂ ∂

 (6)

However, for a two-dimensional flow in cylindrical (r-z) coordinates, the Eq. (6) for a 
cylindrical radius, r, is expressed as follows:

 ( ) ( ) ( ) ( )2 2

2 2

1S S S K
t r r r z z

q q q qq ∂ ∂ ∂ ∂∂ = + + −
∂ ∂ ∂ ∂ ∂

 (7)

1.2.1.1. SOIL WATER CONDUCTIVITY
Several empirical functions have been proposed to describe the soil water retention 
curve. One of the most popular functions is a function defined by Brook and Corey 
(BC-equation), given below:

 ( ) 1
1 1

ps
r

s r

h h
h

lq q a a
q q a

−− >Q = = − ≤
 (8)

where, Q is the effective degree of saturation or the reduced water content; qr and qs 
are the residual and saturated water contents, respectively; α is an empirical parameter 
(L–l) whose inverse is often referred to as the air entry value or bubbling pressure; and 
λps is a pore-size distribution parameter affecting the slope of the retention function; h 
is the soil water pressure head taken positive for unsaturated soils (denotes suction).

The residual water content, qr in Eq. (8) specifies the maximum amount of water in 
a soil that will not contribute to liquid flow because of blockage from the flow paths or 
strong adsorption onto the solid phase [13]. It is defined as the water content at which 
both dq/dh and K go to zero when h becomes large negative value.

The saturated water content, qs denotes the maximum volumetric water content of 
a soil. qs is generally about 5 to 10% smaller than the porosity because of entrapped 
or dissolved air.

The Eq. (9) by van Genuchten [VG-equation, 28] is the alternate smooth function 
for soil water retention curve:

 ( )( )
1

1
r

mn
s r h

q q
q q a

−Q = =
− +  (9)
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where, a, n and m are empirical constants affecting the shape of the retention curve; m 
can be calculated as a function of n according to m=1–1/n for the Mualem conductivity 
model and m=1–2/n for Burdine conductivity model. However, most of the soils have 
1<n<2, and m must be positive. Unlike Mualems’ model, Burdine’s model cannot be 
used for most of the soil types.

van Genuchten, et al. [28] combined Mualems’ conductivity model (MCM) and 
Burdine’s model (BCM) with the VG and BC retention models. Therefore, they de-
rived some smooth, simple, and, durable functions, which are defined below:

1. Hydraulic conductivity model combining MCM and VG models:

 ( ) ( )1
2

1 1 m
m

SK K ϒ  Q = Q − − Q  
 (10)

 where, ϒ is the pore-connectivity parameter = 0.5 as an average for many 
soils; Ks is the saturated hydraulic conductivity.

2. Soil-water diffusivity D(Q) by combining MCM and VG models:

 ( ) ( )
( ) ( ) ( )

1

1 11
1 1 2

m m m
S m m

S r

m K
D

ma q q

ϒ−
−− Q  Q = − Q + − Q − −  

 (11)

 Other combinations of the retention-conductivity models are defined by van 
Genuchten et al. [28].

1.2.2 MODELING PROCEDURE AND ASSUMPTIONS

1.2.2.1 MODELING TARGETS
The current model consists of several models of soil water relationships. Although, 
these models agree with the main equation, yet these are for different initial and bound-
ary conditions. The models for the wetting pattern in this chapter were developed to 
simulate following conditions:

• Single surface dripper with/without a physical barrier. For simplification, these 
models are called GDF and GDN respectively; where, GD stands for ground 
dripper, F: with physical isolation, N: with no physical isolation.

• Single subsurface dripper with/without physical barrier, models BDF, and BDN 
respectively; where, BD stands for buried dripper.

• Double dripper lines, with/without physical barrier, models DDF and DDN re-
spectively; where, DD stands for double dripper-lines. These dripper lines must 
have at least one of the laterals buried, i.e., either both lines are subsurface, or 
one surface and one subsurface.

1.2.2.2 THEORETICAL ASSUMPTIONS
• The soil is assumed uniform, homogeneous, and isotropic.
• The initial water content qini should be uniform, and no sensible water move-

ment initially in the soil q = qini.
• Darcy’s law applies in both saturated and unsaturated zones.
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• During the infiltration process: Soil water at any point in the system can either 
increase due to infiltration, or remain unchanged, i.e., it cannot decrease at any 
time.

• The hydraulic conductivity of the soil and all its derived functions: Are differen-
tiable, continuous and single valued functions of the moisture content.

1.3 DEVELOPMENT OF THE BASIC WETTING PATTERN GDN MODEL

For the simplest model “GDN”: Consider a field that is being irrigated with a set of 
emitters, spaced at 2x, and 2y as shown in Fig. 1: where, z direction is considered posi-
tive downward. Therefore, the element under consideration is bounded by the plans 
X=0, X=x, Y=0, Y=y, Z=0, and Z=z: where, z is not a fixed boundary, but it should be 
taken far enough of the expected wetting front during the modeled experiment time.

To ensure non interference between emitters or any other wetting sources, the flow 
must vanish through the plans X=0, X=x, Y=0, Y=y, and Z=z (not Z=0). Therefore, 
at time t>0, we have: 0xq∂ ∂ =  at X plans, 0yq∂ ∂ =  at Y plans, and 0zq∂ ∂ =  at 
Z=z plan.

FIGURE 1 The elemental scheme under study for ground drip model.
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To define the boundary conditions for plan Z=0, several considerations should be 
taken into account, while developing the model:

• This plan is divided into two zones, the first is the wetted zone, from the emitter 
(X=0, Y=0) to a moving boundary, which increases with time ( )tρ , has a wet-
ting radius ( ) 2 2t x yρ = + . The second zone is the dry zone from ( )tρ  to the 
end of the grid X=x, and Y=y.

• Water flows through the emitter discharge q should instantly infiltrate into the 
soil, or evaporates to air, hence a film of water pond occur with no runoff, so, 
the water content within the wetted zone is equal to the water content at satura-
tion sq q= .

• Outside the wetted zone, no water occurs at surface, so either no water reach-
es this zone, or the infiltrated water is exactly equals the evaporated water. 
From Darcy’s Eq. (2) for downward water movement, it can be said that:

( ) ( )E D z Kq q q= − ⋅∂ ∂ + , where E is the evaporation (LT–1), from Eq. (5) 
( )E S z K q∴ = −∂ ∂ + .

• Inside the wetting zone, the integration over horizontal plan of the net water, 
which evaporates and infiltrates into the soil is equals to the corresponding emit-
ter flow.

 
( )

0

2
t SK E r dr q

z

ρ

π ∂ + − ⋅ = ∂ ∫   (12)

1.3.1 MODEL SOLUTION METHOD
The model equations should be solved for all the wetting pattern (q) values through-
out the soil matrix. However, Richard equation is an implicit equation of the second 
order, and it can only be solved by using the numerical methods. Many investigators 
have found that the best numerical-solution model of the diffusivity equation is the 
alternative direction implicit difference method (ADI). The ADI method solves the 
two-dimensional equation in two stages:

In	the	first	stage: Advancing from time t (j) to time t (j+½), instead of t (j+1), 
the r direction variables are considered explicit, and the other z direction variables are 
considered implicit, thus the equation can simply be solved.

The resulted values of the first stage are entered to the second stage but by invert-
ing the implicit-explicit order, and advancing from time t (j+½), to time t (j+1), i.e., r 
considered implicit, and z considered explicit.

This technique is very durable, accurate, and efficient In order to solve by ADI, 
several auxiliary techniques are used. The	first	method involves the simplification of 
each stage-equation by analytical methods, which can be done by approximating some 
variables, or variable groups into simpler variables, or constants, and then the equation 
is solved. These approximations reduce the accuracy of the method but increase the 
ease and the speed of the solution.

Another method is to combine the iterative Newton-Raphson method with the no-
niterative ADI method to find the solution of each stage of the latter. This combination 
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has been used by Brandt et al. [3], and will be used to develop the model for the wet-
ting pattern in this chapter.

1.3.2 THE NUMERICAL GRID
The square grid is used to solve the finite difference model. The dynamic/static nature 
of the grid, and its dimensions specifies the accuracy of the solution. Figure 2 shows 
the grid of the model, given in this chapter. The grid is divided into squares in r and z 
directions:
 ( )l5.0−= iri   i=0, 1, 2, …, N+1; (integer)

 ( )llzl =   l=0, 1, 2, …, M+1; (integer)

 ∑
=

=
j

jt
1δ

δt  j>=1, t0=0; (real)

where, λ is the length of the grid unit so that: Rmax≈Nλ; Zmax=λM; M, and N are integers 
representing number of grid units in Z and R directions, respectively; and τδ= variable 
time step.

FIGURE 2 Finite difference grid for the wetting pattern model in this study.

Moisture content during the simulation process is denoted by location and time. 
Location coordinates are put in the subscript position, while time is put in the super-
script position. For example: ,

j
i lq , denotes the water content in the horizontal position 

i, and vertical position l, on time-step j. Sometimes, for brief, the sub and super scripts 
may be omitted.

Normally, the time step is considered fixed, the smaller the time step is, the more 
accurate is the results, and the less the rapidity of the solution. Campbell [5] reported 
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that the selection of the time step is a balance between accuracy and speed. In the it-
erative Newton-Raphson technique (named after Isaac Newton and Joseph Raphson): 
There is no reason to worry about accuracy, the convergence of the answer will not be 
achieved unless it is within an acceptable range of error. If the answer converges at a 
large time step, the final answer will be achieved faster with a satisfactory accuracy. 
However, since Newton-Raphson method is used in this chapter, a variable time step 
was used. A medium time-step was assumed first, if convergence occurred, and it is 
accepted. Otherwise, a smaller time-step will be assumed and so on.

1.3.3 THE FIRST STAGE OF ADI METHOD
The main equation of the model in Eq. (7) for the first stage, can be transformed to 
finite difference format as shown in Eq. (13). Note that r groups are explicit while the 
z groups are implicit.

The corresponding boundary conditions to be satisfied in the same time step are 
the conditions in which the z∂ ∂ terms appear or in which z is given a certain value 
not a range, These conditions, as well as the second stage BCs are converted to Finite 
Difference Model (FDM) Eqs. (14)–(20), as shown below:

 

1
2

1 1 1 1 1
2 2 2 2 2

, , 1, , 1, 1, 1,
2 2

, 1 , , 1 , 1 , 1
2

2
2 (2 1)

2
2

j j j j j j j
i l i l i l i l i l i l i l

j
r

j j j j j
i l i l i l i l i l

z

S S S S S
i

S S S K K

q q
t l l

l l

+
+ − + −

+ + + + +
+ − + −

− − + −
= +

−

− + −
+ −



 

groups(explicit)

groups(implicit)
 

 (13)

Format of the Equation i l j Eq.#

0
,i j iniq q= 0 to N+1 0 to 

M+1 0 (14)

1 1
0, 1,
j j
l lq q+ += or 1

,1
1

,0
++ = j
l

j
l SS 1 1 to M 0 to T (15)

1 1
, 1,

j j
N l N lq q+ +

+= or 
1

,1
1

,
+
+

+ = j
lN

j
lN SS N 1 to M 0 to T (16)

2
1

2
1

,1,
++

+ = j
Mi

j
Mi qq or 

1 1
2 2

, 1 ,
j j

i M i MS S+ +
+ =

1 to N M 0 to T (17)

S
j

i qq =+ 2
1

0,
1 to 1−Si 0 0 to T (18)

( )1 1 1
2 2 2

,0 ,0 ,02 2 0j j j
i i i z iF r K E Sπ l l+ + += ⋅ + − D =

where, at soil surface, 2
1

2
1

2
1

2
1

2,0,1,0, 34 ++++ −−=D j
i

j
i

j
i

j
iz SSSS

1+Si  to N 0 >0 to T (19)
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( )
( )

1
2

1 1 1
2 2 2

1

,0 ,0 ,0
1

2 2

S

S

j
i

i
j j j

i i z i
i

F q t

r K E Sπ l l

+

−
+ + +

=

= −

⋅ + − D∑

where: ( ) /Si tρ l= ;

iS 0 >0 to T (20)

The system of equations for the first stage is a closed system for each i. The num-
ber of equations to be solved is M +2 equations in M +2 unknowns. The unknowns 
here are 1

2
,
j

i lq +  for fixed i and j+½, and for l =0, 1, 2, 3, . . . M, M +1). Therefore, for 
each time-step, there are N systems of the M+2 equations. Brandt, et al. [3], suggested 
an approximation of the solution by means of vectors, i.e., for each time step. The 
complete system of equations can be written in a reduced format as follows:

 ( ) 0i iΦ Ω =  (21)

where, ( )2
1

2
1

2
1

2
1

2
1

2
1

1,,3,2,1,0, ,,,,, +
+

+++++=Ω j
Mi

j
Mi

j
i

j
i

j
i

j
ii qqqqqq 

 = Matrix for unknowns; and, 

( )1,,3,2,1,0, ,,,,, +=Φ MiMiiiiii ζζζζζζ   = Matrix for equations.
The subscripts in the unknowns’ matrix denote the location of the variable q in 

the grid, while the subscripts in the equations matrix denote an equation of the system 
corresponding to such location. For example, , 1i Mζ +  denotes the boundary condition 
defined in Eq. (17).

Initially all values of q should be set to the given initial soil wetness iniq , therefore, 
this will be the first guess of ( )

i
nΩ  for the iteration number, n. This means that the initial 

iteration is denoted by (1)
iΩ . The above system (Matrix system) can be solved using 

matrices algebra by the solving the following matrix system:

 ( ) ( ) ( )
i i i
n n nωℜ • = −Φ  (22)

where, ( )
i
nω  is the error matrix, ( )

i
nℜ  is the Jacobian matrix. ℜ  is the (M+2) × (M+2). 

Jacobian matrix denotes the partial derivative of each element with respect to its po-

sition, that is, ( )
gi

pigp
,

,,
q
ζ

∂
∂

=ℜ , where: p, g denotes the horizontal and vertical position 

in the Jacobian matrix, respectively, each equals 0, 1, 2, . . . M+1. The details of the 
Jacobian matrix will be discussed in details in this chapter for each model.

After each time-step, the value of ( )
i
nΦ  of the next time step equals:

 ( 1) ( ) ( )
i i i
n n nω+Φ = Φ +  (23)

where, ( )
i
nω  is the error matrix of (M+2) unknowns, however, this is the target of each 

time step iteration. The matrix system in Eq. (22) needs to be solved to find the error 
matrix ( )

i
nω . If the absolute value of all elements of it are below the allowable error (ε), 

then the time-step has ended, and the values of the ( 1)
i
n +Φ  matrix contains the proper 

values of 
1

2
,
j

i lq + . Otherwise, if the absolute value of any element of the ( )
i
nω  matrix 
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has exceeded ε, the full time-step should be repeated with the new value of the ( 1)
i
n +Φ . 

Assuming convergence of the diffusivity function, the operation will complete within 
about seven iteration steps.

1.3.3.1 THE JACOBIAN MATRIX ℜ
The Jacobian matrix in this chapter is a backbone of the model for the wetting pattern 
in this chapter. Nonetheless, any differences in the boundary conditions from model 
to model will be reflected mainly in this matrix. However, as mentioned before, it is 
the local partial differentiation of the zeta function ,i lζ  with respect to the moisture 
content variable. For more clarification, Zeta function of the GDN model will be dis-
cussed in details here:

For any point in the grid, with the coordinates (i, l), Eq. (13) can be applied except 
for the points whose coordinates belong to the range of any of the boundary conditions 
(14) to (20). The derivation of the zeta function of the point that only belongs to Eq. 
(13) is defined as: zeta equals the difference between the right and the left hand side of 
the equation, as shown below:

 

1
2

1 1 1 1 1
2 2 2 2 2

, , 1, , 1, 1, 1,
, 2 2

, 1 , , 1 , 1 , 1
2

2
2 (2 1)

2
2

j j j j j j j
i l i l i l i l i l i l i l

i l
j

j j j j j
i l i l i l i l i l

S S S S S
K

i

S S S K K

q q
ζ

t l l

l l

+
+ − + −

+ + + + +
+ − + −

 − − + −
= − + − 

 − + −
− −  

 (24)

Multiplying Eq. (24) by t.l2/2, we get:

 ( )
( )

1
2

1 1 1 1 1
2 2 2 2 2

1, 1,
1, , 1,

2
, , ,

, 1 , , 1 , 1 , 1

2
(2 1)

2
2

2

j j
i l i lj j j

i l i l i l
j jj

i l i l i l

j j j j j
i l i l i l i l i l

S S
S S S

i

S S S K K

t
ζ l q q

l

+ −
+ −

+

+ + + + +
+ − + −

  −
− + + +  −  = − −    − + − −    

 (25)

For 1<i<is-1, and j=0 (at soil surface): Eq. (13) combined with the boundary condition 
BC (18) is used. This combination can be transformed into zeta format as shown in 
Eq. (26). Zeta function for the rest of the boundary conditions combined with the main 
equation, as well as the stated equations, can be summarized in the case of ζi,l where 
l=0, 1, 2, …, M+1:

If (l=0, 1<i<is −1):  ( )1
22

, ,0
j

i l i Sζ l q q+= −  (26)

If (l=0, i= is):

 ( ) ( )1
2

1 1 1 1 1
2 2 2 2 2

1

0 0 0 1 22 2 3 42 S S S S S

S

j
ij j j j j j

i ,l i , i , i , i , i ,
i

q t
K E S S S

r

σt
ζ l l

π

+
−+ + + + +

 −
 = − + + − + −  

 (27)

where, 

1
21 1

2 2

1
,0

1 ,0 ,0
1

2
2

S
ji

j j z i
i i i

i

S
r K Eσ π l

l

+−
+ +

−
=

 D = ⋅ + −
  

∑ , see Eq. (19).
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If (l=0, N>i>is):

 ( )1 1 1 1 1
2 2 2 2 2

0 0 0 1 22 2 3 4
2

j j j j jj
i ,l i , i , i , i , i ,K E S S S

t
ζ l l+ + + + += − + + − +  (28)

If (M+1>l>0, i≠0):

 ( )
( )

( )

1 1 1 1 1
2 2 2 2 2

1
2

1 1 1 1
2

1 1 1 1

2
2
12 2

2 1

j j j j j
i ,l i ,l i ,l i ,l i ,l

j jj
i ,l i ,l i ,l

j j j j j
i ,l i ,l i ,l i ,l i ,l

S S S K K

S S S S S
i

l
t

ζ l q q

+ + + + +
+ − + −

+

+ − + −

 − + − − + 
= − −  

 − + + − − 

 (29)

If (l=M+1, i≠0):  ( )1 1
2 2

, , , 12
j jj

i l i M i MS S
t

ζ + +
+= − −  (30)

It should be mentioned that these equations are only applied to the GDN model, and 
may vary totally or partially if the model changed.

1.3.3.1.1 THE COMPONENTS OF THE JACOBIAN MATRIX
The Jacobian matrix components are the partial derivative of the zeta function with 
respect to the moisture content, where:

 

1 ,( ) 2
1, 2

,

j i p
i jp g

i g

n ζ

q

+

+

∂
 ℜ = 

∂  (31)

where, n is the number of iteration trial, p and g are the position of the matrix, each 
having the values of l = 0, 1, 2, …, M, M+1. To understand how to evaluate the Jaco-
bian matrix, consider an example and let the Jacobian for the first stage is 9×9 matrix 
(for a 7×7 grid), starting from row 0 to row 8, and from column 0 to column 8:

1
2

1 ,0( ) 2
10,0 2

,0

2

,0

j i
i j

i

j
i S

n ζ

q

l q q

+

+

+

∂
 ℜ = 

∂

∂ −

=
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Constant



1
2
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l
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iS ++
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 ( )1

2
1

S

jl
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r

σ
π

+
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−  

 mismatch

1 1 1 1
2 2 2 2

1
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Constants

1
2

,2
j

iS ++( )
1

2
,0

Sj
i

i i
q +













      

>
∂

Notice that mismatching means that the implicit suffix, so that the function is dif-
ferentiated to, does not equal the corresponding suffix in the equation, i.e.: in the 
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previous equation, differentiation is performed with respect to qi,l=0 so that l value here 
is fixed to zero. Therefore, any variable containing q with any other value of l other 
than the zero is considered a fixed value (not variable) so that its derivative is zero. 
Other examples of the Jacobean can be found in El-Nesr [7].

2

1
02
10 0 2

0
2 3

2

S
j i ,( )

i j,
Si ,

i i

K E S i i
n

l
ζ

t lq q q q

+

+

 <
∂  ∴ ℜ = =  − ∂ ∂ ∂   + + ≥ ∂   ∂ ∂ ∂  

It can be observed that the major components of the Jacobian matrix are zero val-
ues. However, the first stage Jacobian matrix is semi-tri-diagonal matrix (banded 
matrix), which can be solved by some methods other than normal gauss-related 
methods. The full Jacobian of the first stage is shown in the matrix in Fig. 3, where,

S K ED , K , E
q q q

∂ ∂ ∂= = =
∂ ∂ ∂

  .

1.3.4 THE SECOND STAGE OF ADI METHOD
The finite difference transformation of the equation for the second stage is shown 
below:

 ( )

1 1 1 1 1 1
2 2 2 2 2 21 1 1 1 1 1

, , 1, , 1, 1, 1, , 1 , , 1 , 1 , 1
2 2 2

2 2
2 2 1 2

j j j j j jj j j j j j
i l i l i l i l i l i l i l i l i l i l i l i l

j
zr

S S S S S S S S K K
i

q q
t l l l l

+ + + + + ++ + + + + +
+ − + − + − + −− − + − − + −

= + + −
−



 groups (explic groups (implicit)



it)

 (32)

In Eq. (32), it can be noticed that r groups are implicit while the z groups are ex-
plicit. In addition, the current known time-step is j+½, while the unknown time step 
is j+1.

The corresponding boundary conditions to be satisfied in the same time step are 
the conditions in which the r∂ ∂ terms appear or in which r is given a certain value not 
a range. These conditions can be converted to Finite Difference Model FDM as shown 
in Eqs. (15), and (16).

The system of equations for the second stage is a closed system for each l. The 
number of equations to be solved is N +2 equations for N +2 unknowns. The unknowns 
here are 1

,
j

i lq +  for fixed l and j+1, and i =0, 1, 2, 3, . . . N, N +1). Thus for each time-step, 
there are M systems of the N+2 equations. Same reduced format of the first stage in 
Eq. (21)) can be applied.

 ( )( ) ( )
,l p l lp

n nζ Φ = Ω   (33)

where, ( )1 1 1 1 1 1
0, 1, 2, 3, , 1,, , , , ,j j j j j j

l l l l l N l N lq q q q q q+ + + + + +
+Ω = 

 = Matrix for unknowns;

and: ( )0, 1, 2, 3, , 1,, , , , ,l l l l l N l N lζ ζ ζ ζ ζ ζ +Φ =   = Matrix for equations.

As discussed in the first stage, zeta function can be expressed as follows:
• if (p=0, l=1àM): 

( )1 1
, 1, 0, / 2j j

p l j l lS Sζ t + += − −
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• if (p ≠0, l≠0):
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• if (p=N+1, l≠0):

    ( )1 1
, , 1, / 2j j

p l j N l N lS Sζ t + +
+= − −

1.4 DEVELOPMENT OF THE SUBSURFACE MODEL WITH NO PHYSICAL 
BARRIER (BDN)

The difference between the GDN and BDN models are:
• At the soil surface as l=0, no in-flow occurs. Thus only evaporation and upward 

water movement may occur.
• At the location of the emitter l=ze, the flow occurs in all directions (up, down, 

left, right, and in-between). However, the flow from the source is theoretically 
equal in all directions assuming the soil is uniform and no gravity effect, actu-
ally, the gravity effect plays a big role of the deformation of the wetting bulb.

• A subsurface special condition must be defined instead of the expanding circle 
(Onion shape pattern) at the soil-surface of the ground drip modeling. This im-
plies that to simulate subsurface water source in a grid, sum of the grid elements 
around source must be assumed “always-saturated” elements and these ele-
ments must not be less than the diameter of the dripper line (i.e., about 2 cm or 
one grid unit at least). During the development of the model in this chapter, this 
method succeeds, only when some of the conditions of the method are modified 
and developed. This significantly improved the accuracy of the simulation.

• Zeta functions of the first stage of the GDN model differs from that of the BDN 
model. However, the zeta function of the second stage is identical for all models, 
as the variation between model occurs in the implicit z direction, hence occurs 
in the stage in which z-direction is implicit.

Similar to the GDN model, the zeta function of the first stage and the correspond-
ing Jacobian matrix of the BDN are shown below, for: gs is the saturated grid length, 
and p=0, 1, 2, …, M+1.

• if (p=M+1, i≠0):

 ( )1 1
2 2

, , , 1 / 2j j
i p j i M i MS Sζ t + +

+= − −

• if (p= ze, or p= ze+1), and (i≤ gs):

 ( )1
2

e, ,z / 2j
i p j i Sζ t q q+= −

• if (p= 0, any i):

 ( )1 1 1 1 1
2 2 2 2 2

0 0 0 1 20 5 2 2 3 4j j j j j
i , p j i i , i , i , i , i ,. r K E S S Sζ πt l l+ + + + += − + + − +
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• Another values of p and i other than above:

    

( ) ( )
( ) ( )

1 1 1 1 1
2 2 2 2 2

1
2

1 1 1 12

1 1 1 1

2 0 5

2 2 2 1

j j j j j
i ,l i ,l i ,l i ,l i ,lj jj

i , p i ,l i ,l
j j j j j

i ,l i ,l i ,l i ,l i ,l

S S S . K K

S S S S S i

lt
ζ l q q

+ + + + +
+ − + −+

+ − + −

 − + − − +
 = − −  − + + − − 

1.5 DEVELOPMENT OF THE BILATERAL MODEL WITH NO PHYSICAL 
BARRIER, DDN

The DDN model refers to two dripper lines, with similar discharge and at least one is 
buried. In case that one emitter is on ground and the other is buried, a mixed model of 
GDN and BDN is obtained.

• While dealing with the surface grid layer (l=0), equations of the GDN model 
are considered.

• For the grid layer (l=ze), equations of the BDN model are considered.
• For other layers, both models are identical.
• In case that both drippers are buried, the BDN model only is considered. How-

ever, the (l=ze) conditions are expanded applicable on the two layers in which 
any of the emitters is located.

1.6 SIMULATION FOR PRESENCE OF PHYSICAL BARRIER

Physical barrier was simulated in in this chapter by forcing all the grid points in the 
barrier’s zone to be at qbegin at the end of every time step. Therefore, no moisture could 
pass through and water accumulation occur.

1.6.1 THE PROCEDURE BACKBONE
The main procedure in any of the mentioned modules calculates the values of the ma-
trix of 1

,
j

i lq + , when the values of the ,
j

i lq  matrix are known. As described before in this 
chapter, this can be solved by the ADI method combined with Newton-Raphson itera-
tion, in two stages: Each stage deals with only one variable as implicit, and the other is 
explicit. The main steps of the GDN model is given by El-Nesr [7].

1.7 MODELING DIFFICULTIES AND SPECIAL CONSIDERATIONS

In the previous sections of this chapter, the theoretical steps of model development 
are planned and shown. However, while translating these steps to numerical form or 
to computer language, some difficulties are encountered. These difficulties with solu-
tions and special considerations are discussed in this section.

1.7.1 MATRICES SOLUTION
Most of the matrices used in this chapter are tridiagonal or semitridiagonal (banded). 
Both types can be converted to a compact form and solved in a BW´M matrix instead 
of N´M matrix, where BW is the band width of the matrix; M and N are number of 
rows and columns in the matrix. In the current model and any complicated finite dif-
ference models, many near-zero values occur in the calculations especially when using 
Newton iteration method combined with FDM. These near-zero values occurs mostly 
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in the initial calculation steps, and can cause a “division-by-zero error” in the com-
puter program even when using double precession variables, as the near-zero values 
in most are very close to zero i.e., about 10-30 or less. Under these conditions: Pivoting 
mostly causes the program to crash, even if not, it will lead to inaccurate results, due to 
division approximation. Unlike pivoting method of solving normal matrices, Walker 
et al. [29] showed a partial-pivoting (PP) solution of the banded systems derived from 
the LU decomposition method of matrices solution.

Thorson [26] showed two algorithms for solving banded systems, one of the algo-
rithms is PP and the other is no-pivoting (NP) solution. The partial pivoting algorithms 
are almost the same, and lead to same results. The comparison was between NP and 
PP; and both methods were tested with the current model. The NP solution was better 
as it is more stable (cause of no divisions), more accurate (no truncation errors), less 
memory-consuming (PP requires 150% more memory), and faster (PP requires 225% 
more time) than the partial-pivoting algorithm. PP is more suitable for the solution of 
wave equations as suggested by Thorson [26].

1.7.2 MOISTURE FIELD OVER RELAXATION
In solving any system by Newton-Raphson method, the function must be continuous, 
smooth, and converging, as the method finds the desired root by convergence from 
guess to guess. Each guess is the root of the tangent of the previous guess. In some 
cases no solution can be obtained or the computer stops the execution (halts) process. 
This can happen because the formation of the function; or because the first-guess-
point given leads to a second point, but the second point leads to the first point again 
and so on. In this situation, the function is called over-relaxed function at point x. The 
solution is obtained in this case by changing the first guess even slightly to escape 
from the over relaxation point.

In our model, to ensure no over relaxation occur in the function, every guess of 
the Newton Jacobian field is stored and compared to the next guesses in the same 
time-step. If no-change or circulatory-change occurs, the initial field is incremented 
uniformly by half percent of the previous succeeding time-step. Sometimes, the first-
guess field is just near the over relaxation point, in this way the convergence will take 
much time, and may lead to unexpected results. This situation is considered in the 
volume balance check.

1.7.3 VOLUME BALANCE CHECK
After each time-step, the corresponding moisture pattern is identified and is rounded 
up to the difference in data type, as the computation is executed in double precession 
mode, while storage in single precession, sometimes errors occur due to matrices in-
version and solution rounding too. These rounding errors may accumulate and hence 
generate an uncontrollable error. Thereby, before moving to next step, a volume bal-
ance check should be made, if the calculated volume-increase was not equal (with 
some tolerance) to the expected or actual volume, which equals emitter discharge mul-
tiplied by elapsed time, then the calculated wetting pattern should be adjusted to meet 
the actual volume. However, actual wetted volume is known in hole not in detailed 
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pattern. Volume balance computation, comparison and adjustment are shown as fol-
lows:

 
0

t

a j
j

V q t
=

= ⋅∑  (34)

 ( ) ( ) ( )( )
1 1
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, 1, , 1 1, 1

1 1

4 1
4

M N
j j j j

c i l i l i l i l b c c
l i

V R i R ilπq q q q q
− −

+ + + +
= =

= + + + − − −∑ ∑   (35)

where, Va: actual volume, q: emitter discharge, t: simulation time, j: time counter, tj: 
time-step, Vc: calculated volume, i, l: current grid location in horizontal and vertical 
directions respectively, N, M: end grid location in horizontal and vertical directions 
respectively, q: moisture content, qb: beginning moisture content, l: grid spacing, Rc: 
radius far from emitter.

BALANCING PROCEDURE:
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where, VBR = volume balance ratio; UBR = unbalance ratio; MUR = modified unbal-
ance ratio; eb = small decimal less than 0.1 to ensure gradualism of volume balance 
even if severe unbalance occur; l = vertical direction grid numbering; M = maximum 
grid number of depth; i= horizontal grid numbering; N = maximum grid spacing from 
emitter position; RR = element radius ratio; Rc (i) and Rc (N) = radius from emitter of 
element at grid position i, N respectively; and qsat = soil moisture content at saturation.
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In the procedure of volume balance described here: the actual and calculated vol-
umes are compared to both volume balance ratio, and unbalance ratio as presented in 
steps (36) and (37). Sometimes unbalance ratio reaches big value (up to ±20%), and 
therefore, correcting these values using any algorithm may lead to lack of confidence 
in results of the model. However, the ratio of unbalance was restricted to a maximum 
value of eb, or half of UBR (which is less), as shown in Eq. (38). Normally eb, should 
not exceed 0.05 because the volume balance is made mainly to escape from the over-
relaxation field, after applying such small volume-correction. The whole time-step 
is repeated to ensure that the output pattern is actually well-adjusted by ADI and the 
Newton-Raphson method.

As in the ADI method, volume balance modification occurs in two stages one on Z 
direction, and the other on R direction. The double loop in Eq. (39) applies corrections 
in Z direction, while the double loop in Eq. (40) applies corrections in R direction.

In each correction stage, the moisture content of the current element is raised or 
lowered by a small fraction equal to the moisture unbalance ratio MUR multiplied by 
the amount of moisture increase in the previous cell. Hence the errors occur mostly 
beside saturation, then the correction fraction is multiplied by radius ratio RR, which 
gives bigger corrections to element with less diameter (more close to the emission 
source). After applying the correction, the resultant moisture content must not exceed 
the saturation water content qsat.

1.8 EFFECTS OF SOIL-WATER RELATIONSHIPS

Our model depends on three soil water characteristics: hydraulic conductivity K, dif-
fusivity D, and matric flux potential S. For the first stage of the model construction, 
the equations by van Genuchten et al. [28] were used.

1.8.1 DIFFUSIVITY
The main problem of diffusivity is the extreme value: the diffusivity equations of 
VG retention model with either Mualem’s or Burdines’ conductivity models. In both 
models, the diffusivity tends to infinity or zero when the water content function tends 
to 0 or 1, respectively:

 
1 0

lim , lim 0D D
Q→ Q→

= ∞ =  (41)

The diffusivity is defined below:

 ( ) ( )
0

1max ,min .,
s

D u
D du

K
e

e

Q    Q =   
   

∫  (42)

where. e, is a small positive value, u is an integration temporary variable represents 
the water content variable.

1.8.2 MATRIC FLUX POTENTIAL (MFP)
The matric flux potential is the limited integration of the diffusivity with respect to 
water content. The only way to determine MFP is a numerical integration.  However, 
doing so in a model that uses thousands of iterations through Newton’s iterative method, 
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leads to billions of operations to reach only one step of the mentioned procedure. 
Therefore, thousands of numerical integration steps must be reduced through the use 
of curve fitting.

FIGURE 3 The Jacobean of the first stage to the GDN model.

By inspection, the shape of the MFP function seems to be power shape, but fitting 
MFP to power curve fails because of the zero values at the beginning of the integration 
(at q=qr). Removing the zero pair leads to high correlation coefficient and very low 
standard error value. The polynomial fit is an alternate acceptable fitting method that 
only occurs in the 19th degree polynomial. However, after fitting MFP to any of the 
mentioned models, unexpected results occur and some indefinite loops let the model to 
freeze. Moreover, some negative values of the fitted function appear besides zero due 
to the coarseness of the initial function. This leads to ignoring functional-fitting of the 
MFP, and considering the Bézier curve (splines) interpolation.

Spline is a polynomial function that can have a locally very simple form, globally 
flexible and smooth. Splines are very useful for modeling arbitrary and coarse func-
tions. One of the most widely used type of splines is cubic splines. A cubic spline is a 
spline constructed of piecewise third-order polynomials which pass through a set of m 
control points. The second derivative of each polynomial is commonly set to zero at 
the endpoints, since this provides a boundary condition that completes the system of 
m–2 equations. This produces a so-called “natural” cubic spline and leads to a simple 
tridiagonal system, which can be solved easily to give the coefficients of the polyno-
mials. 
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FIGURE 4 The interface of “Drip Chartist” model simulating surface, subsurface, and bilateral 
drip irrigation with and without physical barrier.

Cubic spline interpolation is a useful technique to interpolate between known data 
points due to its stable and smooth characteristics. Unfortunately, it does not prevent 
overshoot at intermediate points, which is essential for many engineering applications 
[10].

Kruger [10] suggested a solution of the intermediate points of the cubic splines. 
This technique is called constrained cubic splines. The fitting procedure starts after 
defining all soil data, then 20 points of moisture ratio (Q) were selected at equal in-
tervals from 0 to 1, the corresponding MFP function was normally calculated, then 19 
polynomial were fitted to the points. After fitting the MFP function using constrained 
cubic splines, no extreme values detected, no program hangings occurred, and the 
modeling time reduces to less than 10% of what it was before applying spline fittings.

Sample screen photos of the model are shown in Fig. 3. Drip Chartist succeeded 
to simulate surface and subsurface drip irrigation, with single and bilateral tubing, and 
with/without physical barrier as shown in Fig. 4.

1.9 CONCLUSIONS

The current model (called “Drip Chartist”) was developed using the “Microsoft Visual 
Basic™ for Applications” language (VBA). However, this language is a special ver-
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sion of the original visual basic language, which is designed to work directly on any 
system containing Microsoft Office™ applications with no need of special dynamic 
links or registry entries for the program to work.

Drip Chartist succeeded to model surface and subsurface drip irrigation, with sin-
gle and bilateral tubing, and with/without physical barrier. The model is fast and stable 
in all types of soil textures. It is suitable to monitor the effect of several design pa-
rameters, soil properties, and solution techniques on the wetting pattern shape. It was 
validated by field experiments and by comparing its results to other verified model. 
Model validation results are published in next chapter of this book.

1.10 SUMMARY

A computer model was developed to simulate surface and subsurface drip irrigation 
systems. The model combines the alternate direction implicit method (ADI) of solving 
two-dimensional linear partial differential equations with the iterative Newton-Raph-
son method to advance through variable time steps. After each time step, a volume bal-
ance check is applied to avoid error accumulation. Several techniques were selected 
to harmonize the auxiliary equations in the model. Cubic splines were used to smooth 
the diffusivity. A nonpivoting technique was used to solve banded and tridiagonal ma-
trices. The model was developed using visual basic for applications (VBA) computer 
language, which runs under office environment. The model was named “Drip Char-
tist,” and it was verified to run efficiently under any construction alternative of the drip 
irrigation, and under any soil texture.
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2.1 INTRODUCTION

In Chapter 1 in this volume, a simulation model (Drip “Chartist”) was developed for 
the wetting pattern under subsurface drip irrigation. In this chapter, we will discuss our 
results to validate our model to ensure its harmony for the predicted behavior based on 
three consequent operations: verification, validation, and output analysis [10]. Fish-
man and Kiviat [6] defined these operations as follows:

“Verification” operation determines whether a simulation model performs as in-
tended, that is, debugging the computer program to compare step by step results to 
manual calculations for several program runs. The second operation “Validation” de-
termines whether a simulation model, as opposed to the computer program, is an ac-
curate representation of the real-world system under study. This can be evaluated by 
field and laboratory experiments, and by comparing these results with other trusted 
models, or by comparing these results with published cases. Finally, “Output analy-
sis” is the operation in which the output of the model been revised for logic, harmony, 
and real situations. This analysis can be done by means of statistical and mathematical 
methods. After performing this step, the model is declared as reliable and ready to use.

The verification our “Drip Chartist” model was carried out while and after pro-
gramming stage by debugging the program line by line to ensure it to be error-free: no 
errors like overflow (division by zero), undeclared variables, mistyped variable names, 
or mistyped equations. Several runs were performed and compared to manually solved 
calculations. Testing of extremes was done as well. The model was validated after it 
was found to be free from all programmatic errors and typos after thorough tests.

Model validation was done by two methods. The first method was comparing the 
results of our model with field-measured data, in a manner similar as was done by Levin 
et al. [11], who verified the model of Bresler [4] by using field experiments. The second 
validation method was to compare the current results of our model with the results of an 
alternate trustworthy model in a manner similar as was done by Ragab et al. [13].

2.2 MODEL VALIDATION

2.2.1 FIELD-MEASURED DATA VALIDATION
Field validation of the model was performed in the North Sinai research station of 
the Desert Research Center in “El-Shaikh Zowayed” city, 30 km from “El-Arish,” 
and 12 km from “Rafah” on the Egyptian-Palestinians’ borders. The soil texture was 
medium to fine sand as shown in Table 1. Soil moisture characteristic curve was deter-
mined according to FAO [5] and is listed in Table 2. Soil hydraulic conductivity was 
24.6 m/d and was determined using a method by van Beers [15] method.

TABLE 1 Soil texture and particle size distribution percent at the experimental site.

Particle
size, mm

From >2.0 1.0 0.5 0.25 0.10 0.063 <0.063
Soil texture

To 2.0 2.0 1.0 0.50 0.25 0.100 0.063

Soil depth

(cm)

0 to 30 6.0 15.3 11.4 28.3 29.4 7.1 2.5 medium to fine 
sand

30 to 60 6.3 12.1 10.4 32.7 28.6 6.9 3.0 medium to fine 
sand
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TABLE 2 Values for soil moisture characteristic for the experimental site soil.

Suction, bar 0.10 0.50 1.00 5.00 10.00 15.00

Water content, cm3/cm3 0.23 0.21 0.20 0.17 0.10 0.03

In “Drip Chartist” model, the soil was assumed to be physically uniform, and the 
initial water content was a constant value throughout the soil profile. This situation is 
theoretical and is hard to be established in the real situations. To overcome this prob-
lem, the comparison of wetting pattern was performed between the difference in soil 
moisture pattern after and before irrigation for model and for field.

“Drip Chartist” requires some soil parameters to define the simulated soil properly. 
In order to find these parameters, the laboratory-measured retention values (Table 2) 
were entered to the computer model RETC [16], which performs a neural-networks-
based prediction of soil properties. The predicted properties are listed in Table 3.

TABLE 3 Soil properties at the experimental site.

Water content van Genuchtin parameters Hydraulic conductivity

qr

% Vol

qS

%Vol

a n Ks
cm/min

0.0507 0.3760 3.4400 4.4248 1.7083

The soil parameters (Table 3) were entered into our model (Drip Chartist) and a 
simulation was performed for two systems without physical barrier:

• System I: Single lateral line for surface dripper system; and
• System II: Bilateral system of 20, 40 cm buried lateral lines.
The model was allowed to simulate for an infiltration time of 45 and 20 min for 

the two systems, respectively. The output patterns of both systems were adjusted by 
subtracting the initial moisture content values from all the output to the values under 
field patterns.

In the field, and after harvesting all crops, the soil moisture was measured at soil 
depths of 10, 30, 50, and 70 cm using the neutron scattering probe (CPN HYDRO-
PROBE, 503DR) to represent soil moisture at the depth range of 0–20, 20–40, 40–60, 
and 60–80 cm, respectively in the two systems under study. For the first and second 
systems, measurements were performed before irrigation and every 5 min after ir-
rigation till the end time of each system. The measurements before irrigation were 
subtracted from the corresponding values of moisture after irrigation in all systems. 
Comparative profiles are presented in Fig. 1 for system I and Fig. 2 for system II, 
respectively.

Figures 1 and 2 reveal that our model appears to be very close to the measured 
values but with some under-estimations. The most under-estimated values in all charts 
were the top-layer points. This may be attributed to the inaccurate measurements of 
the neutron probe near soil surface due to the extent of roots tailings, herbs, and other 
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organic substances, which confuse the hydro probe readings. To evaluate the overall 
amount of under-estimation, the 45o line was drawn to compare measured values with 
estimated (Fig. 3). In the surface system without the hydraulic barrier (Fig 3a), the 
model represents the real-situation by 94.99% (correlation coefficient of 0.9746) with 
under-estimation of 0.157. Whereas in the subsurface system with hydraulic barrier 
(Fig 3b), the model represents the real-situation by 81.96% (correlation coefficient of 
0.9053) with under-estimation of 0.021. However, these values give high confidence 
in the results of our model in both surface and subsurface simulations.

2.2.2 COMPARATIVE VALIDATION WITH “HYDRUS 2D” MODEL
It is well known (in the field studies for soil-water) that the “Hydrus 2D” model [14] 
is the most trusted soil-water model in horizontal, and vertical plans (simulating infil-
tration and subsoil water movement as well as simulating rivers and surface runoff). 
However, many investigators tested this model and compared the results of the model 
with accurate laboratory measurements. Abbasi et al. [1], Assouline [2] and Li et al. 
[12] showed that Hydrus 2D simulations of water content and solute distributions are 
reasonably close to measured values. Therefore, we conducted a comparative case 
study to solve a standard problem that can be applicable for both models.

FIGURE 1 Soil moisture increment values under field conditions versus the predicted values 
with our model: For bilateral 20 and 40 cm treatments for an elapsed time of 5, 10, 15 and 
20 min. 
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Fortunately, “Drip Chartist” and “Hydrus 2D” models use the same soil equations 
and input parameters. Thus, no modifications or conversions were performed. The 
main problem in comparing the results was that Hydrus2D deals only with flux from a 
point source, not with discharge rate like “Drip Chartist.” However, the discharge can 
be converted to the flux by dividing the discharge by the infiltration area. However, 
in drip irrigation, the infiltration area is not fixed and it varies with time: The flux is 
inversely proportional to the time. To overcome this problem, several adjustments 
were performed such as: 

• An adapted version of Hydrus2D was used similar to that used by Gärdenäs et 
al. [7].

• Variable boundary conditions were adjusted for decreasing flux with time.
• Volume balance (output from Hydrus2D) was checked to ensure that same vol-

ume of water was applied in both models.

FIGURE 2 Soil moisture increment values under field conditions versus the predicted values 
with our model: For surface drip irrigation treatments for an elapsed time of 5, 10, 15, 20, 30 
and 45 min.
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FIGURE 3 Field measurements versus model-predicted values: Soil moisture increase after 
infiltration for: (Left, Fig. a) Single dripper line. (Right, Fig. b) Bilateral system.

FIGURE 4 A comparison of soil water content isolines between our model and Hydrus 2D: 
Output diagram. simulation water movement in a sandy soil using a 3 L/h emitter for 60 min 
(Cumulative volume of 3 L).

Figure 4 shows an isoline comparison between our model and Hydrus2D output 
diagram of simulating water movement through a 3L/h emitter for 60 min, in a sandy 
soil. The results from both models match very well, and almost coincide at boundaries. 
Although Hydrus2D is more accurate, and performs smoother isolines, but our model 
is quicker and simpler in interface.
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2.3 ANALYSIS OF “DRIP CHATIST” MODEL

Several parameters of our model affect its output (the wetting pattern). Some of the 
parameters had more effect than the others. Several studies were performed to evaluate 
the effects of these parameters. Each study has special inputs and constrains but all of 
the studies have the same output-variables. The output-variables are the dimensions 
of the wetting pattern in some arbitrary isolines, and the simulation time consumed on 
the computer.

2.3.1 EFFECTS OF SOIL PHYSICAL PROPERTIES ON SOIL-WETTING PATTERNS
Within the same soil texture class, wetting pattern is affected by soil physical proper-
ties, the retention and conductivity parameters. However, we studied only the effects 
of saturated water content (qsat), residual water content (qres), initial water content (qb), 
retention parameter (n), bubbling pressure inverse (α, cm-1), hydraulic conductivity 
(Ks, cm/min), and pore-connectivity parameter (ϒ). All studies were conducted for a 
sandy soil, with a profile of 50 cm depth, and 35 cm width (radius), with grid spacing 
of 2.5 cm, and cumulative water volume of 8 L.

Each variable under study was evaluated individually, while keeping the other 
variables as constant to the default values. Each variable has about ten levels, which 
were studied within the acceptable range of each parameter. The studied values of 
each variable are indicated in Table 4 (default values are in bold). When studying qsat 
for example, all other variables were fixed to the default values, and qsat value varies 
according to the listed values in the qsat column.

Figure 5 indicates effects of soil properties on the wetting pattern and simulation 
time for surface drip irrigation.

1. Saturated soil water content appears to affect the shape of wetting pattern only 
near the saturation zone (Fig. 5a). In the same way, the width of the wetting 
pattern is affected (Fig. 5b). In Fig. (5c), the simulation time and steps ap-
pear to increase in the extremes of the qsat values, while minimum time was 
achieved in the middle of the tested zone at qsat=0.385.

TABLE 4 The studied values for each soil parameter, where default values of each parameter 
are in bold/italics.

Case study qsat qres qbegin
n α (cm-1) Ks (cm/min) ϒ

1 0.3450 0.0526 0.065 2.70 0.03530 0.047 0.05
2 0.3550 0.0626 0.075 2.80 0.04500 0.095 0.20
3 0.3650 0.0726 0.085 2.93 0.06000 0.145 0.30
4 0.3759 0.0826 0.095 3.00 0.07500 0.215 0.40
5 0.3850 0.0926 0.105 3.10 0.09015 0.285 0.50
6 0.3950 0.1026 0.115 3.18 0.10500 0.295 0.60
7 0.4050 0.1126 0.125 0.12000 0.345 0.70
8 0.4150 0.1226 0.135 0.14500 0.395 0.95
9 0.4250 0.1326 0.145 0.445
10 0.155 0.495
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2. Residual soil water content affects wetting pattern shape mostly in the near 
saturation zone as shown in Figs. 5d, 5e, and 5f. Depth of the near saturation 
isoline increases with the increment of qres while other isolines are nearly not 
affected except the 0.11 isoline which had a jump after the value of qres=0.10. 
The widths of the isolines show an increasing trend with a strange jump in the 
0.926 isoline. However, this jump may be due to some cumulative over shoot-
ing in the van Genuchten model (16). Simulation time of these cases is directly 
proportional to the qres value.

3. Soil initial wetness, before irrigation or the initial water content (qbegin), affects 
wetting pattern as shown in Figs. 5a, 5b, and 5c. Excluding the near satura-
tion isoline, all the isolines locations move towards the increment direction of 
depth and width, i.e., the wetting pattern area increases with the increment of 
qbegin. The simulation time trend tends to increase with the increment of qbegin.

4. In Figs. 5d, 3e, and 5f, soil hydraulic conductivity at saturation (Ks) affects 
the wetting area profile widely. However, the more the Ks value, the more the 
depth of the specified isolines. In contrast, Ks is inversely proportional to the 
width of isolines. Explicitly, the increment of the Ks causes wetting area to be 
narrower in width and longer in depth. Therefore, for design of drip irrigation 
systems in case of soils with higher conductivity, the emitters must be more 
close to each other, and irrigation should be managed so as to give smaller 
amounts of water on shorter frequencies to avoid deep percolation due to elon-
gation of the wetting pattern. 

TABLE 5 Soil properties for selected soil texture classes for case studies in our model.

Texture Class Symbol qsat qres qbegin
n α Ks ϒ

cm-1 cm/min

Sand S 0.376 0.073 0.085 2.930 0.090 0.495 0.5

Loamy sand L Sa 0.387 0.081 0.109 2.013 0.079 0.243 0.5

Sandy loam Sa L 0.413 0.090 0.132 1.669 0.051 0.074 0.5

Loam L 0.443 0.122 0.156 1.517 0.024 0.047 0.5

Silt Si 0.429 0.116 0.095 1.523 0.011 0.058 0.5

Silty loam Si L 0.453 0.137 0.197 1.536 0.013 0.061 0.5

Sandy clay loam Sa C L 0.450 0.125 0.175 1.405 0.040 0.009 0.5

Clay loam C L 0.479 0.154 0.200 1.362 0.017 0.006 0.5

Silty clay loam Si C L 0.503 0.178 0.218 1.375 0.009 0.008 0.5

Sandy clay Sa C 0.465 0.169 0.294 1.218 0.030 0.0078819 0.5

Silty clay Si C 0.500 0.176 0.326 1.205 0.011 0.0066736 0.5

Clay C 0.503 0.181 0.359 1.171 0.012 0.0102431 0.5
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Inversely to the effect of qsat on simulation time, Ks extreme values of the 
tested range lead to the least simulation time, while the peak simulation time 
was achieved in the middle value of 0.295 cm/min which took twice the time 
of the 0.047 cm/min as they was simulated in 46 and 23 seconds respectively.

FIGURE 5 Effects of seven soil properties on the wetting pattern and simulation time for 
surface drip irrigation.
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5. The results for conductivity and retention variables were plotted in Fig. 5. Ef-
fect of air entry inverse (α) is nearly similar to the qsat effect on wetting pattern. 
It increases with the wetting depth and decreases with the wetting width. The 
least simulation time was obtained at the middle range values of α while peak 
time is obtained at the edges. The similarity of α plots to the qsat plots may be 
attributed to the direct physical relationship between these through the soil-
water retention curve.

6. The retention fitting parameter n indicated no effect on the wetting pattern 
within the tested range values as shown in Figs. 5d, 5e, and 5f. However, these 
values were taken as the limits for the sand textured soil in the literature. The 
exception of the “n=2.68” can be due to the least value in range between sandy 
texture and the loamy sand texture. Therefore, the soil texture may be virtually 
changed to finer texture while it is fixed to “Sandy” in the rest of cases.

FIGURE 6 (1a to 1c). Effects of simulation time (A), isoline depth (B) and isoline width (C) for 
the “Drip Chartlist” model: Soil texture class studies.
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7. The value of Mualem’s fitting parameter (ϒ) ranged from 0 to 1 and about 0.5 
for most of the soils. It was found to be ineffective to the wetting pattern and 
to the simulation time. However, a strange exception in the ϒ=0.6 value can 
be observed, as it spreads the saturation zone in depth and width, and doubles 
the simulation time. This can be due to instability of the equation at this value. 
The insignificant effect of on the wetting pattern supports the approximation 
of 0.5 in all soils reported by van Genuchten et al. [16].

The results for the seven properties under study are plotted in Figs. 6 (1a–3c) and 
7 (1a–3a). Effect of each of these seven properties will be discussed in detail in this 
chapter.

FIGURE 6 (2a to 2c) Effects of simulation time, isoline depth and isoline width for the “Drip 
Chartlist” model: Soil moisture retention model, hydraulic conductivity model and numerical 
integration method.
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FIGURE 6 (3a to 3c) Effects of simulation time, isoline depth and isoline width for the “Drip 
Chartlist” model: Cubic splines analysis.
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FIGURE 7 (1a to 1c) Effects of simulation time (A), isoline depth (B) and isoline width (C) 
for the “Drip Chartlist” model: Simulation panel analysis.
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FIGURE 7 (2a to 2c) Effects of simulation time (A), isoline depth (B) and isoline width (C) 
for the “Drip Chartlist” model: Grid spacing analysis.



Subsurface Drip Irrigation: Wetting Pattern Simulation 39

FIGURE 7 (3a to 3c) Effects of simulation time (A), isoline depth (B) and isoline width (C) 
for the “Drip Chartlist” model: Time increment value analysis.

2.3.2 EFFECT OF SOIL TEXTURE ON SOIL WETTING PATTERN
Generally, the wetting pattern is deep and narrow in sandy soils; and shallow and wide 
in clayey soils. A study was done on the 12 main textures to find out the location of 
the previously considered values of isolines (0.11, 0.19, 0.27, and 0.35), though some 
of these values may not be applicable in some texture classes. However, these values 
were considered for harmony in all studies.
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All case studies were applied to a soil profile of 50 cm depth, and 35 cm width 
(radius), with grid spacing of 2.5 cm, and cumulative water volume of 12 L. However, 
default values for soil physical properties varied according to each soil texture class. 
The 12 main texture classes were studied (Table 5). Each texture has its own soil 
properties.

The results of the case study were plotted in Fig. 6 (1a–1c). , which concludes It 
can be concluded that heavy textured soils can be simulated faster than light texture 
soils. The silt texture soil was simulated in longer time compared to other texture 
classes. The reader will observe that the time axis scale is logarithmic.

In Fig. 6 (1b and 1c), the wetting pattern depth and width were plotted. In these 
figures, no trend was observed in all soil texture classes. However, some trends were 
noticed within the fine textured groups and within the coarse to medium group. In 
the coarse to medium texture group, the minimum depth of 0.35 isoline appears to be 
increasing in the direction from coarse to fine. One can observe that the 0.11 isoline 
disappears in most texture classes, because it is less than the qbegin value of such a tex-
ture class. In addition, the 0.19 and 0.27 isolines decrease in the direction from sand to 
loam then increases again within the first group. In the heavy texture group, the 0.35 
isoline moved deeper as the texture going finer. This may be due to that qres and qbegin 
always increase when the texture goes finer. These isolines were logged in a far dis-
tance for finer textures till it disappears totally as in the texture class with qbegin=0.35.

However, the width of isolines increase in the coarse-to-fine direction as shown in 
Fig. 6 (1c), which shows the disappearance of the 0.11 isoline in almost all soil texture 
classes, and the vanishing of 0.19 and 0.27 isolines in most texture classes. The results 
in Fig. 6 (1b and 1c) may attribute the horizontal spread in the fine textured profiles, 
and the vertical spread in the coarse textured ones. However, the output charts of the 
“Drip Chartist” conclude that fine textured soils let the water spread horizontally than 
vertically, while the contrary is true for the coarse texture classes.

It can be concluded that soil texture class affects: Wetting pattern shape signifi-
cantly in the coarse-to-fine direction; increase of width of an isoline; and decrease of 
depth of the isoline. However, more advanced study is suggested with the relative not 
absolute values of wetness isolines (isolines which are relative to qbegin and qsat).

2.3.3 EFFECTS OF METHODS TO ESTIMATE THE SOIL PROPERTIES ON 
WETTING PATTERN
The principal models for soil-water infiltration relationships are the retention models 
(by van Genuchten, VG, 16; and by Brookes and Corey’s, BC), and the conductivity 
models by Mualem and Burdine. Wetting pattern was surely affected by either formula 
(each of these models), but to what degree? Here we will discuss this in detail. Another 
calculation method that is expected to affect wetting pattern is the matric flux potential 
(MFP is the integration of diffusivity with relative to moisture content) and integra-
tion method. Finally, the effect of cubic splines fitting on the variables under study is 
compared to direct integration methods.

All case studies were for a sandy soil, with a profile of 18.75 cm depth, and 13.75 
cm width (radius), with grid spacing of 1.25 cm, and cumulative water volume of 
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0.75 L. However, these low volume and small grid area was selected because of the 
long time needed to finish some tests especially for the noncubic splines’ fitted tests.

Three retention models were tested: VG, BC, and mixed model of VG/BC. Two 
conductivity models were tested: Mualem and Burdine. Also, two integration methods 
were examined: Trapezoidal and Simpson. Finally, cubic splines fitting usage were 
compared to direct integration methods.

The retention and conductivity models case study are plotted in Fig. 6 (2a–2c), 
where all plotted values represent cubic splines’ fitted tests. The direct integration to 
cubic splines fitted comparisons are shown in Fig. 6 (3a–3c).

In Fig. 6 (2a), the fastest simulation was achieved through the combination BC 
retention model. With Burdine’s conductivity model, the simulation time was 12 sec-
onds. The slowest simulation was 64.5 seconds for VG-Mualems combination mod-
el. However, for the retention models, the sequence of speed of simulation was BC, 
Mixed, then VG models from faster to slower. For the conductivity models, Mualems’ 
model appear to take more time than Burdines’ in all benchmarks. However, no dif-
ference was for the simulation time between Simpson’s and trapezoidal integration 
methods.

The effects of cubic splines effect are significant in the reduction of simulation 
time, as shown in Fig. 6 (3a–3c). However, because of the huge differences between 
simulation time values, the time axis is plotted in logarithmic scale. In the VG-Simp-
son’s combination, the usage of direct integration requires 7153% more time than the 
usage of cubic splines fitting. These results display the importance of the usage of 
cubic splines fitting over direct integration.

The Fig. 6 (2b and 6.2c) show that changing the calculation method changes the 
shape of wetting pattern, especially in the depth of the saturated area (0.35 isoline), 
which fluctuates severely with the models. The outer boundary of the pattern did not 
change within the models (0.11 isoline) and it fluctuated four cm in depth and two cm 
in width. These results indicate that the models in this study affect the distribution of 
a wetting pattern within semifixed boundaries.

The corresponding charts in Fig. 6 (2a–2c) show that the usage of cubic splines 
does not affect, in most cases, the location of any of the isolines. It was observed that 
it didn’t move any isoline>2 cm in width and>4 cm in depth. These results support the 
recommendation to use the cubic splines instead of direct integration.

From these results, it can be concluded that Mualem’s conductivity model lead 
to wider and deeper profiles than the Burdine’s model for both VG and BC retention 
relationships. This result is opposite for a mixed retention model. These findings are 
useful for validating the model under field and simulated conditions. However, if the 
results of the model underestimate or overestimate the field measurements, then the 
use of Cubic splines instead of direct integration is highly recommended due to sig-
nificant reduction in simulation time, because this does not affect the output wetting 
pattern considerably.
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2.3.4 EFFECTS OF FINITE DIFFERENCE GRID SETTINGS ON SOIL 
WETTING PATTERNS
Although simulation of soil infiltration under drip irrigation is performed using our 
“Drip Chartist” and other models to study the wetting patterns around a dripper. The 
boundaries for the spreading of wetting patterns must be expected and set before the 
simulation process is initiated. However, if these boundaries are less than the spread-
flow in width or in depth, then the wetting pattern is distorted according to the bound-
ary conditions with no flow outside boundaries. Therefore, the outer boundaries must 
be set as wide as possible before simulation initiation and this might need to increase 
simulation time. In this chapter, we will discuss results of a case study on the effects 
of the grid boundaries and grid spacing (unit length of the grid) on the simulation time 
and simulated pattern.

TABLE 6 Grid dimensions for each case study when the grid unit is fixed.

Case Grid dimensions Grid Nodes

R (cm) Z (cm) A (cm2) i l Total

20.0 35.0 700 8 14 112

22.5 37.5 844 9 15 135

25.0 40.0 1000 10 16 160

30.0 45.0 1350 12 18 216

35.0 50.0 1750 14 20 280

40.0 55.0 2200 16 22 352

45.0 60.0 2700 18 24 432

50.0 65.0 3250 20 26 520

55.0 70.0 3850 22 28 616

60.0 75.0 4500 24 30 720

65.0 80.0 5200 26 32 832

70.0 85.0 5950 28 34 952

Therefore, a starting grid of 20×35 (r×z), cm2 was tested; the grid was increased by 
one or two unit grid (2.5 cm or 2.5×2 cm) in radius and in depth, till reaching a grid 
area of 70×85 cm2. However, 12 grid areas were tested as shown in Table 6. To study 
the grid unit effect, a unified grid of 35×50 (r×z) cm2 was used, whereas the grid unit 
started from 0.75 cm to 5 cm, as shown in Table 7.

The results are summarized in Fig. 7 (1a–3c). In these figures, the time was plotted 
in logarithmic scale to represent the larger and smaller values of simulation time. For 
the smaller values of the panel area, wetting pattern depth is larger than its value for 
bigger areas as shown in Fig. 7 (1a–1c). However, the changes in all isolines appears 
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TABLE 7 Grid dimensions for each case study when the grid area is fixed.

Grid unit 0.75 1.0 1.25 1.5 1.75 2.0 2.25 2.5 2.75 3.0 3.25 3.5 3.75 4.0 4.25 4.5 4.75 5.0

N
od

es

i 46 35 28 23 20 17 15 14 12 11 10 10 9 8 8 7 7 7

l 66 50 40 33 28 25 22 20 18 16 15 14 13 12 11 11 10 10

Total 3036 1750 1120 759 560 425 330 280 216 176 150 140 117 96 88 77 70 70
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to be almost negligible unless for very small and very big values of panel’s area. In 
addition, the wetting pattern depth is more constant for the medium to large panel 
areas. The different results of the small panel areas are due to the fact that boundary 
conditions at borders (no side flow) distort the wetting pattern. The simulation time is 
directly proportional to grid area (with same grid spacing). However, the increment 
in simulation time is less than the increment in area as defined below (Fig. 7, 1a–1c):

 Time(s) = {[0.0088 × Area(cm
2

)] + 10.164}  (1)

Grid spacing or the unit grid has more effect on both the wetting pattern and simula-
tion time. Regarding the simulation time: Choosing smaller grid spacing increases 
the simulation time significantly. A nonlinear relationship was obtained between grid 
spacing and simulation time as given below:

 ( )( )
2

2.665

( )
0.999, 34.0

min 2, 295.89 0.358s cm
r SE

Time GridSpacing
−

= =

 = × −     (2)

The Eq. (2) is valid only for the conditions of the current case study.
The location of isolines appears to be affected with grid spacing. The lower grid 

spacing increases the saturation area depth and width, as shown in Fig. 7 (2a–2c). This 
may be attributed to the larger matrices produced in the solution of the finite difference 
step, and to the shooting of accumulative error in the Newton-Raphson Jacobean solu-
tion. Although a volume balance check was performed, however, the wetting pattern 
distribution may vary within the same applied volume. In addition, the ADI technique 
for the model was developed and accepted to be unconditionally stable for all grid unit 
lengths. For this reason, it is advisable to use moderate grid spacing like 2.0 to 3.0 
cm because most of the published soil-water simulation models do so. However, the 
verification of “Drip Chartist” as compared to “Hydrus 2D” shows almost coincidence 
in results when using the 2.5 cm grid spacing. This comparison is useful, because “Hy-
drus2D” with finite element method simulates the actual mesh of the real situations.

Based on these results, we recommend to use “moderate to large panel area ini-
tially,” and the simulation should be repeated with larger area if the minimum isoline 
location is less than two grid units far from the grid boundaries. It is also advised to 
use a grid spacing of 2 to 3 cm to ensure perfect simulation and to reduce the simula-
tion time.

2.3.5 EFFECTS OF ITERATIONS AND SHOOTING SETTINGS ON SOIL 
WETTING PATTERNS
Solving a complicated system of equations, to estimate of a set of values using Newton-
Raphson technique includes: Estimation based on repeated calculations under certain 
conditions; modification of the basic variable slightly by the results of the Jacobean 
solution; the repetition of this iteration until the variable set is accepted according to an 
allowable error value, or till the maximum allowable number of iterations is reached. 
Using small allowable number of iterations (let it be called “n“) may lead to accepting 
incorrect values, but using big “n“ may increase the simulation time.

To speed up the convergence of the solution, the new time step must be greater 
than the previous successful time step, using the following equation:
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 ( )1 , 1j MAX jMaxt t tσ+ =  +    (3)

where, τMAX is the maximum allowable time-step; τj is a decimal number from 0 to 1, 
mostly close to 0.75), however, the value of τ seems to affect simulation time.

Number of iterations used are n values: 1–15, 20, and 25, with accumulative water 
volume of 5 L. Time increment factor values are: 0.00, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7, 0.8, 0.9, and1.0 for two accumulative volumes of 3 and 12 L. All case studies 
were for a sandy soil, with a profile area of 35×50 cm2 with 2.5 cm grid spacing, and 
all “Drip chartist” default values were used.

Small allowable number of iterations noticeably increases the saturated isoline 
location, as shown in Fig. 7 (1a–3c). Approximate stability was established after n 
=7, while absolute stability occurred after n =11. However, this stability increases 
with n; which leads to a result that we have inaccurate simulation results for a value 
of n <11. Some investigators including Brandt et al. [3] conclude that the maximum 
iterations used in their ADI scheme was 7 to 10 that matches with recommendation 
in our results. On the other hand, and unlike the expected effect on simulation time, 
using smaller n values rises the simulation time till n=8; after which the simulation 
time go fixed.

The time increment value affects the near saturation isoline depth and width as 
shown in Fig. 7 (3a–3c), especially when large volume is being applied. However, the 
default value of the “Drip Chartist” model was 0.79, which was tested and accepted 
to give the most accurate results in all soil texture classes. Unlike expected, τ has no 
noticeable effect of the simulation time. It is advised to use the value of n =11 at least 
to ensure accurate simulations.

2.3.6 EFFECTS OF BILATERAL GAP ON SOIL WETTING PATTERNS
Ismail et al. [8, 9] studied the hydraulic barricading of water through a secondary 
buried dripper line. This vertical space between the bilateral dripper lines is called 
“Bilateral Gap” that will be analyzed in this chapter.

Bilateral gap was varied from 4 cm to 32 cm with 4 cm increments. Each level 
was evaluated just after emission was stopped (before redistribution), and after 6 h of 
redistribution (the experiment time started from the initiation of infiltration process. 
The case studies were for a sandy soil, with a profile of 50 cm depth, and 35 cm width 
(radius), with grid spacing of 2.5 cm. Each case was repeated at two times: One after 
cumulative volume of 2 L, and the other after emission stopped and redistribution ac-
tion of 6 h.

Redistribution was modeled the same way as infiltration; however, with the emis-
sion source discharge set to zero. The upper dripper line was laid on soil surface, while 
the secondary line was buried at different depths.



46 Sustainable Practices in Surface and Subsurface Micro Irrigation

FIGURE 8 Drip Chartist output for bilateral gap case study.

Figure 8 shows sample output of “Drip Chartist” for eight bilateral-gap spaces, 
in addition to the control treatment of single lateral dripper line. All charts in Fig. 8 
indicate that with increase in the bilateral gap, the wetting patterns of the “application” 
stage (the upper patterns) was spreaded more in the vertical direction with a throttle 
appearance as the gap exceeded from 12 cm till it reached a value of 24 cm (where 
the wetting pattern of either emitter has been totally separated with no overlapping). 
This shows that the barricading effect of the second dripper line vanishes after 20 cm 
gap space (Only for current case study constrains such as soil and emitter discharge, 
etc.…).

TABLE 8 Simulation time, and simulation steps in application and redistribution for different 
gap spacings.

Gap
(cm)

Time, seconds Num. of steps

Application
Redistribution

Application
Redistribution

All Difference All Difference
control 33 36 6 23 26 3
4 74 75 1 39 43 4
8 31 43 12 20 29 9
12 33 40 13 21 27 8
16 22 36 14 15 24 9
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Gap
(cm)

Time, seconds Num. of steps

Application
Redistribution

Application
Redistribution

All Difference All Difference
20 23 33 10 15 22 7
24 22 33 11 15 22 7
28 24 29 5 16 24 8
32 22 36 14 14 27 13

“Redistribution” patterns show the state of water distribution of soil profile, six 
hours after opening the irrigation valve. The results of these wetting patterns due to 
bilateral gap are summarized as follows:

1. The effect of bilateral system is highly noticeable when comparing any of the 
redistribution patterns to a single emitter. This implies that although the same 
amount of water was applied in all patterns, yet the moisture content in the 
bilateral tubing patterns is more than its value when not using it.

2. With increase in the bilateral gap (especially after 20 cm gap space), the wet-
ting pattern in redistribution spreaded more in horizontal direction but with 
low moisture content values (0.12 to 0.18).

3. Field capacity wetting range (0.18-0.21) appeared in the shallow root zone 
only below gap space of 20 cm.

4. Although the highest isoline occurred in the 4 cm gap-space (although it is not 
practical), yet the 8 to 16 cm gap-space seems to have very good wetting pat-
terns in the root zone.

Simulation time of the case studies was only affected by the lower values of the 
gap space, because of more interference by dripping sources; causing partial instabil-
ity of the model so that it requires more time to get the accurate solution for each 
time-step. Nonetheless, redistribution converges very rapidly than application. How-
ever, Table 8 shows that redistribution steps finished at very short time compared to 
application steps: In the 8 cm gap space, redistribution simulation took 9 more steps 
and finished in 4 more seconds, in addition these 4 seconds simulate 340 min of redis-
tribution while the “application” in 31 seconds simulate only 20 min of application.

It is advised to use gap size of 8 cm to 16 cm in order to enhance wetting pattern 
distribution in root zone. Further studies are needed to set the optimum gap space with 
relation to soil type, emitter discharge, and upper dripper line’s location.

2.3.6 EFFECTS OF UPPER LATERAL LOCATION ON SOIL WETTING 
PATTERNS
Bilateral method of subsurface drip irrigation has two main variables: The location of 
each dripper line or the location of the upper one; and the gap spacing between both. 
In Section 2.3.5, the gap spacing was studied. In this section, the upper dripper line 
location will be studied.

TABLE 8 (Continued)
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Upper emitter location varied as 0, 6, 10, 14, and 20 cm. Bilateral gap levels were 
6, 10, and 14 cm. Each case was evaluated just after the emission stopped (before 
redistribution), and after 6 h of redistribution (the experiment time started from the 
infiltration initiation).

Figure 9 shows the sample output of “Drip Chartist” for this case study. In charts 
of Fig. 9, it can be observed that in the “application” stage, the wetting pattern moves 
downward with the increment of upper lateral depth. On the other hand, the redistri-
bution patterns was affected widely except in the smaller gap spaces, possibly due to 
no-flow boundary conditions, which prohibit flow through lower boundary as well as 
side boundaries so that the same amount of water is forced to be redistributed in the 
soil profile.

Sufficient water in the root zone was established after 6 h of redistribution when 
the depth of upper dripper line was up to 10 cm, for any of the tested gap spaces, that 
is, up to 14 cm gap space. In the real situations, redistribution patterns can be differ-
ent especially in the “20 cm upper lateral – 10 cm gap space,” “14–14,” and “20–14” 
cases, because the wetting front reaches the lower boundary, therefore, grid area must 
be expanded in these cases to ensure actual representation of the reality. 

FIGURE 9 Drip Chartist output of upper lateral location case study.
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It is advised to use shallower upper dripper line (from 0 to 10 cm) with gap size 
of about 10 cm in order to enhance wetting pattern distribution in root zone. Further 
studies are needed to set the optimum values with relation to soil type, and emitter 
discharge.

2.3.7 EFFECTS OF PHYSICAL BARRIER ON SOIL WETTING PATTERNS
There are four design parameters for the physical barrier, namely: Depth, width, thick-
ness, and forming shape. However, in our model, only the depth and width variables 
were considered. Because the thickness of a barrier can be assumed as negligible; 
and the forming shape requires a flexible mesh system, which is out of scope for the 
research in this chapter. Moreover, depth and width parameters are very important 
considerations in the construction economy where the trench cost depends on the soil 
type, soil profile, mechanization availability, and trench dimensions. Determining the 
optimum parameters of the physical barrier depends on gain to losses balance. How-
ever, the “Drip Chartist” can help determining gains, while trenching costs should be 
calculated separately.

FIGURE 10 “Drip Chartist” output of physical barrier case study.

Nine combinations of width and depth of the barrier were studied: Three widths 
(30, 40, and 50 cm), and three depths (20, 25, and 30 cm), in addition to a control case 
with no barrier.

Figure 10 shows the sample output for “Drip Chartist” for three of the nine studied 
cases, compared with the control case in each figure.

The effect of the physical barrier is significantly noticeable for both application 
and redistribution phases. However, the effect is predominant in the shallower depths 
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of the barrier. In addition, no effect was noticed at the deepest barrier (30 cm depth) 
during application phase, while was noticeable during redistribution until the water 
reached the barrier. The 20 cm depth cases always resulted in wider wetting patterns 
than other cases. However, the 25 cm depth resulted in moisture distribution in the 
root zone.

Width of the barrier was not so effective, within the studied widths. However, the 
40 cm width was slightly better that the 30 cm width, while the 50 cm width is not ef-
fective at all compared to the 40 cm. Therefore, we recommend using narrower barrier 
within the case studies in this research.

Based on the case studies, it is recommended to put a 30 cm width physical barrier 
at 25 cm depth; that is, smaller gutter should be trenched. Further studies are needed 
to identify the optimum dimensions and properties of the barriers as affected by soil, 
emitter discharge, hydraulic barrier, and application time.

2.3.8 EFFECTS OF EMITTER DISCHARGE ON SOIL WETTING PATTERNS
In this chapter, the emitter discharge rate varied from 0.25 l/h to 12 l/h. However, 12 
application rates were studied for a sandy soil, with a profile of 50 cm depth, and 35 
cm width (radius), with grid spacing of 2.5 cm, and cumulative volume of 5 L. The 
results of this case study are shown in four charts of Fig. 11.

Considering Fig. 11a, it can be noticed that using a larger discharge emitter lowers 
the location of the 0.11 isoline, while raises the near saturation front (the 0.35 isoline).

In Fig. 11b, one can notice that using a larger discharge emitter does not affect 
the 0.11 isoline while it spread the 0.35 isoline to a distant location. This means that 
the whole pattern is being condensed in a smaller area when using a larger discharge 
emitter. In other words, using low flow rate emitter allow the wetting pattern to cover 
more area but with gradual decrease of moisture content. Whereas, using higher flow 
rate emitter allow the wetting pattern to cover less area but with almost near saturated 
zone. This could be attributed to the limitation of soil infiltration rate, as the higher 
flow rate emitter pushes a large amount of water in small time that the soil moisture 
cannot redistribute to the surrounding areas. Hence, water accumulates and saturated 
condition occurs in this small spreading area. On the other hand, lower flow rates al-
low lateral distribution of water as well as vertical distribution and hence it results in 
more area with no saturation occurrence.

Figures 11c and 11d indicate that the faster simulated case was for the 3 l/h emit-
ter discharge, however, simulation speed and number of steps were higher before and 
after this value as simulation time increases up to 400% of lowest value. This may 
be due to the saturation state occurring for the higher emitter discharge, which tends 
to the instability of the system of equations due to the usage of the van Genuchten 
equation to calculate water diffusivity and matric flux potential. Equation by van Ge-
nuchten [16] is undetermined at saturation; hence convergence cannot be achieved.
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FIGURE 11 Effects of emitter discharge rates on soil wetting patterns and simulation 
characteristics: (a) Depth of moisture content isoline; (b) Width of moisture content isoline; (c) 
Number of simulation steps; and (d) Simulation duration on the computer. 

It is advised to use higher emitter discharge rates to achieve less simulation time, 
and thus less pumping costs. On the other hand, lower emitter discharge rates lead to 
gradual distribution of moisture and more wetting pattern area.
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2.4 CONCLUSIONS

After field and model-based comparisons: the “Drip Chartist” model was validated to 
be a reliable simulation model for surface and subsurface drip irrigation especially in 
light textured soils. It is also proved to be able to simulate two sources of wetting pat-
terns working simultaneously one above the other.

Several model-based studies were performed to benchmark our model. The studies 
resulted in several recommendations for the optimum values of the model parameters, 
formulas, and settings to ensure accurate, reliable, and fast modeling of surface and 
subsurface drip irrigation system.

2.5 SUMMARY

The developed model “Drip Chartist” was described in the previous chapter of this 
book. We verified and validated our model under field conditions; and compared it 
with other related models, such as: “Hydrus 2D.”
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3.1 INTRODUCTION

The coarse textured soils have poor deep percolation. However, this problem exists in 
both, surface drip irrigation and subsurface drip irrigation (SDI). The deep percolation 
is worst in SDI. When water is applied at top of a coarse textured soil, it takes some 
time (depending on the infiltration rate) to move away from the root zone. This 
time will definitely decrease if the dripping source is closer to the end of the root zone.

The main avenue for water losses under SDI is deep percolation, which is high-
est during the seedling stage and declines with the increase of root system [2]. On 
the other hand, Phene et al. [5] showed that deep percolation losses and runoff can be 
reduced with properly designed and managed SDI systems.

Barth [1] used an impermeable polyethylene foil below the lateral pipes: 60 cm 
wide and 0.06 mm thick plastic sheet at 30 to 40 cm depth. He concluded that this 
physical barrier significantly increased the amount of water held in the root zone, 
either from dripper line or from rain, and limited the deep percolation. He also stated 
that the V-shape plastic foil increased the amount of water storage. In addition, he 
developed a special installation equipment to release the dripper line and the V-shaped 
plastic foil simultaneously into the soil without disturbing the natural soil profile.

Welsh et al. [8] developed a vector-flow™ technique to increase the horizontal 
flow of water under SDI. The technique involves placing an impermeable V-shaped 
line just below the dripper line, i.e., the dripper line is placed over the small V-shaped 
stripe, which is only 7.5 cm wide. A dripper size of 3.5 L/h was used in a sandy loam 
soil. They concluded that their technique allows 70% of the applied water and was 
able to wet up to 90 cm wide zone in the upper 15 cm of soil, while only 25% of the 
applied water was spread without the technique.

The method of barricading water percolation through physical means can be a suc-
cess in its job. It raises the water content above its location and leads to minimized 
leakage of water. The major drawbacks of this method are technical and economic 
problems to trench a wide and deep furrow to lay the physical barrier. Also, the hazard 
of air lack may appear in the root zone due to the moist environment created by the 
physical barrier, in addition to root dwarfness hazard.

Therefore, a new method was investigated which was called the “Hydraulic Bar-
rier system or the bilateral drip system.” This method barricades water without these 
problems. The hydraulic barrier method can be described as 1. Burying a secondary 
pipe-line similar to the primary one but beneath it; and 2. Dividing the required wa-
ter volume between the two pipe-lines. This formulates the wetting pattern so as to 
increase its width and hence to increase the available water in the shallow root zone. 
This technique requires no extra trenching width, and does not cause air lack or root 
dwarfness.

In this chapter, we will discuss the research to evaluate the hydraulic barrier tech-
nique and to compare this technique with the previous barricading technique under 
field conditions.

3.2 MATERIALS AND METHODS

A field experiment was conducted in the North Sinai research station of the Desert 
Research Center in “El-Shaikh Zowayed” city, 30 km east of “El-Arish,” and 12 km 
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west of “Rafah” on the Egyptian- Palestinians’ borders. At the site, the soil texture 
through particle size distribution, soil moisture characteristic curve, electrical con-
ductivity (EC), and pH were also determined according to method by FAO [4]. Soil 
hydraulic conductivity was determined using van-Beers [7] method, while the infiltra-
tion rate was established using the method described by Philip [6]. These values are 
listed in Tables 1 and 2. The site was initially prepared by shallow disking to remove 
surface herbs and clean the land surface. No tillage operation was performed due 
to the texture of the soil.

Water was supplied w i t h  t h e  drip network irrigation system through the 
control head consisting of: Main pump station, sand media filter, a screen filter. The 
lateral lines were installed in the field as required in each treatment. The dripper lines 
were of GR type with built-in emitters of discharge 4 L/h. The emitter spacing was 30 
cm spacing. In order to bury the dripper lines, soil was trenched manually to the de-
sired depth and the dripper line was laid. Then the gutter was covered. This operation 
was performed line by line as the soil tumbles back rapidly after trenching.

Soil moisture content was measured using a neutron scattering probe. The ac-
cess tube was 120 cm tall and 65 mm outer diameter. The access tube was installed 
up to 105 cm depth, thus allowing 15 cm of the tube above the  soil surface to mount 
the neutron scattering device on it. Each access tube was isolated from the bottom 
by a plastic sheet similar to the one used in the physical barrier in order to prevent the 
ground water from entering the tube. Seventy-two access tubes were installed by dig-
ging a hole by the soil auger after moistening the sand to increase the ability of sand 
carrying by the auger. When installing the access tubes in the plastic sheet zone, the 
access tube was attached to a special piece of plastic sheet at the desired depth, 
then a 50*50 cm2 trench was dig till the depth of plastic sheet (at 40 cm). Then the 
installed plastic sheet was punched to allow the soil auger to go through and the auger 
was able to complete the rest of 65 cm out of 105 cm depth. The experimental treat-
ments are summarized in Table 3, and the field layout is shown in Fig. 1.

TABLE 1 The values for soil moisture characteristic curve for the experimental site soil.

Suction, bar 0.10 0.50 1.00 5.00 10.00 15.00

Soil moisture, fraction (cm3/cm3) 0.23 0.21 0.20 0.17 0.10 0.03

TABLE 2 Some soil properties of the experimental site soil.

Soil depth Texture EC pH Infiltration rate Hydraulic  
conductivity

cm dS/m — cm/h m/day

0 to 30 medium to fine sand 5.86 7.72 66.62 24.6

30 to 60 medium to fine sand 4.51 7.72 — —
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TABLE 3 Barrier treatments at the site.

1. No barrier • On soil-surface

• Buried at 10, 20, and 30 cm

2. Hydraulic barrier • Not exists (Single lateral)

•  Exists (Double laterals, the upper was variable depth while the lower 
was fixed at 40 cm)

3. Physical barrier • Exists (a plastic sheet installed at 40 cm depth)

• Not exists

FIGURE 1 Experimental layout.

In each half of the site area, two crops were planted: Jerusalem Artichokes (Arabic 
“Tartoufa”) and tomato. We compared two root types (tubers and normal roots) as 
affected by SDI system and its wetting pattern shape.

3.3 RESULTS AND DISCUSSION

3.3.1 SOIL WETTING PATTERNS UNDER FIELD CONDITIONS
Field measurement of soil moisture distribution for each experimental treatment was 
made using a field-calibrated neutron scattering probe. To obtain accurate and rep-
resentatives observations,, measurements were taken after 6 to 8 h after irrigation 
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was initiated. This ensured that water redistribution occurred. Moisture measurements 
were taken throughout the growing season.

It was noticed that the existence of the physical barrier pushes the water content 
isolines (contours) upward, above its location, in the upper 40 cm of soil profile. Fig-
ure 2 indicates the comparison among treatments: (P) to (N) and (B) to (H). The effect 
of hydraulic barrier on the wetting pattern was also observed by comparing treat-
ments: (H) to (N) and (B) to (P). This increased the slope of the isolines in the 
space between dripper lines (it permit a narrower space between them).

However, the effect of hydraulic barrier can be observed clearly (as a barrier) when 
the space between the two-dripper lines is smaller. The narrower gap acts like a real 
barrier as shown in Fig. 3.

FIGURE 2 Moisture distribution for treatments in the tartoufa crop with physical and hydraulic 
barriers. Subsurface drip irrigation is at 20 cm soil depth. Note: N = No barriers, H = With 
hydraulic barrier, P = With physical barrier, and B = Both barriers.

FIGURE 3 Moisture distribution for treatments in the tomato crop with physical and hydraulic 
barriers. Subsurface drip irrigation is at 20 cm soil depth. Note: N = No barriers, H = With 
hydraulic barrier, P = With physical barrier, and B = Both barriers.
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The existence of the hydraulic barrier with 10 cm gap raises the soil water content 
above it as can be observed by comparing treatment (H) to (N). The reader will notice 
that the water isolines of pattern (P) are almost similar to pattern (H). This concludes 
that both physical and hydraulic barriers behave approximately in a similar way for a 
narrower gap.

3.3.2 CROP YIELD
Statistical analysis for the field data was done in split-split-plot design with hydraulic 
barrier existence {Hb} as a whole plots factor, physical barrier existence or plastic 
isolation {Pb} as a  subplot factor. The remainder factor was burying depth of pipe-
line depth {Dp}. The analysis of results indicated that only {Pb} parameter was 
significant by its own in most of the measured data. The means-comparison was 
also analyzed.

3.3.2.1 TARTOUFA CROP
Total and marketable yield of tartoufa were measured. Total yield included the weight 
of all tubers regardless of its size or state, while marketable yield included tubers only 
that can be sold in the market (not so- small, not broken, and not suffering of any dis-
ease’s syndromes).

The analysis of variance showed that when “total yield” was considered as de-
pendent variable, only the factors {Pb}, {Dp}, and the interaction {Pb}x{Dp} were 
statistically significant. The hydraulic barrier {Hb} main effect and interactions were 
not significant in case of total tartoufa yield.

However, in case of “marketable yield,” ANOVA showed that the same signifi-
cant variables in “total yield” are significant too.

The interaction between burying depth and hydraulic barrier {Dp}x{Hb} was sta-
tistically significant. In other words, although the hydraulic barrier existence variable 
{Hb} was not significant, yet its interaction with depth {Dp} was significant.

FIGURE 4 Tartoufa yield as affected by physical barrier existence. 1 fed = Egyptian measure 
of land area = 4200 m2.
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FIGURE 5 Tartoufa yield as affected by the physical barrier existence and burying depth. 1 
fed = Egyptian measure of land area = 4200 m2.

FIGURE 6 Tartoufa yield as affected by the hydraulic barrier existence and burying depth. 1 
fed = Egyptian measure of land area = 4200 m2.

FIGURE 7 Tartoufa yield as affected by hydraulic barrier existence. 1 fed = Egyptian measure 
of land area = 4200 m2.
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FIGURE 8 Tartoufa yield as affected by hydraulic and physical barriers. Note: 1 fed = 
Egyptian measure of land area = 4200 m2.

3.2.1.1 EFFECTS OF PHYSICAL, HYDRAULIC BARRIER AND BURRING 
DEPTH ON TARTOUFA YIELD
Regarding the main effect of {Pb}, Fig. 4 shows that the physical barrier existence 
almost doubles the yield of Tartoufa tubers. The physical barrier existence increases 
the yield by a factor of 2.31–2.38 compared to no physical barrier, in case of both total 
and marketable yield, respectively. Therefore, the physical barrier plays an important 
role in the tartoufa production.

As shown in Fig. 5, the {Pb}x{Dp} interaction showed the superiority of the 
physical barrier’s treatments, with the yield increment with deeper burying depth. On 
the other hand, the {Hb}x{Dp} interaction indicated that deeper depths with the ex-
istence of the hydraulic barrier gave better results than the shallower depths (Fig. 6).

Although not statistically significant, the hydraulic barrier existence leads to 47% 
more marketable yield and 12% more total yield than in the absence of the hydraulic 
barrier (Fig. 7). The insignificance may be attributed to that the hydraulic barrier treat-
ment has high error value as a main-plot factor.

In addition, the interaction between hydraulic and physical barriers is not statis-
tically significant, however, the marketable yield increased in the existence of both 
barriers, while the total yield decreased in the existence of only the physical barrier. 
On the other hand, total and marketable yield increased in the absence of the physical 
barrier and the existence of the hydraulic barrier (Fig. 8).

3.3.2.1.2 EFFECT OF BURRING DEPTH
As shown in Fig. 9, tartoufa yield and burying depth were directly proportional. There 
was no significant difference neither between the pair, 30 cm and 20 cm, nor between 
the pair, 10 cm and 0 cm. However, there was significant difference between yields 
for these depth groups. This may be attributed to the Tartoufa tubers growing in 
the top 10 to 15 cm depth, thus preferring nonsaturated conditions.
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FIGURE 9 Tartoufa yield as affected by burying depth. Note: 1 fed = Egyptian measure of 
land area = 4200 m2.

FIGURE 10 Tomato yield as affected by burying depth. Note: 1 fed = Egyptian measure of 
land area = 4200 m2.

3.3.2.2 TOMATO YIELD
3.3.2.2.1 EFFECTS OF PHYSICAL, HYDRAULIC BARRIER AND BURRING 
DEPTHS ON TOMATO YIELD

The tomato yield in the existence of physical barrier (about 20.78 ton/fed.) was sig-
nificantly more than the yield for no physical barrier (which was about 9.49 ton/fed. 
However, unlike tartoufa, the ANOVA showed that only physical barrier treatment 
had significant effect on total yield. This concludes that neither the hydraulic barrier 
nor the burying depth had significant effect on the tomato yield. Although, the tomato 
yield was 12.98 ton/feddan (1 fed = Egyptian measure of land area = 4200 m2) in the 
existence of the hydraulic barrier compared to 17.29 ton /fed. in the absence of it (a 
reduction of 25%). This may be attributed to the shallow root zone of tomato and the 
deep burying depth of the hydraulic barrier (at 40 cm), which can take half the irriga-
tion water away from the root zone.



64 Sustainable Practices in Surface and Subsurface Micro Irrigation

3.3.2.2.2 EFFECT OF BURRING DEPTH
Unlike tartoufa, surface drip treatments gave better results than SDI results. Total 
tomato yield and burying depth were inversely proportional, except the 30 cm depth 
that gave the maximum yield (Fig. 10). The superiority of the 30 cm treatment (con-
trasting the trend) may be attributed to the closeness to the physical and hydraulic 
barriers both at 40 cm.

FIGURE 11 Tomato yield as affected by burying depth and physical barrier existence. 1 fed = 
Egyptian measure of land area = 4200 m2.

In case of interaction {Pb}x{Dp}, Fig. 11 shows that yield increased inversely pro-
portion to the depth except at the 30 cm depth as mentioned above. Detailed results 
of all treatments and measures are found at El-Nesr [3].

3.4 CONCLUSIONS

Both physical and hydraulic barriers act approximately the same manner for a nar-
row gap. The physical barrier existence almost doubled the yield of Tartoufa tubers. 
Actually, tuber total yield with a physical barrier was 2.31 times higher compared to 
a value with no physical barrier. Tuber marketable yield with a physical barrier was 
2.38 times higher compared to a value with no physical barrier. The hydraulic barrier 
existence yielded 47% more marketable tubers and 12% more total tubers compared 
to the yield with no hydraulic barrier.

The tomato yield in the existence of physical barrier was about 20.78 ton /fed. 
In addition, it was significantly more than that with no physical barrier, which was 
about 9.49 ton/fed). The tomato yield was 12.98 ton/feddan with the hydraulic 
barrier compared to 17.29 ton /fed. With no hydraulic barrier (a reduction of 25%).

Tartoufa yield increased directly proportional to the burying depth. There was no 
significant difference neither between the pair, 30 cm and 20 cm, nor between the 
pair, 10 cm and 0 cm. However, there was significant difference between these depth 
groups.
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Unlike Tartoufa, surface drip irrigation treatments gave better results than SDI 
treatments. Total tomato yield increased inversely proportional to the burying depth, 
except the 30 cm depth that gave the maximum yield.

Tartoufa tubers appear to prefer partial wetness to grow properly. However, better 
results were achieved with deeper laterals. Moreover, the yield of tartoufa gave better 
results mostly on double-lateral treatments. On the other hand for most tomato results, 
the single-tube treatments gave better results than double-tube treatments, because the 
latter emits water at two points. One variable is fixed at 0, 10, 20, 30 cm; and the other 
is fixed at 40 cm. However, tomato root system absorbs about 75% of its needs in 
the top soil layers. Therefore, if water exists on such layers, the yield may increase. 
It can be concluded that the second dripper line at 40 cm depth in the double-lateral 
treatment is not beneficial to the tomato crop; and it took half the water away from the 
tomato root zone. It can be inferred that if the second lateral was buried at 20 cm depth, 
the results might would been surprisingly different.

3.5 SUMMARY

“The hydraulic barrier technique” to barricade water deep percolation was investi-
gated. The method involves burying a secondary dripper line under the primary one 
in order to increase water content in the deep layers, thus minimizing matric potential 
in these layers. It will also increase the lateral movement of soil moisture from the 
primary dripper line. The method was validated by a field experiment in Sinai sandy 
soil. The field experiment tested with four burying depths of primary dripper line, 
with and without the hydraulic barrier, compared with the physical barrier. Two crops 
were used: Jerusalem artichokes (Tartoufa) as example to tuber roots, and tomato as 
fibrous root.

The results indicated that the physical barrier extremely increased the crop yield 
for both crops, almost doubling the yield with no physical barrier value (2.35 for Tar-
toufa and 2.19 for Tomato) The hydraulic barrier existence increased the total crop 
yield of Tartoufa by about 12% and marketable yield by 47%. Reduction of 25% of 
Tomato yield was due to existence of hydraulic barrier. The Tartoufa yield increased 
directly proportional to the burying depth of the primary lateral while the situation 
is inverted for the tomato crop. The hydraulic barrier acted in a pattern similar to the 
physical barrier when the narrower gap between the two dripper-lines.
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4.1 INTRODUCTION

Micro irrigation system is a solid set system for supplying filtered water and fertil-
izers in a small quantity and under low pressure, directly near the root zone. Wa-
ter through a trickle network flows in predetermined direction, starts from the water 
source, passing through control unit/conveying lines (main and submain), distribution 
pipes (manifolds and laterals) and finally to “emitters.” Micro irrigation system design 
is a decision-making process to match the operational, physical and economic settings. 
The design is based on crop water requirements, hydraulic principles, emitter charac-
teristics; field properties, economics of the system, and criteria of water application 
uniformity [5].

Fortunately, computers have come in general use, and any complicated calcula-
tions can easily be performed with a suitable program. The use of computers removes 
much tedious work associated with repetitive complex calculations and the manipula-
tion of large pools of data. This results in more detailed analysis when compared to 
noncomputer aided design.

In general, irrigation computer models can be categorized by function into models 
for: Crop Water Requirements - IRPSYS [6]; Irrigation Scheduling - CWR-VB [8]; 
System Selection by Ponce et. al. [21]; Network Planning by Awady and Ahmed [3]; 
System Design – REDES by Gomes [11]; System Evaluation by Meshekt and Warner 
[19]; and Hydraulic Design/Cost Analysis by Sharaf [22]. However, Ismail [13] devel-
oped a computer simulation model to analyze and design a micro irrigation system that 
included parameters, such as: Emitter pressures and flow rates along laterals, emission 
uniformity and economical pipe size.

In this chapter, authors discuss a MicroCad interactive computer program to de-
sign a micro irrigation system for an Egyptian Desert. We developed this model for 
planning, hydraulic design and cost estimation of micro irrigation systems. MicroCad 
model can be used for the general field and research purposes.

4.2 MODEL DEVELOPMENT

For the development of MicroCad model to design a micro irrigation system, we will 
discuss briefly the topics, such as: 1. Planning rules, 2. Soil-Water-Plant relationships, 
3. System hydraulics, and 4. Cost analysis.

4.2.1 PLANNING RULES
Planning a micro irrigation network involves a suitable layout of the pipes depending 
on the land shape and topography. This operation has no predefined steps and depends 
mainly on the designer’s experience and knowledge, but some economic and hydraulic 
considerations must be observed. The entire irrigation project in the field is considered 
for an optimum planning. Some of the researchers consider “uniformity” as the most 
important factor in the planning process. Others consider the “hydraulic balance of the 
network,” and “economic excellence.”
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FIGURE 1 Planning categories for MicroCad [10].

The MicroCad technique of planning depends on categorizing the irrigation lay-
outs into 18 general cases shown in Fig. 1. Assuming lateral line not to exceed “L” 
meters, manifold not to exceed “M” meters and considering laterals direction either in 
the direction of the short edge or in the long edge of the field. For example, case one 
in Fig. 1 can be applied if all of the following conditions are met:

(a) The direction of the laterals is by the field short edge;
(b) Long edge of the field “is less than or is equal to ‘M’; and
(c) The short edge of the field is less than or is equal to ‘L.’

TABLE 1 Planning rules for MicroCad technique for planning a trickle irrigation systems, 18 
cases that are shown in Figs. 1 and 6a.

Direction of laterals Long edge

Short

edge

≤ 1 m ≤ 2 m ≤ 4 m ≤ 8 m

≤ 1 L 1 2 3 4

≤ 2L 5 6 7 8

≤ 4 L — 9 10 11

≤ 1L ≤ 2L ≤ 3L ≤ 4L

≤ 1 M 12 13 14 15

≤ 2 M — — 16 17

≤ 4 M — — — 18
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On the other hand for the same direction of lateral lines, if the short edge of field 
is greater than ‘L’ and less than or equals ‘2L,’ case 5 in Fig. 1 can be used, etc. Other 
cases can be applied according to the planning conditions given in Table 1.

By default, MicroCad sets maximum manifold length to 100 meters, maximum 
lateral length to 50 meters. However, MicroCad offers the option to automatically or 
manually modify these values if necessary. In general, it is recommended not to design 
a field greater than 16 hectares with a single main line. Alternatively, bigger fields can 
be planning by partitioning each to smaller fields.

MicroCad has the advantage of selecting any planning category (Fig. 1) by its 
number. In addition, any layout that differs from the suggested one can be applied, and 
any modification to the suggested layout could be applied too.

In Egypt, most land slopes are less than 0.1% especially in the new reclaimed 
lands. Therefore, the slope effect is neglected in the planning stage. Otherwise, the 
point of connection of pipes will not be at the middle. However, it will be shifted to-
ward up-slope direction, in order to maximize the down-slope gain.

4.2.2 SOIL- WATER-PLANT RELATIONSHIPS
This section presents the methodology applied to resolve the initial design criteria 
including:

1. Plant consumptive use under micro irrigation by applying SCS model [23] that 
includes a certain ratio depending on the percent of shaded area of the total 
land.

2. Net irrigation depth which is equivalent to the soil water in the root zone 
depth, reduced by the percent of wetted area, and depleted by certain ratio so 
that the plant is free from water stress. It was computed according to Benami 
and Ofen [4].

3. The Irrigation interval that is the integer number of days required by the soil-
water to reach the desired critical point.

4. Emission uniformity that is an indicator of the percentage of the average ir-
rigation depth that is received by the least-watered area. It was calculated by 
the equation developed by Nakayama et al. [20].

5. Irrigation system efficiency is the product of the application efficiency and the 
emission uniformity as shown by Wu and Gitlin [25].

6. Leaching requirements that must be met to control the soil salinity. It was 
calculated according to Doorenbos and Pruitt [9].

7. “Transpiration to application ratio” which is the ratio of irrigation water trans-
pired to the total irrigation depth applied to the least watered areas. It is mainly 
affected by management, atmospheric conditions, amount of leaching water, 
and deep percolation. It was estimated according to Keller and Bliesner [17].

8. The gross irrigation depth delivered to the plant including plant requirements, 
deep percolation, and leaching requirements. It was calculated according to 
Meshkat and Warner [19].

9. Flow rate required per plant that is delivered from the pump to the root zone 
of a plant for a specific area in a certain time.
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4.2.3 SYSTEM HYDRAULICS

4.2.3.1 MINOR LOSSES
The emitter flow is simulated by an emitter flow function described by Keller and 
Karmeli [18]. The connector barb of an emitter projects into the flow in lateral line 
pipe causing additional turbulence over the normal pipe friction. The method used to 
represent additional minor losses contributed by the barbs was the equivalent pipe 
length method [24].

4.2.3.2 DESIGN CRITERIA
The design criteria of lateral and manifold is based on partitioning the allowable flow 
variation or pressure variation for both the lateral and manifold. The default value for 
partitioning this variation is 55% on lateral and 45% on manifold. To perform accept-
able uniformity in a micro irrigation field, the maximum discharge variation should 
not exceed 10% as recommended by ASAE standards [2].

4.2.3.3 ESTIMATION OF LOSSES DUE TO FRICTION IN PIPES
The friction loss along conveying lines (laterals and manifolds) or distribution lines 
(submain and main lines) can be computed by one of the following formulas: Hazen-
Williams, Scobey-Blasius or any other formula suggested by the user.

4.2.3.4 DESIGN OF LATERALS
In general, there are two ways for a proper design of a lateral. The first is to select the 
size of a lateral line for a given length, the other is to determine the maximum length of 
lateral line for given flow conditions and ground slope when the lateral line is limited 
to a specific size. MicroCad supports the former method.

In literature, several techniques have been developed to select the lateral size. The 
most famous techniques are: 1. F-technique [7]; 2. Segment by segment technique [12]; 
3. Statistical approach technique [1]; and selected graphical methods [17]. MicroCad sup-
ports the first and the second techniques. Also there are some new design techniques, such 
as: The energy gradient line approach [26], and the uniformity based technique [15].

4.2.3.4.1 F-TECHNIQUE

The F-Technique is based on calculating the friction loss in the lateral line with no 
outlets. Then the results are multiplied by a coefficient called “F factor or reduction 
factor,” which depends on the number of outlets along the lateral line.

4.2.3.4.2 SEGMENT BY SEGMENT TECHNIQUE (SBS)

“Segment by Segment Technique” is based on calculating the total pressure head loss 
due to friction and minor losses between two adjacent emitters. Total pressure loss in 
the line is the summation of pressure losses in these segments.

4.2.3.5 MANIFOLD DESIGN
Manifold is the water delivery pipeline with multiple outlets that supplies water from 
the main lines to the laterals on one or both of sides of the pipeline. With MicroCad, it 
can be designed by techniques for design of laterals.
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4.2.3.6 MAINLINE DESIGN
MicroCad supports two methods for designing the main line: Velocity limit (1.5 m/s) 
method; and the economical method [18].

4.2.3.7 THE CONTROL HEAD
The control head consists of devices to ensure the proper operation of the irrigation 
system. By default, MicroCad considers the components of pump, filtering system and 
valves as major items. Extra accessories such as water meter, pressure gages, pressure 
regulators, chemical injection equipment and automatic control device can be added 
as an option by the user.

4.2.3.8 TOTAL DYNAMIC HEAD
The Total Dynamic Head (TDH) is estimated by MicroCad as a sum of the dynamic 
lift, supply system losses, control head losses, friction losses in pipelines. In addition, 
a safety factor represents minor losses of around 10% of the sum of the friction head 
losses, as recommended by Keller and Bliesner [17].

4.2.3.9 PUMPING POWER
Micro irrigation systems require energy to move water through the pipe distribution 
network, and discharge it through emitters. This energy is provided by pumping unit. 
The pump is operated by an electric motor or an internal combustion engine. Micro-
Cad computes parameters for pump selection including TDH, water horsepower, and 
brake horsepower. It also computes operating costs for different types of power unit.

4.2.4 COSTS OF MICRO IRRIGATION SYSTEM
Determining the expected annual cost of owning and operating any irrigation system is 
an important part of irrigation system design. The cost of each component is given by 
an analytical equation or set of equations, to be combined to from an analytical model 
for the cost of the entire system. The fixed costs include annual depreciation, interest 
costs and yearly expenditures for taxes and insurance. The annual operating costs in-
clude the cost of energy, maintenance and repair, and labor cost. The method used by 
MicroCad for cost estimation is discussed in details by James [14].

4.3 RESULTS AND DISCUSSION

Once the model has been developed, it was evaluated by field experiments for its 
validation. Ten faddans (an Egyptian unit of area equivalent to 1.038 acres (0.42 ha = 
4200 m2)) were selected for the validation field test at the Desert Development Center 
(DDC) of the American University in the south Tahreer region. The experimental site 
consisted of five feddans of orchard and five faddans of vegetable crops. For both 
fields, pressure, discharge and statistical uniformity were determined. The layout and 
dimensions of these fields are presented in Fig. 2. Emitter used in both fields was 
“Katif” pressure compensating type. Under field conditions, the emitter function for 
Katif emitter is defined by:

 q = 4.47 [h]0.04  (1)
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where, q = Emitter discharge; h = pressure head; and 4.47 and 0.14 are emitter charac-
teristic constants for a particular emitter type. The coefficient of flow variation (CV) 
was assumed as 11.4%. The distance between emitters along the lateral line was one 
meter. Distance between laterals was five meters along the manifold for orchards, 
while it was one meter in the vegetable field. Topography in both fields was almost 
flat.

4.3.1 ANALYSIS OF FIELD MEASUREMENTS
The measured discharge profile was compared with the predicted profile by the Mi-
croCad as shown in Fig. 3. The predicted profile under-estimated the actual discharge 
profile, especially at the lateral far end. This occurs due to the un-controllable param-
eters, which affect flow rate such as: Undulating of field topography, emitter wear, 
temperature, emitter clogging, and velocity head.

Figure 4 shows the comparison between measured and predicted mean flow rates 
for emitter at different locations on lateral. Figure 5 shows the comparison between 
measured and predicted mean flow rates for lateral at different locations on manifold. 
The statistical analysis showed no significant differences between predicted and mea-
sured mean flow rates of emitters along the laterals, and mean laterals flow rates along 
the manifold. 

FIGURE 2 Layout and dimensions of the field: Left – mango orchard field; Right – vegetable 
field. 

FIGURE 3 Effects of length of laterals and manifold on the emitter flow profile for the orchard 
field. Dotted lines = Measured flow profile; and Solid lines = Predicted flow profile



76 Sustainable Practices in Surface and Subsurface Micro Irrigation

FIGURE 4 Actual versus mean emitter flow rates on lateral for vegetable and orchard fields.

FIGURE 5 Actual versus mean emitter flow rates on manifold for vegetable and orchard fields.

Additional analysis was also performed to develop the relationships between the 
predicted pressure at the inlet and far-end of laterals and manifold to the actual mea-
surements of the pressure at the same locations in field. The results showed no signifi-
cant differences between the predicted and measured pressures. Table 2 presents the 
statistical analysis of the results, which correlate predicted flow and pressure by the 
model with the field measurements of flow and pressure.

TABLE 2 Statistical analysis for the predicted and measured flow rates and pressure for 
vegetable and orchard fields.

Parameter Item LSD
Vegetable field Orchard field

Mean emitter flow rate, Lph Lateral 0.254* 0.714
Mean lateral flow rate, Lph manifold 16.1* 45.02
Pressure head, meters Both lateral 

and manifold
1.21* 0.233

*Not significant at 95% confidence limit.



Micro Irrigation Design Using MicroCad: Egyptian Desert 77

For the vegetable field, the measured field statistical uniformity was 88.7% com-
pared to a predicted value of 91%. In case of orchard field, the measured field statisti-
cal uniformity was 88.3% compared to the predicted value of 90%. This small devia-
tion between 88.7% and 88.3% can be attributed to the experimental error.

Some sample screen photos of the MicroCad module are shown in Figs. 6–15.

FIGURE 6 (a) A typical field layout for example on a MicroCAD. (b) Planning stage: To insert 
field dimensions and the direction of laterals.
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FIGURE 7 Selection of crop and soil properties from a dropdown menu.

FIGURE 8 Network TABS to enter the data for pipes, emitters and layout inputs.
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FIGURE 9 Selection of an emitter type and model. Data for other emitters can be entered 
through the “Custom” option in the dropdown menu.

FIGURE 10 Media Tabs to enter the data for soil, water and crops.
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FIGURE 11 Design Tabs to enter data for control head, pressure distribution, and pressure 
limits. There is also a tab for design options.

FIGURE 12 (a) LEFT: Design TAB for control head, pressure distribution and pressure limits 
(LEFT). Results for Network design: Mainline “Economic Design” can be accessed by pressing 
the button; Pump specifications (RIGHT). (b) Inputs for mainline economic design (optional 
method: LEFT); magnified view of previous form (RIGHT).
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FIGURE 13 Module for cost: main form.

FIGURE 14 Cost module for secondary system components.
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FIGURE 15 (a) Main line economic design (results) and report for economic design. (b) 
Module for cost benefit analysis.

FIGURE 16 Reporting the data and results.
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4.4 CONCLUSIONS

An interactive computer model has been developed to be used as a micro irrigation 
system design aid as well as a research tool. It is named as MicroCad. The functions of 
MicroCad model include those for planning the network layout, hydraulic design, and 
system costs. These three operations can be done by MicroCad either consequently or 
individually. However, MicroCad model is flexible in use so that designer can use it 
in testing and analyzing any alternative design: hydraulically and economically. The 
model can be used to calculate the annual costs of any system even if it is not designed 
by MicroCad. Nevertheless, the model has been constructed to design the system for 
all of the common design techniques. MicroCad can support databases, such as: The 
common emitters database, crops properties database, and land zones climatic and 
soil physical properties database. Field tests (discharge, pressure, and uniformity) of 
the model have been performed on about ten Faddans at Desert Development Center 
(DDC) of the American University in the south Tahreer region. The model correlated 
well with the measured data. The MicroCad requires that the user should be proficient 
in design concepts and the subject matter of micro irrigation design technology. Be-
cause MicroCad is not structured in a tutorial manner. 

4.5 SUMMARY

To simplify the design and planning of micro irrigation systems, an interactive com-
puter aided model called MicroCad has been developed. The MicroCad approaches 
the design in four stages: (1) Planning, (2) Soil-water relations, (3) Hydraulic design, 
and (4) Cost analysis. These four stages can be conducted either consequently or in-
dividually. The model can be used to calculate the annual costs of any micro irriga-
tion system, even it is not designed using MicroCad. The unique feature of the model 
is its ability to design the system using all of common design techniques and have 
the ability to customize any of them. The MicroCad can support databases like: The 
common emitters database, crops properties database, and some Egyptian land zone 
climatic database, and soil physical properties database. For validity, field tests of 
flow, pressure and statistical uniformity were performed at the Desert Development 
Center (DDC) of American University - Cairo, Egypt. The model results correlated 
well with the field-measured data. The program was written in VISUAL BASIC for 
the IBM-PC.
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5.1 INTRODUCTION

Efficient use of water is a key factor for irrigation management globally, with wide-
spread efforts being made to increase water productivity and reduce the environmental 
impacts of irrigation. With future water scarcity and climate change, management of 
water will become an increasingly important issue in intensive vegetable production.

With peri-urban irrigated agriculture such as in the Sydney region, NSW, Austra-
lia, competition for water resources is acute, and the need for improved irrigation man-
agement is most important [190]. Intensive vegetable production is an important and 
expanding industry in peri-urban Sydney [138]. Many vegetable growers in this area 
use potable water as the major water source [63]. Competition for water with urban 
users has led to uncertainty about the security of future water supplies.

The Sydney region enjoys a subhumid climate with an average rainfall of 800–
1000 mm spread over most months [38]. The rainfall and mild temperatures enable 
vegetables to be grown year-round, but access to irrigation is required in most months 
to provide water security [121]. Soils vary greatly, but the three dominant soil types 
used for vegetable production in Western Sydney are the alluvial soils along the 
Hawkesbury-Nepean river system and the texture-contrast soils based on Hawkesbury 
sandstone, both of which have sandy surface soils, and the soils derived from Wiana-
matta shale which have clay-loam surface soils [217].

The Sydney region is ideal for lettuce (Lactuca sativa), which is grown year-round 
[172] by direct seeding or by using nursery-raised ‘transplants’ [261]. Lettuce is ir-
rigated mostly by overhead sprinklers [249]. Drip irrigation is not widely used for 
lettuce in NSW, apparently because of higher costs (low durability), interference with 
normal cultural practices necessitating removal between crops, and the lack of local 
guidelines to adapt system design and management to the diverse soils and annually 
varying climate [58, 122]. In other respects, drip irrigation should be suitable [261]. 
The irrigation water requirement of drip irrigated plants can be less than half that of 
sprinkler irrigated plants [249].

Subsurface drip irrigation (SDI) is an alternative to conventional drip irrigation, 
which could become an attractive option to lettuce growers in the Sydney region as the 
cost over the life of the product can be less than with surface tape, and because reduced 
tillage using semipermanent beds [230] has removed the need for deep cultivation 
between every crop.

The advantages of SDI compared to surface drip irrigation include direct applica-
tion of water to the root zone, less evaporation from soil, potentially greater water use 
efficiency and fewer weed and disease problems [201]. SDI has been found to increase 
yield over surface drip irrigation [222]; furrow irrigation [100]; and sprinkler irriga-
tion [69], providing the SDI system receives good irrigation scheduling [92].

SDI also has several important potential disadvantages, including ‘tunneling,’ 
variable soil surface water and risky establishment [149, 152, 180], poor germination 
and/or crop establishment [213]. Crop establishment is often poor [147] due to insuf-
ficient surface soil moisture to meet the demands of seedlings or seeds [278].

One approach to improve crop establishment with SDI has been to modify the bur-
ied drip tape by adding an impermeable plastic barrier below the tape, as in the Capil-
lary Root Zone Irrigation system (CRZI). CRZI reduced variability in soil surface wet-
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ting but did not improve establishment [49, 67], mainly due to the hydraulic properties 
of the particular soils. CRZI has undergone extensive development, in particular the 
width of the impermeable layer (now 100 mm), and it is now sold under the trade name 
KISSSTM (hereafter called “modified SDI”). It has not been thoroughly evaluated. In 
addition to modifying tape design, surface soil moisture can be improved by shallow 
tape installation and increased irrigation frequency [42], although these approaches 
have met with limited success. Harris [102, 103] concluded that possibly crops cannot 
be established this way at all, without an additional source of water.

In this chapter, author discusses the adoption of SDI technology in vegetables 
by improving surface soil water conditions and crop establishment. Lettuce crop is 
used as an example because of its importance in the Sydney region. This chapter also 
answers the research questions for SDI technology in Australia: Does an imperme-
able layer beneath the drip tape (modified SDI) improve surface soil water conditions 
and crop establishment, compared with conventional SDI? Does the modified SDI 
offer any advantage over using conventional SDI with greater irrigation amount or fre-
quency? Author also evaluated if the irrigation management with SDI should take into 
account soil type and evaporative demand. This research was based on the hypothesis 
that the strip of impermeable material below the buried drip tape created a temporary 
water table during each irrigation, thus increasing the upward flux of water to the soil 
surface.

5.2 REVIEW OF SUBSURFACE DRIP IRRIGATION IN VEGETABLE 
PRODUCTION

Irrigation in the Australian vegetable industry has traditionally been dominated by sur-
face irrigation. However, increasing pressures on water availability, the potential yield 
increase through improved control of soil and plant water relationships, and the ben-
efits of reduced labor/fertilizer/pesticide cost, have increased the interest of vegetable 
growers in alternative irrigation methods, including drip irrigation systems. 

Drip irrigation has the potential to use scarce water resources most efficiently to 
produce vegetables [161]. The modern development of drip irrigation started in Great 
Britain during World War II and continued in Israel and other countries [43]. The 
major benefits of drip irrigation are the ability to apply low volumes of water to plant 
roots, reduce evaporation losses, and improve irrigation uniformity [225].

Subsurface drip irrigation (SDI) applies water below the soil surface, using bur-
ied drip tapes [8]. It has many benefits over conventional drip irrigation [241]. The 
biophysical advantages are the lower canopy humidity and fewer diseases and weeds 
[44]. The yield and quality of vegetable crops can improve with a buried drip system 
compared with a surface drip system [18, 201, 224]. Environmental benefits include 
the ability to manage nutrient and pesticide leaching and the threat to groundwater 
[147]. However, SDI has also potential challenges [103, 147, 149].

The review of SDI in this chapter considers: the vegetable production industry 
in Australia, with a particular focus on issues for production in the Sydney region; 
basic concepts of water and its management in irrigation; drip irrigation design and 
management and its adaptation to SDI, including identification of problems with SDI; 
and soil factors.
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5.2.1 VEGETABLE PRODUCTION IN AUSTRALIA
Vegetable production in Australia is dominated by Queensland, New South Wales and 
Victoria, with more than 4,000 farms producing vegetables [2]. The largest area is in 
Queensland. Over the four years (2000–2004), the number of farms fell by 19%, but 
the industry continued to be dominated by small farms. The value of output from the 
typical vegetable farm rose from $281,000 in 2000–2001 to $387,000 in 2003–2004. 
Fifty years ago, the average Australian consumed around 130 kg of vegetables annu-
ally. Today, per capita consumption is 162 kg. If vegetable consumption increases at 
the same rate, the per capita consumption should reach around 188 kg in 2050 [10]. 
Consumer demand for vegetables is rizing over the long-range, so there is need for 
continued expansion in vegetable production. Most vegetable farming is character-
ized by intensive management including irrigation. A major problem faced by farmers 
is the availability and cost of irrigation water [114]. However, improvements in the 
productivity of irrigation water are being made. For example, the average return from 
vegetable production per ML rose from $1,762/ML in 1996–1997 to $3,207/ML in 
2000–2001 [1]. An industry report attributes this to increased use of water-efficient de-
livery systems such as drip irrigation, irrigation scheduling and soil moisture monitor-
ing, which help achieve a good quality product resulting in higher market prices [115].

5.2.2 THE NSW AND SYDNEY BASIN INDUSTRY
New South Wales’s vegetable production districts are the Sunraysia, Riverina – Mur-
ray Irrigation Area (MIA)/slopes/tablelands, and Sydney Basin [173]. The Sydney 
Basin including Greater Western Sydney is a focus of this chapter, and these supply 
full range of fresh vegetables to the local market. The vegetable industry in NSW 
contributes approximately $300 million to the national economy. Nearly 26% of the 
total value of this industry is produced by the Sydney Basin [113], where the major 
vegetable crops are lettuce (Lactuca sativa L.), cabbage (Brassica oleracea var. Capi-
tata), and cauliflower (Brassica oleracea var. Botrytis). Most ‘Asian vegetables’ in 
NSW are produced on 340 small farms with 5–20 acres in Western Sydney, equally 
contributed by Chinese, Cambodian and Vietnamese growers [187].

Lettuce is a common salad vegetable in Australia. Several types of lettuce are 
available: crisp head, butter head, romaine (cos) and leaf varieties [261]. Lettuce has a 
short growing season, commonly reaching maturity in about 6 to 10 weeks from sow-
ing, depending upon the type. All commercial lettuce production uses ‘transplants’ or 
nursery-raised seedlings. The transplanting requires less time in the field [143, 268] 
thus allowing more intensive cropping, also overcomes crop establishment problems 
and the cost of thinning [261].

FAO [75] defined the area of farm units surrounding towns as ‘peri-urban,’ supply-
ing fresh vegetables, fruit. In all countries, rural to urban migration is placing pressure 
on the peri-urban area where housing and industrial development interact with food 
production [31]. Sydney’s peri-urban zone is characterized by an inner zone of market 
gardens, an intermediate zone of poultry-horticulture and an outer zone of dairy or 
mixed farming [138].
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According to the Agricultural Land Classification System, the Western Sydney 
Peri-Urban Horticultural region is arable land Class-1 with high to very high produc-
tivity [127].

5.2.3 IRRIGATION WATER SOURCES AND ISSUES ARISING
Many peri-urban vegetable growers in the Sydney region use potable water from the 
Sydney water supply as their main water source [63], although there is also a signifi-
cant industry based on irrigation from the Hawkesbury-Nepean River and its major 
tributary (South Creek) as well as farm dams. Out of 3,000 irrigators, approximately 
1,500 are river pumpers, 750 draw from farm dams and the remaining 750 irrigators, 
mainly vegetable growers, use town water [114].

Charges for town water used by vegetable growers are based on the commercial 
Tier-1 rate of $1.20/kilo-liter. Peri-urban vegetable growers pay annually ~A$10,000 
to A$20,000 for water [114]. The production is also affected by water restrictions dur-
ing periods when water levels in the Sydney Water Reservoirs are low [250], and it 
will compete increasingly with urban and industrial users [169].

Farmers in this area practice intensive horticulture. Irrigation is excessive 
and not uniform, overhead sprinklers are most common, and mostly farmers 
do not use any form of irrigation scheduling method or soil water monitor-
ing [168, 231]. Drip irrigation is rarely used in the Sydney region, apparently 
because surface drip systems are costly, they are said to interfere with normal 
cultural practices, and there are no guidelines for designing and managing drip 
systems across the diverse soils and climates of the Sydney region [58]. Ex-
cessive irrigation on the farms investigated by Cornish and Hollinger [59] was 
associated with high storm water runoff and nutrient loss from farms, although 
the magnitude of loss depended on soil type [122]. In two on-farm trials, it was 
observed [122] that SDI greatly reduced irrigation requirement. It also reduced 
storm water runoff because the soil profile was generally drier and accepted 
more rainfall before runoff occurred.

Subsurface drip irrigation can overcome two main drawbacks of surface drip ir-
rigation. One is the high cost associated with frequent removal and replacement, pro-
vided the SDI system lasts long enough to offset the high initial set-up cost. The other 
is interference with cultural practices. Reduced tillage based on semipermanent beds 
[230] requires only shallow cultivation, potentially allowing SDI tube to remain un-
disturbed for many years, without impeding cultural practices.

These findings demonstrate the significant need in the Sydney region to improve 
irrigation efficiency and help address the problem of increasing cost of water and 
supply restrictions. Given the irrigation systems and management practices currently 
being used, there is scope to meet this need with drip or particularly subsurface drip 
irrigation, although installation and management will need to be adapted for the wide 
range of soils and the seasonal climate variation in the region.
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5.2.4 SOIL WATER FOR IRRIGATION MANAGEMENT

5.2.4.1 SOIL AND PLANT WATER CONCEPTS
Soil water potential is expressed in energy terms (bars or MPa). The difference in 
energy between pure water and that of soil water at standard pressure and temperature 
is called the soil water potential. The total water potential can be expressed:

 ψt = ψg + ψm + ψp + ψo   (1)

where, ψt = the total soil water potential energy, ψg = the gravitational potential energy, 
ψm = the matric potential due to capillary pressure, ψp = the pressure potential, ψo = 
the osmotic potential due to salts [71]. To determine the potential energy status of soil 
water, piezometers, tensiometers and psychrometers are commonly used [85].

Soil water content is expressed as the mass of water in unit mass of soil (gravi-
metric) or as volume of water in unit volume of soil (volumetric) [133]. Gravimetric 
water content (θg) is measured by weighing the soil when wet (mwet) and again after 
drying at 105oC (mdry).

 θg= [mwet - mdry] / [mdry]  (2)

Volumetric water content (θv) is the volume of liquid water per volume of soil, and 
can be calculated from θg using bulk density (ρ) in Eq. (3), where: ρwater = 1.0 g/cm3. 
Relationships between water content and potential are important for understanding 
water flow in soil [189].

θv = volumewater / volumesoil = (mwater / ρwater)/ msoil / ρsoil = [θg * ρsoil] / [ρwater]  (3)

5.2.4.2 THE SOIL MOISTURE CHARACTERISTICS AND CONCEPTS OF 
AVAILABLE SOIL WATER
The energy of soil water and soil water content are related by the moisture char-
acteristic curve [210]. In saturated soil, all pores are filled with water and the water 
potential is zero. As suction is increased, progressively smaller pores drain so the soil 
water content decreases and the water potential becomes more negative. At very high 
suctions, only the very small pores retain water. In light to medium textured soils 
(sands, sandy loams, loams and clay loams), soil structure can evidently affect the soil 
moisture characteristic, while in heavy textured soils the influence of structure is less 
distinct [275].

Field capacity is defined as the water content of the soil (at a soil moisture ten-
sion of 0.33 bars) following drainage of a saturated soil profile underlain by dry soil 
for about 24 – 48 h depending on the soil type [104]. The soil water potential at field 
capacity is variously defined as around −0.1 bar to −0.3 bar (–0.01 to −0.03 MPa) 
depending on soil texture and whether the soils have been homogenized or they are 
structured under the field conditions [185]. The permanent wilting point (PWP) is the 
soil water content at which plants are unable to absorb soil water (at a soil moisture 
tension of 15 bars), and wilt permanently [158]. The soil water potential at this point is 
usually considered to be 15 bars [223], although the actual value will depend on plant 
type and the demand for water. The available water in a soil is the amount of water that 
can be used by plants for their growth and development. It is a difference between the 
soil water contents at field capacity and the permanent wilting point.
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5.2.4.3 SOIL-PLANT-ATMOSPHERE CONTINUUM
Soil-plant-atmosphere relationship recognizes that all components of the field envi-
ronment (the soil, the plant, the atmosphere), when taken collectively form a physi-
cally integrated and dynamic system. The water movement inside the system is known 
as soil-plant-atmosphere continuum (SPAC) [117]. Although water generally moves 
from soil to the plant and then into the atmosphere, when the soil is dry and the at-
mosphere is near saturation, yet water may move in small quantities from plants into 
soil [223]. The flow path of water through SPAC is a complex process with a series 
of resistances offered by the different components of the system. Plants offer little 
resistance when the soil has sufficient moisture and the atmospheric conditions are 
moderate [71]. When soil dries, water deficit develops in plants and stomata close 
partially or completely. Under this condition, plants offer greater resistance to water 
movement [16].

5.2.4.4 SOIL WATER MOVEMENT AND HYDRAULIC CONDUCTIVITY
The sum of the suction and gravitational potentials is defined as the hydraulic head 
[116]. The hydraulic head determines the direction and rate of water movement. Wa-
ter moves from soil with lower to higher potential. In this chapter, author considers 
upward flux of water, soil matric potential and evaporative demand. The scientific 
principle underpinning evaluation of the modified SDI in this research is that the water 
required for crop establishment is met by upward flux from the subsurface drip.

Hydraulic conductivity is a measurement of the ability of the soil to conduct water 
and depends upon the permeability of the soil to water [71]. Knowledge of the hy-
draulic conductivity of soil is important to the understanding of soil-water behavior 
including the movement of water and solutes within the soil profile and studies of wa-
ter uptake by plant roots. Hydraulic conductivity depends greatly on soil water content 
[179], so it is often determined for both the saturated and unsaturated conditions [146]. 
Saturated hydraulic conductivity pertains to the conductivity of soil when all pores are 
filled with water, whereas conductivity is unsaturated when pores are partially filled. 
The soil factors affecting hydraulic conductivity include the pore geometry, soil struc-
ture and presence of entrapped air in the soil pores [133].

5.2.4.5 PLANT WATER RELATIONS
Total plant water potential (ψ) includes three components (ignoring gravitational):

 Ψ = Ρ + π + τ   (4)

Where: ψ = water potential in the plant, Ρ = pressure or turgor, π = osmotic potential, 
τ = soil matric potential [263]. Stomatal closure starts if plant water stress occurs, 
following decreasing soil water potential, indicated by a fall in Ψ below a threshold 
value. The decrease of 0.5–1.0 MPa in soil water potential normally takes place over 
days and weeks. As the soil continues to dry, a plant can be considered under water 
stress, although there may be little change in the midday water potential of exposed 
leaves [273]. The Ψ at which the stomata close will depend on the osmotic potential in 
the leaves and rate of drying.

Plants suffering from water deficits have a reduced leaf area and reduced root and 
shoot development [139]. Leaf area or leaf area index (LAI) is an important growth 



96 Sustainable Practices in Surface and Subsurface Micro Irrigation

parameter for irrigation management [129]. During early crop growth, LAI is low 
and influenced by row spacing. Although transpiration is low at this stage, significant 
evaporation can take place when the topsoil is wet. In dry soil, evaporation decreases 
[215].

YIELD THRESHOLD DEPLETION
Yield threshold depletion (YTD) is the amount of water that can be depleted from the 
soil before there is an effect on yield or quality of crop. If the YTD is known, the soil 
water balance can also show the maximum time allowable between irrigation. Com-
monly, a crop should be irrigated before reaching the YTD level. YTD depends upon 
soil, plant and climatic factors. Crops differ in their sensitivity to water stress. Yield 
threshold depletions are often less for vegetable crops than field crops [87], because 
shallow rooted plants exploit less soil and therefore, are less well buffered against 
changes in soil water.

SOIL WATER BALANCE
For irrigation research, the soil water balance is defined in Eq. (5), where: ASW is 
available soil water at times 1 and 2; (ASW1 – ASW2) is the change in soil water dur-
ing the interval t1 to t2, and P = precipitation, I = irrigation, ET = evapotranspiration, 
Ro = surface runoff and D = deep percolation beyond the root zone in an interval t1 
to t2 [223]. If ASW1 is the desired state and ASW2 is the present state, then irrigation 
required to return the soil water to the desired state (the replenishment of water use in 
the period), (ASW1 – ASW2) can be estimated by assuming Ro and D as zero, irrigation 
requirement = ET – (I+P). On-site measurements of both Ro and D are difficult and are 
commonly ignored in practice. Irrigation above the irrigation requirement is presumed 
drainage [206]. The same applies to rainfall after irrigation.

 ASW1 – ASW2 = P + I – (ET + Ro + D)  (5)

In budgeting approaches to irrigation scheduling, ET is estimated from potential evap-
oration combined with the use of a crop coefficient [108]. A simplified water balance 
Eq. [39, 223] is defined below to calculate the components of the water balance when 
water was applied to a bare soil surface:

 E = I – D  (6)

where: E = Evaporation, I = Irrigation and D = Drainage. In this chapter, the Eq. (6) 
is used to calculate E.

5.2.4.6 MONITORING SOIL AND PLANT WATER IN IRRIGATION 
SCHEDULING
Successful operation and management of an irrigation system requires a proactive 
monitoring approach for managing soil water. There are three different approaches to 
monitor and to schedule the irrigation [85]:

i. Soil-based methods estimate soil water status by its appearance, feel or, more 
objectively, by water content or suction.

ii. Plant-based methods include visible symptoms such as wilting, that reflect 
leaf turgor and thus indirectly leaf water potential, the Scholander or ‘pressure 
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bomb’ that measures plant water potential, and noncontact thermometry with 
an infrared thermometer (a water stressed plant transpires less and is cooled 
less by evaporation).

iii. The water budget approach, which estimates crop water use from weather data 
and, from this, the irrigation requirement.

Measurements of soil water can be used to indicate when to irrigate, thus avoid-
ing over and under irrigation. Soil water sensors measures either soil water potential 
(SWP) or volumetric soil water content (VSWC). Water potential can be measured 
by tensiometer, gypsum blocks and granular matrix sensor [238]. A variety of FDR 
(frequency domain reflectometer) [247], TDR (time domain reflectometer) [50] and 
capacitance probes [77] are available for measuring volumetric soil water content.

TENSIOMETER
Tensiometer measures only soil water potential. It does not provide direct information 
on the amount of water held in the soil [274]. The use of tensiometers for irrigation 
scheduling has been widely reported for over 30 years [86, 109, 207], although they 
have been infrequently used in practice in peri urban area of Australia [168].

Enough research has been conducted on the appropriate depth of placement and 
water potential guidelines. Recommendations vary with soil type and crop. As an ex-
ample, the tensiometer should be placed about 15 cm deep in the soil for shallow 
rooted crops (e.g., lettuce, [194]) and at 30 cm for deep-rooted crops (e.g., tomatoes, 
melons, [120]).

The main limitation with tensiometers is that they operate only in water potential 
up to −75 kPa. Further drying leads to breaks in the water column and a high degree of 
maintenance [84]. Also farmers will often want to deplete soil water beyond the range 
of the tensiometer, meaning that some interpretation needs to be made, for example 
from soil water tension deeper than the zone of greatest root proliferation.

GRANULAR MATRIX SENSOR/GYPSUM BLOCK
The granular matrix sensor is similar to the gypsum block, although apparently more 
durable. It operates on the principle that resistivity of the block depends on its mois-
ture content, which in turn depends on soil water potential. Like the gypsum block, 
the granular matrix sensor has been reported to have slow response times in some cir-
cumstances and each sensor needs calibration [236]. However, both sensors are inex-
pensive. Granular matrix sensors operate in the range 0–0.2 MPa, and therefore, have 
a wider range of applications than the tensiometer. The granular matrix sensors (and 
tensiometers) are most suitable for automatic drip irrigation [184]. There appear to 
have been advances in design and performance over time, and it has been a very effec-
tive irrigation scheduling aid for drip irrigated mint and onions on silt loam soils [237].

WETTING FRONT DETECTOR: CAPACITANCE PROBE/FREQUENCY 
DOMAIN REFLECTOMETER
The wetting front detector, which originated from Australia, is a soil moisture-moni-
toring device, which can be used to detect wetting fronts. The ‘FullStop’ wetting front 
detector is simplest and is comprised of specially shaped funnel, a filter and a float 
mechanism. The funnel of the detector is buried in the soil within the root zone of the 
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crop [247]. If sufficient water or rain falls on the soil to move to the funnel, it passes 
through a filter. This water activates a float mechanism, which operates an indicator 
flag above the soil surface. The wetting front detectors and a capacitance-type device 
(the ‘Diviner’ – frequency domain reflectometry) were the best tools (together) to 
monitor soil water with beans and melons under SDI in the Cowra district of NSW 
[247]. The Diviner was useful at identifying deficits and the wetting front detectors 
was suitable to identify over irrigation and also useful for nitrate monitoring in leach-
ate.

The EnviroSCAN capacitance probe is widely used to measure soil water content 
throughout the soil profile and schedule irrigation for orchard crops in Australia. Data 
are downloaded to monitor water content through the soil profile and to schedule ir-
rigation [77]. EnviroSCAN enables low cost continuous logging of soil water, which 
is important to detect infiltration or the flux of water between soil layers over relatively 
short time periods. However, it measures only a very small volume of soil, and there is 
a relatively large interface between the soil and access tube, so errors can be high. The 
probes are not useful in cracking or crusted soils.

TIME DOMAIN REFLECTOMETER (TDR)
A TDR emits a pulse charge of electromagnetic energy, using sensors or ‘wave guides’ 
buried in the soil. The pulse signal reaches the end of the sensor and is reflected back 
to the TDR control unit. The time taken for the signal to return is related to the water 
content of the soil surrounding to the probe [50, 274]. The use of multiwire probes 
in the TDR provided rapid determination of soil profile water content and offers the 
capability of monitoring the dynamics of the soil water volume around a point source 
to differentiate soil water conditions at different vertical and horizontal soil volumes 
[245]. It is, however, expensive.

NEUTRON PROBE
The neutron scattering method (neutron probe) measures volumetric water content 
of soil indirectly using high-energy neutrons emitted from the probe. Neutron probe 
method is suitable for coarse or medium textured soils but not suitable for measure-
ments near soil surface and in shallow soils without special calibration [48]. The neu-
tron probe has been in use in some sectors of the irrigation industry for many years, 
and has proven to be suitable for a range of applications from row crops like cotton 
[134] to trickle irrigated vegetable crops [61]. Disadvantages of the neutron probe are 
the high initial cost, high regulatory requirements (training and licensing), and the 
need for careful calibration.

In this chapter, tensiometers and gypsum blocks were used to determine soil water 
potential, and the theta probe was used to measure volumetric water content.

5.2.4.7 WATER BALANCE APPROACHES IN IRRIGATION SCHEDULING
The soil water balance represents the integrated amount of water in the soil at a par-
ticular time. The water balance method is an indirect way of monitoring water status, 
using simplifications of the soil water balance equation. It is used to estimate crop 
water use [85] from climatic data [6]. Climatic parameters including solar radiation, 
temperature, relative humidity and wind have either direct or indirect effects on crop 
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water use through their influence on evaporation and transpiration [123]. Various 
methods of estimating crop water use from meteorological information are used [123]. 
The combination of soil evaporation (E) and transpiration (T) make up the total water 
use, which is commonly referred to as evapotranspiration (ET). Estimation of evapo-
transpiration generally uses four factors: reference evapotranspiration (ETr) based on a 
specific type of crop, a crop factor (Kcb) that describes both the dynamic seasonal and 
developmental change in the crop evapotranspiration in relation to ETr, a soil factor 
(Kcs) which describes the effect of low soil water content on transpiration and having 
close relationship with crop growth parameters such as rooting and a soil factor (Kso), 
which describes the evapotranspiration amount from either rainfall or irrigation. The 
crop water use is represented by the following Eq. (6):

 ETc= ETr [(Kcb .Kcs) + Kso]  (7)

Reference evapotranspiration (ETr), expressed in mm/day, can be estimated by dif-
ferent methods such as modified Blaney-Criddle method, the modified Jensen-Haise 
method, the Penman-Monteith combination equation, or directly by pan evaporation. 
Evaporation pans of various designs have been widely used throughout the world as an 
index of reference evapotranspiration (ETr). To calculate the particular crop water use 
or crop evapotranspiration, crop coefficient values are used [211]. The crop coefficient 
(Kc) value varies between crops and growth stages. Crop evapotranspiration (ETc) is 
calculated by multiplying crop coefficient (Kc) and reference evapotranspiration (ETr).

The water balance approach has been developed for irrigation management to esti-
mate ET from large areas. Its application is difficult in micro irrigation because of the 
multidimensional water application pattern [155].

5.2.4.8 WATER USE EFFICIENCY
Generally, plant growth is directly related to transpiration (T), although under field 
conditions changes in soil moisture result from both T and soil evaporation (E) [117]. 
E and T are commonly summed to give evapotranspiration (ET), which can either be 
measured as change in soil water or estimated using well known equations. Both farm-
ers and scientists are concerned with water use efficiency. In irrigated crops, efficiency 
of water use can be affected by the method, amount, and timing of irrigation.

Water use efficiency (WUE) has been defined in various ways and it is important 
to understand the differences. WUE is a ratio of dry matter produced (Y) per unit of 
water transpired by a crop (T), and is expressed as kg/mm or kg/ha/mm [164].

 WUE = Y / T. (8)

The Eq. (8) relates the biomass production relative to the water actually used by the 
plant, and should more correctly be termed the ‘transpiration efficiency’ (TE). The TE 
of different crops may vary with differences in photosynthetic mechanism (C3, C4, and 
CAM) and vapor pressure deficit [163, 265].

 WUE = Ye / ET  (9)

The term Ye / ET shows the agronomic yield of the system relative to total water use, 
and is a more correct use of the term ‘water use efficiency’ or agronomic water use 
efficiency [164].
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Soil surface modifications such as tillage and retaining surface residue may influ-
ence WUE [110] by reducing soil evaporation (E) and increasing crop transpiration 
(T). One potential advantage of SDI is the reduced soil evaporation [242]. Water use 
efficiency is an amount of water transpired relative to the amount of irrigation applied 
(tons of yield per ML water), which is also called irrigation efficiency. The poor soil 
structure, profile salinity, and irrigation management restrict the expansion and ef-
ficiency of the plant root system that will reduce water use efficiency [162]. Overall 
agronomic efficiency of water use (Fag) in irrigated systems is defined by FAO [76] 
using an adaptation of the soil water balance:

 Fag = P/U,  (9a)

where: P is crop production (total dry matter or the marketable yield) and U is the vol-
ume of water applied. The components of U are expressed by the following equation:

 U = R + D + Ep + Es + Tw + Tc,  (9b)

where: R is the volume of water lost by runoff from the field, D is the volume drained 
below the root zone (deep percolation), Ep is the volume lost by evaporation during 
the conveyance and application to the field, Es is the volume evaporated from the soil 
surface, Tw is the volume transpired by weeds and Tc is the volume transpired by the 
crop. Overall irrigation efficiency (Eo) is calculated by multiplying the efficiencies of 
the components. For a system, it includes reservoir storage, water conveyance, and 
water application:

 Eo = (Es) x (Ec) x (Ea),  (9c)

where: Es = reservoir storage efficiency, Ec = water conveyance efficiency, Ea = irriga-
tion application efficiency. In all agricultural systems, low water use efficiency can 
occur: when soil evaporation is high in relation to crop transpiration, early growth rate 
is slow (e.g., crop establishment stage), water application does not correspond to crop 
demand, and when shallow roots are unable to use deep water in the profile. This has 
been demonstrated during the early growth phase of potato [195]. These factors are 
especially pronounced in intensive vegetable production [80]. Irrigation control may 
increase water use efficiency (yield/water used). “Water use” here is a sum of ET and 
deep percolation [264].

5.2.4.9 IRRIGATION SCHEDULING TO IMPROVE WATER USE EFFICIENCY
Irrigation scheduling is an application water at intervals based on the crop needs, with 
the primary objective of managing soil water within defined limits. It is the process 
by which an irrigator determines the timing, amount and quality of water to be applied 
to the crop [23, 211]. Scheduling is intended to maximize irrigation application effi-
ciency by minimizing runoff and percolation (drainage) losses [262].

Several tools for measuring soil water in irrigation scheduling have been consid-
ered before in this chapter. Whether measured directly, or predicted indirectly using 
climatic data and crop water use models, soil water status is of primary importance 
for irrigation scheduling. The use of indirect and direct measurement has often been 
compared, but it appears that the benefits of each approach are situation-specific and 
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not clearly defined. As an example, using direct measurement of soil water to schedule 
subsurface drip irrigation of tomatoes was no better than using indirect prediction, at 
least in terms of total fruit yield [160]. However, the direct measurement of soil mois-
ture required significantly less water than indirect prediction. Thus direct measure-
ment of soil water gave higher irrigation efficiency.

The irrigation scheduling using crop evapotranspiration (ETc) has been compared 
with volumetric soil water content measured by TDR, for tomato in a silty clay loam 
[266]. The surface drip irrigation had drainage during crop establishment when water 
was applied at a higher rate than crop evapotranspiration.

Sensors must be placed in the active root zone in proximity to the emitter. Sen-
sor placement in SDI systems varies, but is mostly located midway between emitters 
[124].

5.2.5 MICRO IRRIGATION AND ITS ADAPTATION IN SDI MANAGEMENT
Drip irrigation allows water to be applied uniformly and slowly at the plant location so 
that essentially all the water is placed in the root zone [137]. Drip systems are catego-
rized according to their placement in the field:

• Surface drip irrigation: Water is applied directly to the soil surface.
• Subsurface drip irrigation: Water is applied to below the soil surface through 

perforated pipes.
Subsurface drip irrigation (SDI) has been used in Australia and elsewhere for crops 

including citrus, cotton, sugarcane, some vegetables, sweet corn, ornamentals, lucerne 
and potato [5, 22, 150, 214, 237, 259]. SDI is an efficient irrigation method with 
potential advantages of high water use efficiency, fewer weed and disease problems, 
less soil erosion, efficient fertilizer application, maintenance of dry areas for tractor 
movement at any time, flexibility in design, and lower labor costs compared to a con-
ventional drip irrigation system. However, there are also potential disadvantages with 
SDI, which mainly relate to poor or uneven surface wetting and risky crop establish-
ment [47, 147, 213].

5.2.5.1 DESIGN AND INSTALLATION OF SUBSURFACE DRIP IRRIGATION
The SDI systems comprise of a filter leading to the main supply tube, submain, laterals 
that convey water to the emitters [104].

LATERAL DRIP LINE
Tapes and tubes are available for use as laterals. Tape products are thinner than tubes 
[186]. Commonly, tube wall thickness ranges from 0.4 mm to 1.5 mm [98]. Two class-
es of tape wall thickness have been identified [47]. Flexible thin-walled (0.15 mm to 
0.30 mm) tapes are typically used for shallow installation, while thicker-walled (0.38 
mm to 0.50 mm) tapes are installed deeper or where the soil does not provide suffi-
cient support to prevent collapse by equipment or soil weight. The 0.38 mm thickness 
of tape has been used for potato (Solanum tuberosum L.), corn (Zea mays L.), alfalfa 
(Madicago sativa) and pinto bean (Phaseolus vulgaris L.) production in sandy loam 
soils. Successful production of lucerne with SDI was recorded [252] in Victoria, using 
0.38 mm tape.
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TAPE INSTALLATION DEPTH
The use of surface drip irrigation versus subsurface drip irrigation varies by region and 
by crop, and is often based on perceived constraints on the vertical placement of the 
drip tape/tube or laterals [53]. With SDI, the choice of drip tape depth is influenced 
by crop, soil, climate characteristics and anticipated cultural practices, but it generally 
ranges from 0.02 to 0.7 m [43]. It is often in the range of 0.05 to 0.2 m for shallow 
rooted horticultural crops. From the literature, a depth of 0.15 m for lettuce is appro-
priate on the sandy soils at UWS, in this chapter.

Although installation depth is generally decided for horticultural reasons, another 
consideration for determining depth is that deeper placement (0.45 m) will be required 
if the primary aim is to reduce soil evaporation and capture the potential benefit of 
improved water use efficiency (yield and quality) that is possible with SDI [35].

With the shallow systems, relatively deeper installation will reduce soil evapora-
tion and also allow a wider range of cultural practices. However, deeper installation 
may limit the effectiveness of the SDI system for seed germination/crop establishment. 
Deeply placed drip lines may require an excessive amount of irrigation for germina-
tion/crop establishment. This practice can result in off-site environmental effects [43], 
and can reduce water-use efficiency. Deeper placement may restrict the availability of 
surface applied nutrients and other chemicals [44].

Relatively shallow tape placement has been tried for many years to assist germi-
nation [42]. Recent examples include broccoli on sandy loam soil [216] and corn on 
a silt loam soil [150]. Germination of tomato (Lycopersicon esculentum Mill.) under 
SDI was better with drip line depth of 0.15 and 0.23 m than at 0.3 m on clay loam soil 
[226]. It can be assumed that shallow placement is especially important for establish-
ment if there is no supplementary source of surface irrigation.

Shallow placement of drip tape is generally required also for satisfactory growth 
of shallow rooted crops in sandy soils, which have limited capillary water movement 
[30], although this is not always the case. For example, higher zucchini (Cucurbita 
pepo) yield at 0.15 m depth was observed than 0.04 m depth on a coarse loam soil 
[219].

In Australia, tape depth of 0.25 to 0.30 m is used in the Queensland cotton (Gos-
sypium spages) industry on cracking clay soils [214]. There are regional differences 
in the tape placement, with growers in NSW generally installing more deeply than in 
Queensland [214].

LATERAL SPACING
An overview of published studies show that lateral spacing ranges from 0.25 to 5 m 
for SDI, as determined by crop behavior, cultural practices soil and properties. Wider 
lateral spacing is practiced in heavy textured soil [43]. Closer spacing is recommended 
for sandy soil [198]. Lateral spacing is generally one drip line per row/bed or an al-
ternative row/ bed with one drip line per bed or between two rows [149]. With row 
crops such as tomatoes, laterals are often spaced 1 to 2 m apart. Lateral spacing of 
1.5 m in subsurface drip-irrigated corn was successful in a silt loam soil [65]. Lateral 
placement of 0.3 m is recommended for SDI in the loamy sandy soil of South Carolina 
for vegetable crops: cowpea (Vigina unguiculata), green bean (Phaseolus vulgaris), 
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yellow squash (Cucurbita pepo), muskmelon (Cucumis melo) and broccoli (Brassica 
oleracea) [46]. Lateral spacing of 2 m intervals on a “1:2 drip tape:crop row” has been 
successful in Queensland for cotton [214].

The above discussion indicates that closer drip line spacing (0.3 m) and two drip 
lines per three rows of crop is appropriate for lettuce on sandy soils in this chapter.

INSTALLATION
Lateral lines are laid along the contour of the land as closely as practicable to avoid 
pressure variations within the line due to elevation change [93]. The first step in in-
stalling a successful SDI system is maintaining proper hydraulic design. This allows 
the system to deal with constraints related to soil characteristics, field size, shape, 
topography, and water supply. Lateral diameter and length influence water application 
uniformity [141]. In vegetable crops in the USA, it has been observed that a tape diam-
eter of 125–200 mm has been the industry standard and common for SDI where rows 
range from 90 m to 180 m [152]. In Greece, 17 mm polyethylene pipe was used at the 
shorter row length of 30 m for sugar beet (Beta vulgaris L.) research using SDI [222].

EMITTERS
Emitters are plastic devices, which precisely deliver small amounts of water [119]. 
Two types of emitters are available. Point-source emitters discharge water from indi-
vidual or multiple outlets. Line-source emitters have perforations, holes, porous walls, 
or emitters extruded into the plastic lateral lines [11]. Line-source emitters are gener-
ally used for widely spaced crops such as vines, ornamentals, shrubs and trees. Point 
source emitters are used for small fruits, vegetables and closely spaced row crops [36]. 
The emitters used for SDI are much the same as those used for surface drip irrigation, 
however, the emitter is fixed internally in the drip line [104].

EMITTER SPACING
Soil characteristics and plant spacing determine emitter spacing. Emitter spacings in 
Queensland are mostly between 0.3 m to 0.75 m for row crops [105]. In cotton a 0.3 m 
emitter spacing was used for in sandy loam soil in the USA [140]. Similarly, an emitter 
spacing of 0.3 m was suitable for corn production for deep silt loam soils under SDI 
[148]. In a semiarid environment, 0.45 m emitter spacing was used in clay loam soils 
for drip-irrigated corn [125]. In general, emitter spacing should normally be less than 
the drip lateral spacing and closely related to crop plant spacing [149].

FLUSHING CAPACITY
A critical area of design that impacts on system performance is the flushing capacity. 
Many SDI systems appear to have been installed with inadequate flushing capacity, 
resulting in sediment deposition, reduction in flow volumes and blockages [204]. This 
also produces higher back-pressures in the mains, which may also affect the system 
performance [149]. Retrofitting large valves or increasing the number of valves may 
solve some of the flushing problems [214].

5.2.5.2 WATER APPLICATION UNIFORMITY
Water application uniformity in micro irrigation depends on system uniformity and 
spatial uniformity in the field [277]. The system uniformity is affected by system 
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design factors such as lateral diameter and emitter spacing [276], and manufacturing 
variation [26]. It is also considered to include emitter clogging [27]. The parameters 
used to evaluate micro irrigation system application uniformity are: the Uniformity 
Coefficient (UC); emitter flow variation (qvar); and Coefficient of Variation (CV) of 
emitter flow [25, 276]. Using these parameters, the values of these uniformity param-
eters were determined for various drip tape products [13]. System uniformity values 
predicted by design or evaluation models were found to be similar for both surface 
drip irrigation and SDI [45].

The spatial uniformity in the field refers to variation in soil water. In addition to 
system design factors noted above [277], variation due to field topography and soil 
hydraulic properties are also observed [41, 42].

The causes of nonuniformity include unequal drainage and unequal application 
rates [40]. Even where system uniformity is high, variation in soil properties, such as 
hydraulic conductivity, can affect drainage and lead to variation in soil water content. 
Application uniformity may be directly related to yield [156, 243]. Non-uniformity 
in one field (45%) was estimated to be mainly due to pressure differences, with only 
1% due to unequal drainage and 2% due to unequal application rate [40]. The typical 
manufacturing coefficient of variation in tube today is only 0.02 to 0.06, which will be 
negligible [40]. Soil ‘excavating’ by subsurface emitters was shown to increase flow 
rate by 2.8% to 4%, but not sufficiently to affect uniformity calculations [221].

One consequence of nonuniform application is increased drainage [21, 200], as-
suming irrigation for uniformly good crop growth. Drainage may also occur if the 
application is uniform but the soil water holding capacity or hydraulic properties are 
not uniform.

Obtaining sufficiently moist soil for germination and crop establishment by ap-
plying uniform irrigation to soils, which are inherently variable, is a challenging is-
sue for SDI [195]. It has been observed that to provide adequate irrigation water for 
potato plants in the early growth period, the field was overirrigated, leading to more 
downward movement of water on sandy loam soil than upward capillary movement 
of water [195].

Overall, minimizing nonuniformity of the drip system requires: a design, which 
considers the topography of the field [277], periodic checking of the system [55], and 
irrigation scheduling (volume and frequency) [41]. Greater irrigation uniformity can 
be achieved by using pressure-compensating emitters in surface and subsurface drip 
[227]. Flow meters are widely recommended to check the system performance in sub 
surface drip irrigation [4]. They are used to determine the rate and volume of water 
applied in an automated irrigation control system [12].

5.2.5.3 COMPARISON OF UNIFORMITY IN SURFACE DRIP IRRIGATION 
AND SUBSURFACE DRIP IRRIGATION
In SDI, emitter clogging and accumulation of salt caused by evaporation is less than 
in surface drip irrigation [118]. More uniform water content was observed in the root 
zone with SDI than surface drip [83]. In an SDI system, more uniform water content 
in root zone was observed than surface drip, and thus drainage was less with SDI [21, 
200].
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5.2.5.4 MANAGEMENT OF SDI
Discharge rate and irrigation frequency in relation to crop and soil type: SDI 
systems generally consist of emitters that have discharge rates less than 8 L/h [8]. A 
discharge rate of 0.25 L/h gave high yield of corn in sandy loam soils of Israel [9], 
although the difference in yields between discharge rates was not statistically signifi-
cant. In a silt loam soil, a discharge rate of 0.5 L/h gave the highest onion (Allium 
cepa) yield [238]. In a drip irrigation system, frequency and emitter discharge rate 
determine the soil water availability and plant water uptake pattern [56, 57] and con-
sequently yield [37, 74].

Illustrating the importance of matching irrigation frequency to soil type, a coarse 
textured sandy soil required drip lines with higher flow rates and shorter irrigation 
cycles than clay soil [220]. Similarly, shallow rooted vegetable crops on fine sandy 
soils in Florida required frequent (once or more per day) water application [92]. Con-
versely, in a clay loam soil, drip irrigation applied every second day achieved maxi-
mum tomato yield [62]. High frequency irrigation seems to be especially important 
for coarser-textured soils. High frequency SDI gave best yields of processing tomato 
in a sandy loam soil [13] and of potato in loamy soils in China [269]. High frequency 
water application under drip enables maintenance of salts at reasonable levels within 
the rooting zone [182].

The main reported benefit of increased irrigation frequency with SDI is the in-
creased yield. A less commonly reported benefit of increased irrigation frequency is 
improved crop establishment [198]. As crop establishment is a common problem in 
SDI, it is surprising that there seem to be relatively few studies of irrigation frequency 
in relation to crop establishment. More frequent or pulsing irrigation, which involves 
applying small increments of water multiple times per day rather than applying large 
amount for long duration, has been advocated to improve surface and near surface 
soil moisture wetting for crop establishment [149]. However, there is a lack of opera-
tional guidelines for SDI [149]. In Australia, a comparison of pulsed and continuous 
irrigation on a Hanwood loam soil in NSW revealed very little difference between 
treatments, leading the author to conclude that responses depended on tape depth and 
soil type [178].

Other potential benefits of high frequency SDI are reduced deep drainage 
of water [13], although for this it will require uniform water application, uni-
form soil and crop growth. High frequency SDI may have lower water require-
ment, as shown by Wendt et al. [272].

The flow rate of the drip line has to match with the particular soil type. When soil 
hydraulic conductivity decreases, the pressure head of the soil next to the emitter will 
increase, which reduces the flow rate of emitters [270]. On the other hand, emitter 
discharge decreases due to backpressure, which depends on the soil type, possible 
cavities near the dripper outlet, and the drip system hydraulic properties [232]. When 
the pressure in the emitter increases this may significantly reduce the source discharge 
rate [154].

It was noted earlier in this chapter that soil types on which intensive horticulture 
is practiced in the Sydney basin vary from uniform sandy alluviums to loam overlying 
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heavy, poorly drained clay. This variation presents a challenge to farmers to match dis-
charge rate to soil type and select appropriate irrigation frequencies, especially when a 
wide range of crops is grown. Crop type also influences optimum irrigation frequency, 
even among vegetable crops. For example, on loam soil, cantaloupe (Cucumis melo) 
yield was higher with weekly irrigations compared to daily irrigations, while onion 
yield was higher for daily irrigation compared with weekly irrigation [37].

In most cases, supplementary irrigation has been used in establishment [126, 228]. 
Of the many studies dealing with irrigation management with SDI, few appear to 
have independently varied management for the crop establishment and growth periods 
other than adjust the crop factor. It appears that crops are often overwatered in the 
crop establishment period [73, 195] to ensure establishment. This has been reported to 
increase drainage [126].

The research has been scarce on the need to vary irrigation frequency during the 
crop growth to meet different water requirements. Frequent irrigation may be needed 
for good crop establishment, and frequent irrigation subsequently should reduce deep 
drainage, and increase water use efficiency. This approach is analogous to securing 
establishment by increasing irrigation rate above the crop requirement determined by 
Kc and ETr [124], but with less risk of increased drainage.

5.2.5.5 FERTIGATION VIA DRIP IRRIGATION
Although this chapter is not concerned directly with fertigation, yet the application 
of nutrients via irrigation water have some considerations directly relevant to SDI. 
Therefore, the fertigation will be briefly reviewed here. Fertigation is a sophisticated 
and efficient method of applying fertilizers with irrigation water [167]. It contributes 
to higher yields and better quality by increasing fertilizer efficiency [111, 130], regard-
less of which type of drip irrigation method is being used. In addition, minimization of 
leaching below the root zone may be achieved by fertigation [90, 96].

Although fertigation can be used with any type of drip irrigation system, a major 
potential advantage of SDI is that water and nutrients are potentially used more ef-
ficiently when compared to surface installation [201]. Frequency of fertilizer injection 
can range from once a week to daily for drip irrigated vegetable crops [170]. Com-
bined SDI and nutrient management technologies have been developed for several 
vegetable crops, including collard, mustard, spinach, and romaine lettuce [254, 255, 
256] and corn [151]. SDI combined with fertilizer management has been found to 
increase the marketable yield of tomato, sweet corn and cantaloupe [13], sweet corn 
[18], cabbage and zucchini [219].

SDI provides incremental application of nitrogen and water. With good manage-
ment, this has been reported to reduce NO3

– leaching and contamination of groundwa-
ter in lettuce production [256]. For crops such as broccoli, celery and lettuce, N-uptake 
is low in the first half of the season and higher before harvest. Fruiting crops such as 
tomatoes, pepper and melons require little N until flowering, then increase N-uptake, 
reaching peak uptake during fruit set. These factors need consideration for drip irriga-
tion with fertigation [106].

Water and fertigation requirements need to be established for each crop, as sig-
nificant differences occur among crop and soil types. For example, watermelon yield 
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may be increased by maximizing the interactive effects of water and nitrogen applied 
through SDI on sandy loam soil [203], whereas for broccoli production with SDI on 
sandy loam soils, fertigation frequency had no effect on yield [257].

The substantial drainage activity was observed during the crop establishment pe-
riod of tomato under drip irrigation [266], when the roots explore only a small volume 
of soil and water absorption capacity is small [132]. The excessive irrigation and as-
sociated drainage of tomatoes during establishment caused large N-losses [267]. So, 
if extra irrigation is required to ensure crop establishment and this creates a risk of 
drainage, the fertigation regime needs to be varied to minimize the risk of N-leaching.

SDI may also manage the placement and availability of immobile nutrients (e.g., 
P). The restricted mobility of the phosphate ions implies that preirrigation mixing of P 
in both clay and sandy soils is necessary, supplemented by addition to the irrigation so-
lution, to obtain a uniform P concentration in the soil volume [19]. Immobile nutrients 
are delivered at the center of the soil root volume rather than on top of the soil in SDI 
[171]. Fertigation with P in SDI has improved yield, root growth and environmental 
performance of tomato [13] and sweet corn [202].

Potassium is easily soluble in water and applied through drip irrigation. Daily low 
rate application of nitrogen and potassium with a high frequency drip irrigation system 
improved nutrient uptake efficiency of sweet corn in sandy soils and reduced leaching 
loss [198].

5.2.5.6 GROWTH AND YIELD OF VEGETABLES IN SURFACE DRIP 
IRRIGATION AND SUBSURFACE DRIP IRRIGATION
As a general guide, crops that are suitable for surface drip irrigation are also suited to 
SDI [149]. With good agronomic practices, increased yields have been reported for a 
wide range of crops. These include lettuce [100]; sugarbeet [222, 233]; soluble solid 
content in transplanted muskmelon (Cucumis melo L.) [107]; onion [97, 237]; and 
green bean (Phaselous vulgaris L.) [177].

The crop response to SDI differs with crop growth characteristics and rooting pat-
tern [149]. In lettuce, little yield difference was found between SDI and furrow ir-
rigation in a sandy loam soil [100]. Potato yield was increased 27% with SDI over 
sprinkler irrigation, while reducing irrigation needs by 29%, provided there were drip 
lines in each crop row [69]. SDI had greater yield and higher water use efficiency than 
surface drip, furrow and sprinkler irrigation with cantaloupe, zucchini and oranges 
when irrigation depth was close to the consumptive use [66].

Information on root distribution is useful to understand crop responses to irrigation 
and fertigation, especially with the limited wetted soil volume that develops under SDI 
[202]. The root length and rooted soil volume of sweet corn was improved by frequent 
irrigation with shallow SDI [198]. The frequent irrigation maintained a portion of the 
root zone within the optimal matric potential range. In high-frequency irrigated corn, 
root length density and water uptake patterns are determined primarily by the soil 
water distribution under the drippers, whether the drippers are placed on, or beneath 
the crop row [57]. Most of the root system is concentrated in the top 40 cm of the soil 
profile in drip-irrigated tomatoes [166].
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Unfavorable results obtained with drip irrigation have often resulted from inad-
equate root growth and distribution [34] in heavy textured soil [174]. Supply of aer-
ated water with SDI can maintain aeration of the root zone in heavy clay soils and 
significantly increased yield of soya-bean and zucchini [22].

SDI can minimize the period between crops, especially with reduced tillage, and 
facilitate more intensive cropping. Multiple cropping with SDI has several practical 
advantages. The SDI does not require staking of the drip tubing during initial plant 
development, does not interfere with machine or manual thinning, weeding, spray-
ing and harvesting of crops as does surface drip irrigation of vegetable crops [37]. 
A continuous cropping system of head lettuce and cabbage by using no tillage is a 
potential advantage with SDI [51]. Minimal tillage on semipermanent beds has been 
widely adopted in the Sydney region, although not with SDI [230]. Multiple crop-
ping of vegetables such as cowpea, green bean, squash, and muskmelon in the spring 
season and broccoli in the autumn season were possible without yield reduction in a 
humid area [46].

5.2.5.7 PROBLEMS ENCOUNTERED WITH SDI
There are potential disadvantages with SDI, including high initial investment cost, 
clogging of emitters by various means, ‘tunneling’ of soil, and difficulties with uneven 
wetting and poor plant establishment [50, 152, 180]. The specific benefits and disad-
vantages of SDI in Australia [212, 213] are:

1. Crop establishment: In the absence of supplementary irrigation, germination 
and crop establishment with subsurface drip irrigation depends on unsaturated 
water movement (i.e., upwards or laterally from the buried emitter). There-
fore, important determinants of uniform germination/establishment include 
the distance from the emitter to the seed/transplant, soil properties (structure, 
texture, hydraulic conductivity) and preceding water content [49].

2. Soil and water interaction: Emitter discharge rate can exceed the ability of 
some soils to distribute the water in the soil [144]. The water pressure in the 
region around the outside of the emitter may exceed atmospheric pressure thus 
altering emitter flow. This leads to the “tunneling” of emitter flow to the soil 
surface causing undesirable wetting spots in the field. Small soil particles may 
be carried with the water, causing a ‘chimney effect’ that leads a preferential 
flow path. The ‘chimney’ may be difficult to permanently remove.

The rest of this section deals with the crop establishment issue, especially in re-
lation to wetting pattern, which varies with soil type [32]. This is a particular issue 
for developing SDI for the Sydney Basin because of the wide variation in soil types. 
Where soil types vary greatly between farms, it is both costly and challenging to un-
dertake the research and develop extension recommendations for irrigation design and 
management that are not clear and unambiguous. In fields with heterogeneous soils, 
there can be uneven wetting with its inherent problems.

It has been shown in this chapter that SDI is commonly placed relatively deeply in 
the soil, even for shallow-rooted horticultural crops, to reduce soil evaporation or to 
facilitate tillage operations. Consequently, the variable wetting pattern and inadequate 
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surface wetting of SDI often provides insufficient surface soil moisture to meet the 
demands of seeds [278] or seedlings.

Several reviews have concluded that crop establishment can be difficult with SDI 
[47, 147, 213], at least for germination of shallow-planted seeds. In most situations, 
a crop cannot be established using subsurface drip irrigation alone [103]. Therefore, 
a parallel surface drip irrigation system represents an added cost to SDI, while it will 
also reduce water use efficiency during the period of surface irrigation, and increase 
the risk of deep drainage.

For cotton, germination remains one of the greatest challenges for SDI [213], al-
though the problem extends beyond germination to include the whole establishment 
period, including establishment from transplanted seedlings. Problems arizing from 
the poor wetting pattern may persist through the crop growth, unless efforts are made 
to have an adequate the wetting pattern that will match to the crop root zone [18].

As discussed previously, wetting patterns can be managed by varying dripper dis-
charge rate and spacing [165], influencing the dripper interface [176], increasing ir-
rigation frequency [198] or amount [124], and reducing the depth of installation [195]. 
It may also be approached through modifying the SDI tape design [271]. Accordingly, 
research has been undertaken to improve crop establishment under SDI following a 
range of approaches. However, from the literature discussed previously, none of the 
solutions involving shallow tape installation or higher discharge rates will be satisfac-
tory under all circumstances.

The modification of a drip tape is the most likely approach to achieve satisfactory 
performance under a wide range of soil and climatic conditions. Even with this, to 
achieve adequate surface wetting and remove the risk of poor crop establishment [278] 
under all circumstances, it is likely that situation-specific guidelines will be needed for 
irrigation rate and frequency. Thus for SDI to be adopted in the Sydney region, and to 
enhance its adoption elsewhere, further research is needed on the modification of drip 
tape to improve surface wetting, and into development of appropriate guidelines for 
irrigation rate and frequency.

The modification in SDI design by adding an impermeable membrane has the po-
tential advantages of changing the wetting pattern [178] and inhibiting the downward 
percolation of water [271]. To counter problems of poor germination, a new tech-
nique was suggested for manipulating the wetting pattern of SDI using an imperme-
able membrane to transform the point source of water in drip lines to a broad band 
source from which a capillary force operates to draw water upward and outward [271]. 
Another new subsoil irrigation system consisted of a V-shaped device, which released 
foil and pipe simultaneously into the soil [17]. Although the impervious layer is in-
tended to reduce downward percolation [271], it is hypothesized in this chapter that 
any benefit may arise because the layer creates a temporary water table, from which 
the upward flux of water is increased.

Modifying the drip tape to include the impermeable layer was commercialized in 
the Capillary Root Zone Irrigation (CRZI) product. It was evaluated in loam and sandy 
loam soils [49]. The results indicated that CRZI provided a more uniform wetting pat-
tern but failed to improve crop establishment in English spinach. In this case, however, 
crop establishment was considered to be good (~50%) with standard subsurface drip 
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because of the particular soil properties that gave rise to adequate surface water. So, 
despite the improved wetting pattern, germination was not better. The results did show 
that an impermeable barrier can be beneficial for surface wetting. Similar results have 
been obtained with lettuce germination [67].

It appears that more research is needed to define the conditions under which the 
crop establishment problems arise and to reduce the technical barriers to SDI. Barriers 
to the adoption of SDI include the need to adapt the system design and management 
to local soil and climatic conditions and constraints. CRZI has undergone extensive 
development and is now sold under the trade name Kapillary Irrigation Subsurface 
System (KISSS™). The advantage of this product over conventional SDI for veg-
etable seedling establishment has not been evaluated.

5.2.6 SOIL PROPERTIES AND SDI PERFORMANCE: VEGETABLES

5.2.6.1 ROLE OF SOIL TEXTURE AND STRUCTURE
The furrow, drip and subsurface drip irrigation systems have been compared for lettuce 
on sandy loam soils [100]. There was more sand and less silt under furrow irrigated 
plots in the top layer of soil (0–0.3 m) due to greater infiltration than the drip irrigated 
plots. Sand, silt and clay contents of the 0–0.3 m depth interval were quite constant 
with distance in SDI. Changes in clay content, cation levels and the pore space around 
emitters were observed in long-term SDI with tomato, rock-melons and onions [15]. 
These changes could have inhibited the movement of water by altering soil hydraulic 
properties and reducing the spread of the irrigation wetting-front in clay soils. In one 
study in heavy textured soil in a region where secondary salinity is a problem, SDI in-
creased the rate of salinization compared to furrow irrigation because of improved soil 
structure and reduced slaking and dispersion in subsoil which led to increased solute 
movement through the soil profile [128].

Slaking and dispersion are used to measure the structural stability of soil [64]. 
Gypsum improves soil structural stability and economic use of gypsum depends on 
soil properties and seasonal condition [78, 88]. Soil conditioners applied by drip ir-
rigation have also increased water stable aggregation in the wetting zone around the 
drippers [235].

Drip irrigation can improve plant water availability in medium and low perme-
ability fine-textured soil, and in highly permeable coarse-textured soil in which water 
and nutrients move quickly downward from the emitter [60]. Continuous irrigation at 
a rate equal to evapotranspiration was optimal for medium textured soils while greater 
application rate was required for coarse textured soils to minimize deep percolation 
losses [83]. Many experiments have been conducted in both modeling and field re-
search to investigate plant water availability and root uptake pattern in different soil 
types [181, 182, 192, 193, 259].

5.2.6.2 ROLE OF SOIL HYDRAULIC PROPERTIES
Knowledge of soil hydraulic properties assists in the design of irrigation systems 
[175]. Non-uniformities in hydraulic properties and infiltration rates are considered to 
be major reasons for inefficient drip irrigation system and may cause nonuniformities 
in soil water content and can potentially affect plant growth. Soil hydraulic conductiv-
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ity is a limiting factor for water uptake by plants under drip irrigation, particularly in 
sandy soils [159]. However, in clay loam soils, subsurface drip irrigation resulted in 
very nonuniform soil water contents above the depth of emitters [7], which may be 
corrected by using a membrane under the drip tube.

5.2.6.3 SOIL CHEMICAL RESPONSES TO SURFACE DRIP IRRIGATION AND 
SUBSURFACE DRIP IRRIGATION
For row crops, the emitters are often placed at the center of row beds, below which 
most salt loading or leaching would probably occur. In one study, soil electrical con-
ductivity, pH and soluble cations were lower under SDI than surface drip [188], sug-
gesting increased leaching. The conversion of fertigated ammonium sulfate and urea 
into nitrate-N caused acidification in the wetted soil volume to the surface (0–20 cm) 
of silt loam soils, also suggesting an increase in leaching [112]. Similarly, acidifica-
tion throughout the soil profile was observed in vegetable beds in tomato crops [248], 
again suggesting leaching of NO3. This hypothesis finds support in an investigation 
of commercial production of processing tomato where SDI, combined with excessive 
fertilizer application, was thought to cause the leaching of nitrogen (and phosphate) to 
ground water depths [248]. Under drip irrigation of tomato crops on sandy loam soils, 
greater drainage occurred during the crop establishment period, which increased the 
leaching of nitrates previously stored in the soil profile [266].

From these research studies, it seems possible that vegetables crops may be over-
irrigated using both SDI and surface drip. Therefore, there is a the need to irrigate 
above crop water requirement in order to maintain acceptable soil moisture in the soil 
surface, especially in the case of SDI.

5.2.6.4 SOIL WETTING PATTERN
A basic need for better drip irrigation systems is the knowledge about the moisture 
distribution pattern, shape and volume of soil wetted by an emitter [157]. The volume 
of wetted soil represents the amount of water stored in the root zone. Its depth should 
coincide with rooting depth while its width should be related to the spacing between 
emitters. One possibility for controlling the wetted volume of a soil is to regulate the 
emitter discharge rate based on the soil hydraulic properties [29, 165].

The wetting front is an important factor in drip infiltration, indicating the boundar-
ies of the wetted soil volume [29]. A simple technique known as the pit method was 
developed for design and management of drip systems [20].

Soil texture is an unreliable predictor of wetting and for adopting different emitter 
spacings. For different soil texture, site-specific information on soil wetting is required 
[259]. Under given climatic conditions, the effect of soil type on the depth-width-
discharge combination is influenced by water holding capacity and hydraulic conduc-
tivity of the soil [279].

The wetting pattern with SDI can be affected not only by irrigation management, 
but also SDI design aspects such as emitter spacing and drip line depth. Dripper func-
tion can also be modified after installation. In one study, heterogeneity of the soil in 
the neighborhood of a subsurface emitter that had been disturbed by farm equipment 
resulted in low emitter flow, leading the authors to suggest using soil conditioners to 
improve and stabilize soil structure around the dripper [234].
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The wetting pattern has also been enhanced by the addition of plastic barriers be-
neath the drip line [33, 49].

5.2.6.5 POTENTIAL OF SDI IN AUSTRALIA
The irrigation industry is under pressure to improve water use efficiency and reduce 
environmental impacts. In the Sydney region, drip irrigation is not widely used for 
vegetable production, although it has the potential to improve irrigation performance. 
From the literature review in this chapter, it can be concluded that SDI might improve 
water use efficiency, and reduce environmental impacts more than surface drip irriga-
tion. It will overcome two important objections to drip irrigation: The high ongoing 
cost and the disruption to normal cultural practices.

However, SDI may have significant problems with poor or uneven surface wetting, 
leading to problems with crop germination and establishment. The research reported 
in this chapter was undertaken with the broad aim of providing a foundation for the 
adoption of SDI in the Sydney region, by addressing the problem of risky plant estab-
lishment.

Increased irrigation frequency and irrigation amount may improve surface wet-
ting, although SDI can increase drainage during the establishment period, which ap-
pears to be related to the increased irrigation amount. Shallow tape placement is also 
helpful, but this has practical limitations due to farm cultural practices.

A promizing innovation is the inclusion of a narrow impermeable plastic barrier 
below the drip line and geotextile layer above the drip line, designed to improve sur-
face wetting. The most recent version of this product has not been evaluated for its 
effects on surface wetting and crop establishment. Thus there is a need to test whether 
surface wetting is improved, and also whether this leads to improved establishment.

The research question was: “Does an impermeable layer beneath the drip tape 
improve surface soil water conditions and crop establishment compared with conven-
tional SDI?” As the impermeable layer adds to the cost of SDI, it is also important to 
know if the modified tape has any benefit that cannot be achieved by varying irrigation 
rate or frequency, both of which are known to affect wetting patterns but have received 
little attention in relation to crop establishment. So, a subsidiary question was: “Does 
the modified SDI offer any advantage over using conventional SDI with greater irriga-
tion amount or frequency?

5.3 LETTUCE CROP: MODIFIED SDI AND CONVENTIONAL SDI

The need for improved irrigation systems and practices in the Western Sydney horti-
cultural area was identified in the literature review in this chapter. SDI offers signifi-
cant potential benefits over conventional drip irrigation, but adoption has been slow 
because of problems with crop establishment. Lettuce is grown commercially from 
seedlings purchased from nurseries [70] in Australia. Poor establishment of seedlings 
with SDI is due to insufficient surface soil moisture [278] and subsequent ‘transplant 
shock’ [260]. This is a result of limited upward water movement from the drip line to 
the soil surface or near the soil surface [149], resulting in an uneven supply of water 
to seeds or seedlings.
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Assured establishment with any irrigation system requires consistent management 
of water and the system infrastructure [196]. With SDI, shallow tape installation com-
bined with frequent water application is one approach to improve crop establishment 
on sandy soil [42], although there is no general guideline to irrigation frequency. Ir-
rigation application volume during establishment may be increased to more than the 
requirement estimated by using the crop factor [124], but this may result in increased 
deep drainage and reduced water-use efficiency.

An alternative approach is to modify the subsurface drip tape to improve surface 
soil moisture. The ‘Vector flow’ drip line with an impermeable membrane reduces 
drainage and encourages longitudinal movement of water [271]. This transformed the 
wetting pattern from a point source to a broad band source of water and encouraged 
greater upward movement of water. This concept was later modified by adding geotex-
tile material above the impermeable membrane (capillary root zone irrigation - CRZI), 
which facilitated mass flow along the line. This improvement in SDI provided a more 
uniform wetting pattern than conventional SDI, but it failed to provide an advantage in 
germination of English spinach [49, 67]. The CRZI has undergone extensive develop-
ment and is now sold under a new trade name as KISSS™.

This Chapter evaluates improvements in soil water and crop establishment with 
the modified SDI (KISSS™) compared with conventional SDI. Field experiments 
were undertaken in autumn and spring, to determine if an impermeable layer beneath 
the drip line, and geotextile material above the drip line, will improve surface soil 
moisture relations and crop establishment with SDI in a sandy soil. It was also evalu-
ated if the modified SDI was any better for establishment than increasing irrigation 
frequency or amount with conventional SDI.

5.3.1 METHODS AND MATERIALS
The lettuce crop was established at the University of Western Sydney - Hawkesbury 
Campus (UWSH) at Richmond, 64 km west of Sydney – NSW (33.62oS latitude and 
150.75oE longitude at an elevation of 20 m above mean sea level). The mean annual 
rainfall at the experimental site was 800 mm [38]. Table 1 indicates physical proper-
ties of the soil [3]. The soil type was a Clarendon sand, a freely draining coarse sand, 
brownish-gray in color to a depth of 75 cm; a light gray and yellowish brown sandy 
clay for 75–210 cm depth. Parent material of this soil type is coarse sandy alluvium of 
the Nepean River (Pleistocene).

TABLE 1 Soil profile details of the experimental site [3].

Soil depth (cm) Texture description Color description Horizon

0–22.5 Coarse sand Brownish gray A1

22.5–55 Coarse sand Light gray A2

55–75 Coarse sandy loam Light gray and pink mottled B1

75–210 Clayey sand Grey and yellow brown B2
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The field was plowed and beds were formed in the north to south direction. SDI 
tapes were installed manually in each bed at a nominal depth of 15 cm in each row 
with lateral spacing of 30 cm. Both drip tape types comprised of 1.6 Lph emitters at 
50 cm spacing, which is equivalent to application rate of 3.2 L.m–1.h–1. An automatic 
battery operated irrigation controller was installed in the main line of the SDI system.

5.3.1.1 FIELD LAYOUT AND GENERAL AGRONOMICAL PRACTICES FOR 
LETTUCE CROP
The experiments were randomized complete block designs with 8 replications in Ex-
periment 1, in autumn 2007 (Fig. 2) and 4 replications in Experiment 2, in spring 2007 
(Fig. 3). Beds were 6 m long and 1 m wide. The lettuce (Lactuca sativa) seedlings 
were transplanted at 30 cm spacing between plants and rows. There were three rows 
per bed and two drip lines located between plant rows. Compound fertilizer @ 100 kg/
ha (12% N, 5.2% P and 14.1% K) was incorporated three days prior to transplanting. 
Insecticide (EntrustR @ 60 g/ha) was applied as necessary during plant establishment.

FIGURE 1 Field experiment 1 layout.

FIGURE 2  Field experiment 2 layout.
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FIGURE 3 Pan evaporation for both seasons.

5.3.1.1.1 EXPERIMENT 1 – AUTUMN 2007 (FIG. 1)
Crop establishment was evaluated for two drip tape types with three irrigation fre-
quencies using equal amounts of water applied to all treatments. The treatments were 
two drip tape types (T1-M.SDI, T2-C.SDI) and three irrigation frequencies (1, 2 and 4 
times per day designated I1, I2 and I4). The amount of water applied was determined 
by multiplying the Class A pan evaporation value of the previous day by a crop factor 
of 0.4.

Plant numbers were recorded in all plots at 14 days after transplanting (DAT) and 
percentage plant establishment was calculated. Leaf number, leaf length and width, 
plant fresh weight and dry weight were assessed in each treatment. Four plants were 
randomly selected immediately after transplanting, tagged and observed for leaf 
growth parameters during the crop establishment period. The number of leaves was 
counted daily from 4 to 11 days after transplanting. Lettuce leaf length and width were 
measured at 7 and 14 days after transplanting. Fresh weight of lettuce was estimated 
at 14 days after transplanting by harvesting four plants randomly from each bed. The 
fresh weight samples were dried in a fan-forced dehydrator at 80◦ C for a minimum of 
72 h to determine dry weight.

Volumetric soil moisture content was measured daily with a Theta probe (model 
of ML-2x a Delta T-Device, Measurement Engineering Australia). The measurements 
were taken twice randomly from the bed at 5–10 cm depth, within 10 min after irriga-
tion.

5.3.1.1.2 EXPERIMENT 2 – SPRING 2007 (FIG. 2)
The spring trial evaluated the modified SDI under a higher evaporative demand. Treat-
ments were the same as in Experiment 1, except that crop factors of 0.4 (A1) and 
0.8 (A2) were also compared to determine if, under a higher evaporative demand, 
increased irrigation amount (higher crop factor) provides a better wetting soil surface 
and improved plant establishment.

Crop establishment was determined 15 DAT by counting all plants. Six plants per 
plot were randomly selected after transplanting, tagged and observed for leaf number 
every three days from 3 to15 DAT. Leaf length and width were measured at 7 and 14 
DAT. Plant fresh weight was measured in plants from three locations: the center of 
the drip line and on both sides of the drip line. Six plants per location per plot were 
collected at random and weighed. Volumetric soil water content at 5–10 cm depth was 
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measured during establishment, in the center and both sides of the drip line, before 
irrigation.

5.3.1.2 WEATHER DATA
Pan evaporation and rainfall were recorded within 100 m of the experimental site. 
Evaporation data are given in Fig. 3. Evaporation was higher in the spring. Total rain-
fall of only 4.6 and 1 mm was received during the autumn and spring experiments, 
respectively.  

5.3.1.3 STATISTICAL ANALYSIS OF DATA
Crop establishment data were calculated as percentages and transformed by square 
root transformation [246]. Analysis of variance (ANOVA) was conducted on both ex-
periments using MiniTab ver. 14. Data for leaf appearance in each plot were analyzed 
to calculate the regression coefficients. The leaf appearance rate was subjected to an 
ANOVA.

5.3.2 RESULTS

5.3.2.1 CROP ESTABLISHMENT
In both autumn and spring, the mean establishment for M.SDI (100% and 99%) was 
significantly (p<0.001) greater than for the C. SDI (93% and 97%) as shown in Table 
2. In both seasons there was no significant difference between irrigation frequencies. 
There was also no significant difference due to crop factor in the spring experiment.

5.3.2.2 NUMBER OF LEAVES
In autumn, M.SDI had significantly more leaves at each time during crop establish-
ment from 4 to 11 days after transplanting (Table 3). However, irrigation frequency 
did not show any significant difference in number of leaves at any time. As no treat-
ments had been imposed before day 4, the significant difference between tape types 
must reflect a chance difference in the size of seedlings when they were transplanted 
although the seedlings were selected at random. Therefore, subsequent differences 
cannot be attributed with certainty to treatment effects. Leaf appearance rate (LAR) 
was calculated with regression analysis in each treatment over time. An ANOVA was 
performed to find the regression coefficient, which is the LAR (Table 3a). The LAR 
over the establishment period did not show any significant difference due to tape type 
or irrigation frequency.

TABLE 2 The effects of tape type, irrigation frequency (IF) and crop factor (CF) on survival 
(%) of lettuce (14 DAT). DAT = Days after transplanting.

Irrigation fre-
quency (IF)

No. per day

Autumn 2007 Spring 2007

M.SDI C.SDI IF M.SDI C.SDI IF

0.4    0.8    0.4   0.8

One 10.0

(99.8)

9.6

(92.6)

9.8

(96.2)

9.9

(98.0)

9.9

(98.8)

9.9

(97.2)

9.9

(98.0)

9.9

(98.0)
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Irrigation fre-
quency (IF)

No. per day

Autumn 2007 Spring 2007

M.SDI C.SDI IF M.SDI C.SDI IF

0.4    0.8    0.4   0.8

Two 10.0

(99.4)

9.6

(91.8)

9.8

(95.5)

9.9

(98.4)

9.9

(98.4)

9.8

(95.9)

9.8

(95.5)

9.9

(97.0)

Four 10.0

(100)

9.8

(95.9)

9.9

( 9 7 . 8 ) 
NS

10.0

(99.2)

10.0

(99.6)

9.8

(96.2)

9.8

(96.6)

9.9

(98.0) 
NS

Mean

tape

10.0

(99.8)*

9.7

(93.3)

— 9.9

(98.8)*

9.8

(96.6)

—

Mean

Crop factor

— — — 0.4 = 9.9 (97.4) 0.8 = 9.9 (97.8) 
NS

—

* Significant at p<0.001, within experiment. Values are square root transformed means. Values 
in parenthesis have been retransformed to the original scale. NS = Not significant.

In the spring experiment, leaf numbers in the M.SDI were significantly greater 
than in the C.SDI during the crop establishment period from 3 to day 15 DAT (Tables 
4a to 4b). Irrigation frequency initially had no effect on leaf number, but by the end of 
the crop establishment period, leaf numbers were significantly higher in the treatment 
with most frequent irrigation. Leaf numbers were consistently higher with the higher 
crop factor. The LAR over the establishment period in spring was significantly greater 
(p<0.05) with the M.SDI, higher crop factor, and more frequent irrigation (Table 5). 
The interaction between tape type and irrigation frequency, tape type and crop factor 
were also significant (p<0.05). The LAR with M.SDI was 0.80 leaves/day, compared 
with conventional SDI at 0.74 leaves/day (p<0.001). The greatest LAR (0.84 leaves/
day) was with the M.SDI and highest frequency of irrigation. The main effects of tape 
type and IF, and the interaction between Tape type x IF, CF x Tape type were signifi-
cant.

TABLE 3 Leaf number during lettuce establishment, for two tape types and three irrigation 
frequencies in autumn 2007.

Tape 

type

Day 4 Day 5 Day 6 Day 7

I. F.

1      2      4     Mean

I.F.

1       2     4    Mean 

I.F.

1       2      4      Mean

I.F.

1      2      4      Mean

M.SDI 

C.SDI

Mean

6.3  6.3  6.5     6.3*

6.0  6.2  6.0     6.1

6.1  6.2  6.3

6.8  6.6   7.1   6.9*

6.6  6.6   6.4    6.5

6.7  6.6   6.6

6.9   6.9   7.2     7.0*

6.6   6.4   6.4      6.5

   6.8   6.7   6.8

7.4  7.4   7.8      7.5*

7.0  7.0   7.0      7.0

7.2  7.2   7.4

TABLE 2 (Continued) 
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Tape 

type

Day 4 Day 5 Day 6 Day 7

I. F.

1      2      4     Mean

I.F.

1       2     4    Mean 

I.F.

1       2      4      Mean

I.F.

1      2      4      Mean

Tape 

type

Day 8 Day 10 Day 11 —

I. F.

1       2      4     Mean

I. F.

1      2      4     Mean

I. F.

1      2     4      Mean

—

M.SDI 

C.SDI

Mean

7.4  7.4   7.8      7.5*

7.0  7.0   7.0      7.0

7.2  7.2   7.4

7.8  7.9   8.4     8.1*

7.5  7.4   7.3     7.4

 7.7  7.7   7.7

8.7  8.3  9.1     8.8*

8.3  8.3  8.3     8.3

8.6  8.3  8.7

—

TABLE 3A Lettuce leaf appearance rate (LAR) during crop establishment (leaves per day) for 
two tape types and three irrigation frequencies in autumn 2007.

Tape type Irrigation frequency, IF Numbers/day

1 2 4 Mean

M.SDI 0.44 0.36 0.45 0.41 NS

C.SDI 0.38 0.39 0.40 0.39

Mean 0.41 0.38 0.42 NS

NS – Not Significant.

TABLE 4A Number of leaves on day 3 (Spring 2007).

IF Irrigation

per day

M.SDI C.SDI Mean Mean Mean

IF C.F. x I.F. Tape x IF

0.4 0.8 0.4 0.8 0.4 0.8 M.SDI C.SDI

One 6.5 6.8 5.8 6.5 6.4 6.2 6.6 6.6 6.2

Two 6.1 6.4 6.1 5.9 6.2 6.1 6.2 6.3 6.0

Four 6.1 6.8 6.3 6.3 6.4NS 6.2 6.5 6.4 6.3

Mean 6.4* 6.2 — 6.2 * 6.5 NS —

Mean

C.F. x tape

6.2 6.7

NS

6.1 6.2 — — — — —

The main effect of tape type and the CF x IF interaction were significant.
* Significant at p<0.05, NS – not significant. DAT – days after transplanting.

TABLE 3 (Continued) 
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TABLE 4B Number of leaves on day 6 (spring 2007).

IF

Irrigation

per day

M.SDI C.SDI Mean Mean Mean

IF C.F. x I.F. Tape x IF

0.4 0.8 0.4 0.8 0.4 0.8 M.SDI C.SDI

One 8.1 8.3 6.8 8.1 7.8 7.5 8.1 8.2 7..4

Two 7.9 8.0 7.5 7.5 7.7 7.7 7.7 7.9 7.5

Four 7.8 8.7 8.1 7.4 8.0NS 7.9 8.1 8.3 7.8

Mean 8.1 ** 7.5 7.7NS 8.0 NS 8.1 **

Mean

C.F.x tape

8.0 8.3 NS 7.4 7.7 — — — — —

The main effect of tape type was significant.
** Significant at p<0.01, NS – not significant. 

TABLE 5 Leaf appearance rate (LAR, leaves per day) during crop establishment for tape type, 
irrigation frequency and crop factor (Spring 2007).

IF

(Irri./day)

M.SDI

0.4 0.8

C.SDI

0.4 0.8

I.F. Mean Mean Tape x I.F.

M.SDI C.SDI

One 0.76 0.80 0.72 0.74 0.76 0.78 0.73

Two 0.74 0.80 0.76 0.75 0.76 0.77 0.75

Four 0.81 0.87 0.72 0.77 0.79* 0.84 0.74

Mean

C.F. x Tape

0.77 * 0.82 0.74 0.75 *

Mean Tape  0.80 *** 0.74

Mean C.F. 0.75** for 0.4 CF 0.79 for 0.8 CF

*, **, *** Significant at p<0.05, 0.01, 0.001, respectively.

5.3.2.3 LEAF SIZE

LEAF LENGTH
Comparing tape types, the M.SDI had greater leaf length at both 7 and 14 DAT 
(p<0.001) in the autumn experiment (Table 6). The effect of irrigation frequency 
(p<0.001) and interaction between tape type and irrigation frequency (p<0.01) were 
significant at 7 DAT. Four irrigations per day in M.SDI recorded the greatest leaf 
length at 7 DAT (7.5 cm). At 14 DAT, the effect of irrigation frequency was again 
significant (p<0.001). The interaction between tape type and irrigation frequency was 
not significant (p<0.05).
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TABLE 6 The effect of tape type and irrigation frequency (IF) on leaf length (cm) at 7 and 14 
days after transplanting (autumn 2007).

Tape type 7 DAT

Irrigation frequency/day

1    2     4     Tape-Mean

14 DAT

Irrigation frequency/day

1    2     4     Tape-Mean

M.SDI 6.8 6.9 7.5 7.1 7.1 7.1 7.8 7.3

C.SDI 6.4 6.5 6.6 6.5*** 6.6 6.7 7.1 6.8***

Mean IF 6.6 6.7 *** 7.0 6.9 6.9

***

7.4

Mean

Tape x IF * NS

The main effects of both tape type and IF were significant at 7 and 14 DAT, and the tape x IF interaction 
at 7 DAT.

*, *** Significant at p<0.05, p<0.001

TABLE 7 The effects of tape type, irrigation frequency (IF) and crop factor (CF) on leaf length 
7 days after transplanting (spring 2007).

IF

(Irri./day)

M.SDI

0.4 0.8

C.SDI

0.4 0.8

Mean I.F. Mean Tape x I.F.

M.SDI C.SDI

One 8.3 8.4 8.4 8.4 8.4 8.3 8.4

Two 8.5 8.4 8.1 8.2 8.3 8.5 8.1

Four 8.8 8.9 8.6 8.6 8.7

***

8.8 8.6

Mean

C.F. x Tape

8.5 NS 8.4 8.5 8.4 *

Mean Tape 8.5 ** 8.4

Mean C.F. 8.4 NS for 0.4 CF 8.5 for 0.8 CF 

The main effects of both tape type and IF were significant.

*, **, *** Significant at p<0.05, 0.01, 0.001 respectively

LEAF WIDTH

Values for leaf width are shown using interval plots to reveal the greater variability of 
the C.SDI (Figs. 4 and 5). With respect to treatment responses, in autumn, leaf width 
of 3.0 cm at 7 DAT for M.SDI was significantly greater (p<0.001) than in conven-
tional SDI with 2.8 cm. Four irrigations per day recorded 3.0 cm leaf width, which 
was greater than in less frequent irrigations (Fig. 4). The interaction between tape type 
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and irrigation frequency was significant (p<0.001) at 7 DAT. The same trends were 
observed at 14 DAT.

In the spring experiment, leaf width was greater than in autumn, at both 7 and 14 
DAT. In both observations, the mean leaf width for M.SDI (3.4 cm and 4.0 cm) was 
significantly greater than conventional SDI (3.3 cm and 3.9 cm), respectively. Com-
pared to three irrigations per day, plants receiving four irrigations per day recorded 
3.5 cm and 4.0 cm width at 7 and 14 DAT, respectively. Crop factor did not show 
any significant difference at 7 DAT, while at 14 DAT it was significant (p<0.001). 
The interaction between tape type and irrigation frequency was statistically significant 
(p<0.05) at 7 DAT, but not at 14 DAT.

TABLE 8 The effects of tape type, irrigation frequency (IF) and crop factor (CF) on leaf length 
14 days after transplanting (spring 2007).

IF

(Irri./day)

M.SDI

0.4 0.8

C.SDI

0.4 0.8

Mean I.F. Mean Tape x I.F.

M.SDI C.SDI

One 9.3 9.6 9.3 9.3 9.3 9.4 9.3

Two 9.5 9.5 9.0 9.1 9.2 9.5 9.1

Four 9.7 10.1 9.4 9.5 9.7*** 9.9 9.5

Mean

C.F. x Tape

9.5 9.7** 9.2 9.3  NS

Mean Tape  9.6** 9.3

Mean C.F. 9.4*** for CF = 0.4 9.5 for CF = 0.8

All main effects and the interaction between tape type and CF were significant.

**, *** Significant at p<0.01, 0.001, respectively

FIGURE 4 Effects of tape type and irrigation frequency on lettuce leaf width during autumn 
2007.
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5.3.2.4 LETTUCE FRESH WEIGHT
In the autumn experiment, plants in the M.SDI treatment had significantly (p<0.001) 
higher fresh weight (19.2 g/plant) than C.SDI (16.6 g/plant) (Table 9). More frequent 
irrigation (four/day) gave greater fresh weight of 20.4 g/plant (p<0.001) than less fre-
quent irrigation. The interaction between tape type and irrigation frequency was not 
significant.

TABLE 9 The effects of tape type and irrigation frequency (IF) on fresh weight (g/plant) at 14 
DAT (autumn 2007).

I.F.

(Irri. /day)

Tape type

M.SDI C.SDI

Mean

I.F.

One 17.4 14.2 15.8

Two 18.6 16.4 17.5

Four 21.6 19.1 20.4 ***

Mean  19.2 *** 16.6 

*** Significant at p<0.001.

FIGURE 5 Effects of tape type and irrigation frequency on lettuce leaf width during spring 
2007.
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TABLE 10 The effects of tape type, irrigation frequency (IF) and crop factor (CF) on fresh 
weight (g/plant) at 14 DAT (spring 2007).

IF

(Irri./day)

M.SDI

0.4 0.8

C.SDI

0.4 0.8

Mean I.F. Mean Tape x I.F.

M.SDI C.SDI

One 17.3 21.4 12.9 18.6 17.6 19.4 15.8

Two 18.2 23.6 14.9 19.5 19.0 20.9 17.2

Four 22.4 27.6 17.5 20.5 22.0 25.0 19.0

Mean

C.F. x Tape

19.3 24.2** 15.1 19.5 *** **

Mean Tape  21.7 *** 17.3

Mean C.F. 17.2*** for

0.4 C.F 

21.9 for

0.8 C.F 

**, *** Significant at p<0.01, 0.001 respectively.

In the spring experiment, the overall plant growth was greater in M.SDI than C.SDI 
(p<0.001) (Table 10). The crop factor of 0.8 gave significantly higher fresh weight of 
21.9 g/plant (p<0.001) compared with the 0.4 crop factor (17.2 g/plant). Significant 
increases in lettuce fresh weight in response to irrigation frequency were evident. The 
interaction between tape type and irrigation frequency was significant (p<0.01), with 
four irrigations per day and the M.SDI giving the highest fresh weight of 25.0 g/plant.

Plant fresh weight responded to the plant’s position in relation to the drip tape. 
Fresh weight in the conventional SDI varied significantly (p<0.05) between positions, 
with weight being greater in the center of the bed between two drip lines (19.2 g/plant) 
compared with either side of the drip line (16.2 and 16.6 g/plant) (Table 11). The 
M.SDI had uniform growth of plants across all positions.

5.3.2.5 LETTUCE DRY WEIGHT
In the autumn experiment, plant dry weight increased at the greatest irrigation fre-
quency (4/day), with mean values increasing from 1.6 g/plant to 2.0 g/plant (p<0.001) 
from one irrigation per day to four irrigations per day (Table 12). The mean weight in 
the modified SDI treatment was 1.8 g/plant, which was significantly greater than the 
1.6 g/plant in the conventional SDI (p<0.001). The interaction between tape type and 
irrigation frequency was not significant (p>0.05).

TABLE 11 The effect of plant position, in relation to the drip line, on lettuce fresh weight (g/
plant) at 14 DAT (spring 2007).

Plant position M.SDI C.SDI

One side of drip line 21.7 16.2

Center of 2 drip lines 22.0 19.2

Other side of drip line 21.6 16.6

Mean NS ***

*** Significant at p<0.001.
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Plant dry weight in the spring experiment responded similarly to the autumn ex-
periment, with the main effects of tape type and irrigation frequency both being highly 
significant (Table 13). However, in the spring experiment, the interaction between tape 
type and irrigation frequency was also significant (p<0. 001). In addition, the main 
effect of irrigation amount (crop factor) was significant (p<0.001). Plant dry weight 
responded to the plant’s position in relation to the drip tape in the same way as fresh 
weight (Table 14).

TABLE 12 The effect of tape type and irrigation frequency on dry weight (g/plant) at 15 DAT 
(autumn 2007).

Tape type Irrigation frequency/day

1 2 4

Mean

M.SDI 1.7 1.7 2.0  1.8***

C.SDI 1.4 1.5 1.9  1.6

Mean 1.6 1.6 2.0***

*** Significant at p<0.001.

TABLE 13 The effects of tape type, irrigation frequency (IF) and crop factor (CF) on dry 
weight (g/plant) during spring 2007.

IF

(Irri./day)

M.SDI

0.4 0.8

C.SDI

0.4 0.8

Mean I.F. Mean Tape x I.F.

M.SDI C.SDI

One 1.5 1.9 1.2 1.6 1.7 1.7 1.4

Two 1.6 1.7 1.4 1.5 1.6 1.7 1.4

Four 1.9 2.1 1.4 1.4 1.7** 2.0 *** 1.4

Mean Tape  1.8 *** 1.4

Mean C.F. 1.5*** for 0.4 C.F 1.7 for 0.8 C.F

All main effects and the tape x IF interaction were significant.

**, *** Significant at p<0.01, 0.001, respectively.

TABLE 14 The effect of plant position, in relation to the drip line, on lettuce dry weight (g/
plant) at 15 DAT (spring 2007).

Plant Position M.SDI C.SDI

One side of drip line 1.8 1.2

Center between 2 drip lines 1.8 1.6

Other side of drip line 1.8 1.4

Mean NS *

* Significant at p<0.05.
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TABLE 15 The effects of tape type and irrigation frequency on volumetric soil water content 
(v/v) during establishment (autumn 2007) after irrigation.

Tape type First week after treatment commenced,
Irrigation frequency/day

1 4 Mean

Second week after treatment 
commenced,

Irrigation frequency/day
1 4 Mean

M.SDI 0.192 0.246 0.219* 0.180 0.251 0.215*

C.SDI 0.175 0.201 0.188 0.164 0.204 0.184

Mean 0.183 0.223** 0.172 0.228***

*, **, *** Significant at p<0.05, 0.01, 0.001, respectively.

5.3.2.6 VOLUMETRIC SOIL WATER CONTENT
Volumetric soil water content, measured after irrigation in the autumn trial, responded 
significantly to tape type and irrigation frequency (Table 15). Soil in the modified SDI 
treatment was wetter than in conventional SDI at both times of measurement. The ef-
fect of irrigation frequency was also significant.

In the spring trial, the volumetric soil water content before irrigation responded to 
crop factor, tape type and irrigation frequency (Table 16). The M.SDI had higher water 
content (0.05 v/v) than conventional SDI (0.04 v/v). The highest soil water content 
(0.09 v/v) was recorded in the M.SDI with 0.8 C.F. and four irrigations per day.

TABLE 16 The effect of tape type, irrigation frequency (IF) and crop factor (CF) on soil water 
content (v/v) during establishment (spring 2007), before irrigation.

IF

(Irri./day)

M.SDI

0.4 0.8

C.SDI

0.4 0.8

Mean

I.F.

Mean

C.F. x I.F.

0.4 0.8

Mean

Tape x IF

M.SDI C.SDI

One 0.016 0.026 0.013 0.038 0.023 0.015 0.032 0.021 0.025

Four 0.049 0.088 0.038 0.067 0.060 0.045

***

0.077 0.068 0.053

Mean Tape  0.045 *** 0.039 *** ***

Mean

C.F. x Tape

0.032 * 0.057 0.026 0.053

Mean C.F. 0.03*** for 0.4 CF 0.06 for 0.8 CF

All main effects and interactions were significant.

*, *** Significant at p<0.05, 0.01 respectively.
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TABLE 17 The effect of emitter position on soil water content (v/v) (spring, 2007), before 
irrigation.

Plant position M.SDI C.SDI

One side of drip line 0.045 0.038

Center between two drip lines 0.044 0.041

Other side of drip line 0.045 0.038

Mean NS **

** Significant at p<0.01, NS – Not Significant.

There was a significant effect of emitter position on soil water content, but only in 
the C. SDI (p<0.01) (Table 17). Higher water content was observed between the drip 
lines (0.041 v/v) than to either side of them (0.038 v/v).

5.3.3 DISCUSSION

5.3.3.1 OVERALL PERFORMANCE
Subsurface drip irrigation (SDI) offers many potential advantages to vegetable grow-
ers, but the adoption of SDI has been slow, partly because of increased risk of poor 
establishment which is related to poor or uneven surface wetting [68]. The two field 
experiments reported here suggest that modifying SDI with an impermeable layer be-
neath the drip tape and geotextile above the drip has the potential to improve surface 
soil water, plant establishment and early growth.

In general, lettuce establishment presently requires surface irrigation to supplement 
SDI [102]. The shallow rooted lettuce has shown uneven plant establishment during 
conditions of environmental stress, and it is highly influenced by irrigation manage-
ment. Seedling establishment is one of the most critical stages of lettuce growth [260]. 
These considerations suggest that SDI would not be suitable for lettuce. However, the 
results obtained from the M.SDI (KISSSTM) improved soil water, crop establishment 
and growth compared to C.SDI.

These results were achieved under both low and relatively high evaporative demand 
(in autumn and spring) and on light-textured soil, which has traditionally presented the 
greatest difficulties for SDI [159]. On the basis of these results, the modifications to 
SDI evaluated here do address the main concern with using SDI for vegetables such as 
lettuce, that is, the poor establishment.

Although the differences in mortality were relatively small, they appear to reflect 
a lower level of stress in the plants following transplanting, and this resulted in im-
proved growth. Plants in the modified SDI had higher leaf appearance rates (at least 
in spring), wider and longer leaves, and ultimately had higher fresh and dry weights 
at the end of the establishment period (15 DAT). The measurements of soil water re-
vealed wetter conditions at the soil surface with the modified SDI.



Sustainable Subsurface Micro Irrigation in Australia: Vegetables 127

5.3.3.2 COMPARISON BETWEEN THE TYPES OF SDI
In both experiments, the modified SDI system resulted in better survival of the trans-
planted seedlings. Whilst the difference was numerically small at an average of 99% 
for M.SDI and 95% for the conventional SDI, it indicated a superior environment for 
establishment in the M.SDI system.

This superior environment was reflected in higher leaf appearance rates in the 
spring experiment. In both experiments, leaves were longer and wider. Leaf appear-
ance rates were higher in the spring experiment than in autumn, presumably reflecting 
the higher temperatures. In direct seeded lettuce, [256] reported a leaf appearance rate 
of 1–2 leaves/day at 19 days after sowing, which is higher than in either of the two 
field experiments reported here, but this may reflect differences in temperature. For 
transplanted seedlings in Australia, the leaf numbers in this study were comparable to 
the crops reported by other authors [183].

Plant fresh and dry weights were substantially greater with the M.SDI with in-
creases in fresh weight over the conventional SDI of 16% and 25% in the autumn and 
spring experiments, respectively.

A further advantage of the modified SDI system was that plants were more uni-
form. If the differences present at 15 DAT were carried through to maturity, this would 
mean more uniform sizes and harvest dates, which would be a significant advantage 
for marketing [24]. With plants harvested in the vegetative stage, it is usual for differ-
ences established early in development to continue through until harvest [142]. Whilst 
delaying harvest of smaller plants may result in more comparable plant weights, this 
is undesirable as it increases the duration of harvest and harvest costs. In some plants, 
a delay will mean plants progress into reproductive development and are not harvest-
able.

The improved plant establishment and growth in the M.SDI system was very likely 
due to improved plant water status rather than any other factor, although only soil 
moisture was measured. In the autumn experiment, soil water content in the surface 
soil after irrigation averaged 21.7% in the modified SDI compared with 18.6% in the 
conventional SDI. The difference between the tape types was greatest with the high 
irrigation frequency (4/day), in which soil water content was 5% higher than with the 
conventional SDI.

In the spring experiment, the soil water was measured just before irrigation began 
as a measure of the driest conditions, or the maximum stress, that newly transplanted 
seedlings might have encountered. The difference between the tape types overall was 
small, although statistically significant. Soil in the modified SDI was consistently wet-
ter than with the conventional SDI at comparable irrigation frequencies and crop fac-
tors (irrigation amounts).

The best evidence that the improved growth of the M.SDI was related to improved 
surface water lies in the close relationship between plant weight and soil water, re-
gardless of the source of variation in soil water: tape type, crop factor, or irrigation 
frequency, or location within the plot.

The finding that an impermeable layer under the SDI improved surface water con-
firms the earlier findings [49, 67] using an early version of M.SDI (‘CRZI’) in lighter-
textured soil. Also, the researchers found no horticultural benefit from the improved 
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surface water with the modified SDI. This was because, even with the poor wetting of 
the C.SDI, crop establishment and growth in their experiments was satisfactory given 
the hydraulic properties of the particular soil.

Whilst the present experiments establish that the new modified SDI (KISSSTM) is 
superior to C.SDI, it does not establish whether product development since the original 
modified SDI product (CRZI) is responsible for the improved performance. However, 
other investigators have shown that an impermeable layer improve surface wetting of 
SDI. Any additional advantage of M.SDI (KISSSTM) may lie in the geotextile fabric, 
which has now been included [17, 33, 271]. This will presumably hold more water 
against drainage and prolong any upward flux to the soil surface.

5.3.3.3 RESPONSES TO CROP FACTOR AND IRRIGATION FREQUENCY
Plants responded to both increased crop factor (CF), increased irrigation depth, and 
irrigation frequency (IF). However, for every combination of CF and IF, the growth of 
plants with the modified SDI (KISSS™) was greater than with conventional SDI. The 
modified SDI was as effective in improving surface soil water, compared with conven-
tional SDI, as increasing irrigation amount and frequency. Under any combination of 
irrigation frequency and crop factor, the modified SDI (KISSS™) was better than the 
conventional SDI.

FIGURE 6 Plant fresh weight response to irrigation frequency in modified SDI (left) and 
conventional SDI (right)

The response to irrigation frequency is summarized in Fig. 6. Not only did the 
M.SDI gave greater plant weight overall, but the response to irrigation frequency was 
greater than with the C.SDI. The greater response to increased irrigation frequency in 
the M.SDI cannot be explained with certainty, but it is likely that with smaller volumes 
of water applied in each irrigation, there is increasing probability of all of the water 
being retained above the impermeable layer, within the geotextile.

Other studies have shown that short, frequent pulses of water are required to main-
tain optimal soil water regime on sandy soils [83]. Greatest water use efficiency was 
found at frequent intervals with drip irrigation [79]. Similarly, more frequent water 
application through SDI produced better results in vegetable production [74]. Thus 
more frequent irrigation has been shown to improve lettuce performance [240]. One 
guiding principle in micro irrigation on sandy soils is to water frequently for good 
plant establishment, possibly four irrigations per day [153].



Sustainable Subsurface Micro Irrigation in Australia: Vegetables 129

Although the response to irrigation frequency reported here is consistent with stud-
ies by other authors, yet it appears that the M.SDI responded more to the greater ir-
rigation frequency. It is significant that, despite the improved surface water status with 
the modified SDI (Tables 15 and 16, Fig. 6), further improvements were possible with 
increased irrigation frequency while providing the same amount of irrigation overall.

The data for soil water are consistent with the hypothesis that a fraction of the 
water applied at each irrigation is retained in a temporary water table which forms 
along the drip tape, above the impermeable layer of the modified SDI, at least in the 
KISSSTM product in which geo-textile has been included. A water table will increase 
upward flux of water towards the soil surface. This benefit will persist after irrigation 
until the water table has been depleted [116]. The greater the frequency of irrigation 
in a period of time, the more of the total irrigation water applied that is available for 
transfer from the water table to the soil surface for evapotranspiration, and less water 
is available for drainage.

In the spring experiment, when evaporative demand was relatively high (5.8 mm/
day), both soil water and plant weight in the modified SDI system responded to in-
creasing the amount of irrigation depth. The implication is that even with the modified 
SDI (KISSS™), soil water may limit crop establishment under high evaporative de-
mand, unless the crop is overwatered. Frequent irrigation may not be adequate, despite 
the benefit under these conditions (Fig. 6). That is, there appears to be an additional 
advantage in scheduling or regulating irrigation by using a higher crop factor (0.8) 
than suggested by the low leaf area of transplants [124].

Where it is imperative to reduce drainage and improve irrigation efficiency, the 
modified SDI (KISSS™) offers distinct advantages over the conventional SDI, even if 
more frequent irrigation is required.

5.3.4 CONCLUSIONS
Generally the modified SDI performed better than the conventional SDI in both sea-
sons. For shallow rooted crops like lettuce, the modified SDI had a positive effect on 
soil moisture and plant performance. The soil water response was consistent with the 
hypothesis that creating a localized water table encourages upward capillary water 
movement, maintaining more favorable conditions in the root zone. The crop estab-
lishment, leaf appearance rate, leaf size and plant fresh weights were all higher in the 
modified SDI than conventional SDI. Frequent irrigation in the modified SDI further 
improved lettuce establishment in sandy soil. Under more extreme evaporative de-
mand, it may be necessary to increase the amount of irrigation water applied. Whether 
this is required or not, it is clear that the water requirement of modified SDI will be 
lower than conventional SDI.

5.4 EFFECT OF MODIFIED SDI AND IRRIGATION FREQUENCY ON SOIL 
MOISTURE AND COMPONENTS OF THE SOIL WATER BALANCE

5.4.1 THEORETICAL BASIS
To improve irrigation management under SDI, greater understanding of saturated and 
unsaturated hydraulic conductivity and upward flux or capillary rise of water is need-
ed. Evaporation from soil depends on supply of energy and removal of vapor, which 
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together determine evaporative demand of the atmosphere and on continual supply of 
water [116]. Where a water table occurs close to the soil surface, steady-state flow may 
take place from the saturated zone beneath, through the unsaturated layer to the sur-
face and thus evaporation continues without changing soil water content. The evapora-
tion rate with a water table present depends on soil properties and depth of water table 
and it increases with increase in the suction at the soil surface [81, 82]. When a shallow 
water table is present, the external environmental conditions may influence evapora-
tive demands [116]. So the relationship between water content and matric potential is 
important to understand water flow in soil [189]. In this section, we will discuss the 
upward flux (evaporation from bare soil), soil water content and soil water potential.

5.4.2 CONSTRUCTION OF A GLASSHOUSE APPARATUS
In review of literature of this chapter, it is proposed that an impervious layer beneath 
the drip line in sub surface drip irrigation can increase the upward flux of water, to re-
place water lost by soil evaporation or uptake by newly transplanted seedlings. There-
fore, if the irrigation amount remains unchanged, then drainage will be reduced, and 
surface soil water content is increased, by such a layer. It is further proposed that 
the rate of water movement will depend on soil physical properties and evaporative 
demand. Therefore, a glasshouse experiment was designed to quantify the water bal-
ance components and effects on soil water content of placing an impermeable layer 
beneath the drip line. This section describes the development and construction of the 
glasshouse apparatus.

Under field conditions, it is usual for soil to drain under gravity unless the soil 
profile is water-logged [117]. Therefore, when the soil water may be at zero suction 
at the point where water is applied, there will be a downward suction gradient [117, 
208]. The apparatus described here provided a hydraulic gradient in pots, in which the 
effects of SDI design can be quantified under controlled conditions. To provide this 
hydraulic gradient, a ‘tension table’ [218] connected to a ‘hanging water’ column was 
made at the bottom of each pot.

The experimental apparatus consisted of a water inflow (irrigation) and outflow 
(drainage) system and hanging water column including burette (Fig. 7). A tension table 
made of silica flour was used to maintain negative water potential at the bottom of 
each pot. The pots were plastic boxes 50 x 35 x 30 cm, each containing 25 cm depth 
of soil above a tension table. The tension table was connected with tubing to hanging 
water column with a burette to indicate the suction in the tension table as the burette 
was raised or lowered. The tubing also served to collect drainage from the soil in the 
pot, as described here. The irrigation setup consisted of irrigation main line, sub mains, 
connectors to each pot, and drip tape within each pot. The water pressure was main-
tained at 20 psi (138 kPa) using a pressure gauge in the main line.
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FIGURE 7 Glass house apparatus. (a) Glasshouse apparatus under development. (Note: 
Tension table); (b) Glasshouse pot experiment. (Note: Soil moisture instruments); (c) Glasshouse 
apparatus – Hanging water column. (Note: Drainage collection).

As described in the materials and methods of this section, no plants were present. 
Irrigation amount was estimated from the duration of irrigation and the irrigation rate, 
which was measured at 138 kPa. Evaporation from the Soil (E) was estimated using: 
E = [I – D], where: I is the amount of irrigation water applied and D is the drainage 
water collected.

Silica ‘flour’ was used to create the tension table. There are different grades of 
silica flour available: 60, 80, 100 and 120. All four grades were tested in a Haines ap-
paratus, also referred as a Buchner funnel [91], including a hanging water column. The 
objective was to choose a grade of silica which (i) remained saturated, and therefore, 
held suctions, at up to about −100 kPa, and (ii) had high conductivity at this suction so 
that the tension table and soil above it responded quickly to changes in suction when 
the burette was raised or lowered.

Coarse silica (60G) was selected for the tension table. This porous material (silica 
60G) was used to equilibrate the water in the soil sample. Using an external supply of 
water (hanging water column) at the desired suction, equilibrium was attained in the 
tension table. The tension table also allowed drainage from the pot.

Hanging water column: The tension table was connected to a hanging water col-
umn which includes a long rubber tube attached to a burette. The soil was slowly wetted 
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through the burette until the pot was saturated at the surface. Then the water level in 
the burette was lowered to give a suction of 60 cm which was maintained finally by 
lowering the level of the water in the burette. Excess water from the soil flowed out 
of the burette until equilibrium was reached at −60 cm (~5.9 kPa). After reaching 
equilibrium, any drainage following irrigation the excess water in the tension table 
was collected through the burette. The drainage from the drip tube was collected in a 
separate bottle.

Maintenance of experimental setup: The experimental setup was kept in a con-
trolled environment in a glasshouse. In the system, the sub mains, the hanging water 
column tube and drainage pipe were black plastic pipes to avoid algal growth inside 
the pipe. The pots were covered with aluminum foil to prevent algal growth. The suc-
tion pipe of the hanging water column was checked daily and maintained without air.

5.4.3 INTRODUCTION
Efficient and environmentally sound irrigation requires management of the water bal-
ance. Drainage and runoff losses and soil evaporation must be minimized, and transpi-
ration maximized. The type of irrigation system, and its management, can both affect 
each of these components of the water balance. A review of literature in this chapter 
identified the soil water balance approach as one of the methods to schedule or man-
age irrigation to minimize undesirable deep drainage and runoff, while satisfying crop 
water demand [42, 47, 124, 147, 278]. In order to improve plant establishment with 
SDI, farmers may overirrigate [124] leading to increased drainage, or install the tape 
at shallow depth and water more frequently [42].

The field experiments in this chapter showed that modified SDI (M.SDI) had high-
er surface soil water, more even water distribution and better crop establishment than 
conventional SDI (C.SDI) with the same irrigation amount and frequency. Even when 
only half the amount of irrigation water was applied to the M SDI (0.4 CF, spring 
experiment), crop establishment was as good as with C.SDI irrigated at the higher CF 
(0.8). The results with M.SDI imply greater upward flux and less downward flux of 
water, although neither component of the water balance could be measured. Greater 
upward flux may increase soil evaporation, but it may also provide a more favorable 
soil moisture environment for establishing plants and lead to water savings.

Increased irrigation frequency in the field experiment had no effect on establish-
ment, but it did result in wetter soil surfaces and improved seedling growth with both 
types of drip tape. For the spring experiment, the response was greater with the modi-
fied tape (the interaction was significant). A response to irrigation frequency has been 
reported previously [42], but the interaction found in the field experiment suggests 
that irrigation frequency may need to be further increased to obtain the full benefit 
of the modification to the SDI. This important observation requires further work for 
confirmation.

Water flowing out from a buried emitter moves vertically and laterally to wet a vol-
ume of soil [279]. Knowing the dynamics of water within the soil volume surrounding 
the emitter creates the opportunity to design improved irrigation systems as well as 
improve management of both water and chemicals [279]. For a given soil, knowing 
the dynamics of water in the wetted volume can help to determine emitter spacing and 
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the duration of irrigation. The shape and the dimensions of the wetting pattern around 
a buried source depend on the soil type as well as on the applied volume of water [209] 
and the frequency of application [199].

This glass house experiment quantified the components of the water balance under 
irrigation with conventional and modified subsurface drip irrigation, and over a range 
of irrigation frequencies, in two soil types. The apparatus enabled irrigation amount 
to be controlled, drainage to be quantified, and evaporation to be calculated. The soil 
water content above the emitter and soil water potential near the soil surface were also 
measured.

In this section, the author tests the hypothesis that an impermeable layer under the 
drip tape reduces drainage and, given the same irrigation amount, increases the up-
ward flux of water resulting in wetter surface soil and higher evaporation. The author 
also assessed the soil water response to irrigation frequency.

5.4.4 MATERIALS AND METHODS

5.4.4.1 SITE
The experiment was conducted in a controlled temperature glasshouse at UWS, 
Hawkesbury Campus. The experiment was carried out without plants, so the only up-
ward flux of water was by soil evaporation.

5.4.4.2 EXPERIMENTAL DESIGN
The treatments consisted of factorial combinations of two drip tape types and two soil 
types with two replicates arranges in a randomized complete block design. The two 
tape types were modified subsurface drip (T1) and conventional subsurface drip (T2). 
The two soil types were sand (S1) and sandy loam (S2). Each treatment was subjected 
to a sequence of different irrigation frequencies, one per two days; and one, two and 
four per day (I 0.5, I 1, I 2, I 4). There was insufficient glasshouse space to run the irriga-
tion frequencies concurrently.

There were three phases of experimentation. The first phase used a fixed irrigation 
rate (mm/day), which did not vary despite small variation in evaporation from day to 
day. The second phase used a fixed crop factor with varying irrigation rate, depending 
upon the previous day’s evaporation. Phases 1 and 2 were both under a low evapora-
tive demand. The third phase also used a fixed crop factor and varying irrigation rate, 
but with high evaporation.

5.4.4.3 SOIL TYPES
Soils were collected from two different locations on the UWS Hawkesbury campus. 
Soil particle size analysis was determined by the hydrometer method [136]. The soils 
were sieved and placed into the pots in the glass house apparatus (Table 18). After fill-
ing the pots with soil, they were brought to saturation by subsoil watering, and then 
drained to −60 cm suction. Weed seeds were encouraged to germinate by sprinkling 
water for a few days before applying glyphosate (360 g a.i./L).
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TABLE 18 Particle sizes of the sand and sandy loam soils.

Texture Fraction Composition (%)

Coarse Sandy soil
Sandy Loam soil

Sand
Silt
Clay
Sand
Silt
Clay

91.5
8.0
0.5
85.5
6.0
8.5

5.4.4.4 TAPE TYPES
Two tape types (M.SDI and C.SDI) were compared. Both tape types were installed at 
15 cm depth as they were installed in the field experiments. Drip tape emitters had 1.6 
Lph flow rate at 20 psi (138 kPa) pressure.

5.4.4.5 IRRIGATION RATE AND EVAPORATION (E
PAN

) MEASUREMENTS
In Phase 1, irrigation rate was fixed at 5.3 mm/day (800 mL/pot/day), which was 0.8 
of the pan evaporation of the previous four days in the glasshouse (6.0 mm/day). In 
Phases 2 and 3, the amount of water required for each irrigation was calculated by 
multiplying a ‘crop factor’ by the previous day’s pan evaporation in the glasshouse, or 
over the previous two days with the I0.5 treatment. For this phase, the crop factor of 0.8 
was the crop factor used in field experiment 2, following the recommendation of Ref. 
[124] that a high crop factor be used for crop establishment using seedling transplants, 
even if transpiration is low. Having assessed the results of Phase 1 and the field experi-
ments, Phases 2 and 3 used a crop factor of 0.4.

Evaporation in the glass house was measured by using a single pan equal in size 
to the treatment pots. It was an identical tub to that used in the pots, with the walls 
covered in aluminum foil. Depth of evaporation was measured daily with a ruler, the 
volume of evaporation calculated, and then replaced. The phases of the experiment 
were carried out under a ‘low’ (Phases 1 and 2) or ‘high’ (Phase 3) evaporative demand 
achieved by varying temperature from 25◦ C to 35◦ C (with diurnal variation of 5◦ C). 
Maximum/minimum and wet /dry bulb thermometers were used to measure tempera-
ture and relative humidity daily.

5.4.4.6 SOIL WATER MEASUREMENTS
Theta probe: Volumetric soil water content was measured by a single Theta probe 
(model of ML-2x a Delta T-Device from Measurements Engineering Australia) in-
serted vertically in each pot. The sensor probes were located to read at 5–10 cm depth, 
10 cm away from the drip tape. The probes were connected to a data logger (Data 
logger Tbug, Measurement Engineering Australia) programed to take measurements 
at 15 min. intervals, which were generally before irrigation, at the time of irrigation 
and after irrigation.

Gypsum blocks: Soil water potential near the soil surface was measured daily, fol-
lowing irrigation and when drainage had ceased, by using gypsum blocks (GB Light, 
Measurement Engineering Australia) and expressed as kPa. The GB Light is used in 
all soil types and has a range from 0 to 200 kPa. The sensors were connected to GBug 
data logger (MEA), which was programd to take readings at two-hour intervals. The 
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blocks were placed in all treatments horizontally at 3–5 cm depth and 10 cm away 
from drip tape.

Tensiometer: These also measure soil water potential (kPa), but over a narrower 
range but with greater precision than the gypsum blocks. They were used in slightly 
deeper soil where only small variations in potential were expected. They were in-
stalled with the ceramic cup at 5–10 cm depth, above the drip line and 10 cm away 
from the emitter. Data were recorded when drainage had ceased.

5.4.4.7 WATER BALANCE COMPONENTS
Drainage was measured daily. Water was collected after irrigation when no further 
drainage occurred (up to 3 h) and weighed. Since the irrigation amount was known 
and there was no runoff, soil evaporation could be determined simply from the water 
balance equation: Es = [I –D]. For estimation of Es, a steady-state of soil water content 
on a day-to-day basis was considered. That is, water moved from the irrigation input 
to the atmosphere without contributing to changes in soil water. It is an approximation 
for steady state as soil water content varies diurnally. Daily drainage and soil evapora-
tion were observed until they approached an apparent ‘steady state.’ Data for the last 
3 days were averaged to provide estimates for D and Es pertaining to any treatment or 
phase, and were subsequently analyzed. 

5.4.4.8 STATISTICAL ANALYSIS
Analysis of variance (ANOVA) was conducted on data using MiniTab ver. 15 statisti-
cal program. An ANOVA on soil water and drainage data was undertaken for each 
irrigation frequency within each evaporative demand (Phase). The estimates of soil 
evaporation were analyzed by linear regression to examine the effect of irrigation 
frequency.

FIGURE 8 (Continued)
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FIGURE 8 (a) Pan evaporation in Phase 1 (mm/day). (b) Pan evaporation Phase 2 (mm/day). 
(c) Pan evaporation in Phase 3 (mm/day).
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5.4.5 RESULTS

5.4.5.1 PAN EVAPORATION IN THE GLASSHOUSE
Figure 8 shows the moving average for evaporation in all treatments. Evaporation in 
last few days of each ‘run’ coincides with estimates of soil evaporation or drainage at 
approximate ‘steady state.’ In the last three days, evaporation was highest in the 1/day 
and lowest in 4/day treatments. Evaporation tended to be lower in the 1/day and higher 
in the 2/day treatments.

5.4.5.2 DRAINAGE
In all three phases of the experiment, the mean drainage at ‘steady state’ for the modi-
fied SDI was less than for conventional SDI. Soil types generally did not show sig-
nificant differences.

Phase 1: In this phase of the experiment, drainage from the different irrigation 
frequency treatments was compared with equal application of irrigation water to all 
treatments on every day. Within each irrigation frequency, the modified SDI gave sig-
nificantly less drainage than in the conventional SDI treatment (Table 19). Within 
irrigation frequency, the effects of soil type and its interaction with tape type were 
not significant (p>0.05). Over all irrigation frequencies, drainage was 20% less in the 
modified SDI (from Table 19). Higher irrigation frequency (four/day) in the modified 
SDI resulted in least drainage (194 mL/pot/day). Less frequently irrigated treatments 
overall resulted in the highest drainage, but the statistical significance of this differ-
ence could not be tested.

Phase 2: In this phase, irrigation amount varied according to daily pan evapora-
tion, in contrast to Phase 1 in which irrigation amounts were fixed. Despite the change 
in irrigation scheduling strategy, the modified SDI again had significantly less drain-
age than conventional SDI within any of the irrigation frequencies. Overall, drainage 
was 29% less in the modified SDI than in conventional SDI (calculated from Table 
20). Once again, drainage was least with the high irrigation frequency.

Phase 3: Drainage was again significantly less in the modified SDI than the conven-
tional SDI at all irrigation frequencies. Averaged over all irrigation frequencies, drainage 
was 32% less under modified SDI than with the conventional SDI (from Table 21). Least 
drainage (230 mL/pot/day) was obtained in the modified SDI with frequent irrigation 
(four/day). Again, high irrigation frequency substantially reduced drainage.

TABLE 19 The effects of tape type, irrigation frequency and soil type on drainage (mL/pot/
day) (Phase 1) at steady state.

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 257 326 279 330 268** 328

One/day 251 323 226 328 239*** 326

Two/day 269 318 272 322 270 NS 320

Four/day 194 256 193 248 194** 252

**, *** Significant p<0.01, 0.001 respectively (Each frequency analyzed as a single experiment).
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TABLE 20 The effects of tape type, irrigation frequency and soil type on drainage (mL/pot/
day) (Phase 2) at steady state.

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 365 456 352 455 358*** 455

One/day 122 168 116 161 119** 164

Two/day 116 153 112 154 114*** 154

Four/day 196 333 203 342 199*** 337

**, *** Significant at p<0.01, 0.001 respectively (Each frequency analyzed as a single experiment).

TABLE 21 The effects of tape type, irrigation frequency and soil type on drainage (mL/pot/
day) (Phase 3) at steady state.

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 318 445 315 434 317*** 439

One/day 278 453 261 454 270*** 454

Two/day 372 490 370 489 371*** 489

Four/day 233 350 227 348 230*** 349

*** Significant at p<0.001(Each frequency analyzed as a single experiment).

5.4.5.3 EVAPORATION FROM BARE SOIL
The results are shown in Table 22 for all phases of the experiment, together with the ir-
rigation and drainage data from which they were derived. All data are reported as mm/
day, after dividing the volumetric data by the surface area of the pot. As there was no 
apparent effect of soil type on drainage, soil evaporation is the pooled data for soil types.

Because irrigation amount is constant across treatments for any given period, the 
calculated Esoil values must be the inverse of drainage. Evaporation was thus always 
higher for the M.SDI than C.SDI. It also tended to be higher at the higher irrigation 
frequencies. The response to irrigation frequency is shown in Fig. 9. In each phase of 
the experiment, Esoil increased with irrigation frequency. All of the regressions were 
statistically significant. Whilst soil evaporation from both tape types responded to in-
creasing frequency, it is notable that within any Phase, the greatest upward flux from 
C.SDI (at four irrigations/day) was no higher than with the M.SDI with two or fewer 
irrigations per day.

5.4.5.4 VOLUMETRIC SOIL WATER CONTENT
The soil water content was measured after irrigation at 10 cm above and 10 cm to the 
side of the emitter. The data reported in Tables 23–25 were measured after irrigation, 
for all three phases of the experiment.
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The modified SDI generally had higher soil moisture content than conventional 
SDI, although the difference was not always significant, and there were exceptions in 
Phase 1. The most consistent response was an increase in water content with modified 
SDI at the highest irrigation frequency, where the difference between tape types was 
always significant. There was no significant effect of soil type.

Phase 1: The soil water content averaged over soil types was significantly higher 
(p<0.05) with modified SDI (31%) than with conventional SDI (27%) but only with 
frequent irrigation (four/day). At lower irrigation frequencies, the trend was for the 
modified SDI to have lower water content than conventional SDI, but the differences 
were not significant. Soil type did not show any significant difference between the ir-
rigation frequencies.

Phase 2: The soil water content was consistently higher in the modified SDI com-
pared with the conventional SDI, but the differences were statistically significant only 
with the most frequent irrigation (Table 24). Again, soil type did not show any signifi-
cant difference in the soil water content.

Phase 3: Soil water content was again higher in the modified SDI than the con-
ventional SDI in all irrigation frequencies (Table 25). The difference was statistically 
significant (p<0.05) in the once/two days and four times daily treatments.

TABLE 22 Water balance components at ‘steady-state’ for the three phases of the glasshouse 
experiment: pan evaporation (Epan), irrigation (I), drainage (D) and soil evaporation (averaged 
over replicates and soil types).

Irr./day Av. Epan

(mm/d)

Av. I

(mm/d)

Av. D (mm/d) Av. Esoil (mm/d)

M.SDI C.SDI M.SDI C.SDI

Phase 1

0.5 3.0 4.6 1.5 1.9 3.0 2.7

1 4.7 4.6 1.4 1.9 3.2 2.7

2 3.2 4.6 1.6 1.8 3.0 2.7

4 2.0 4.6 1.1 1.4 3.5 3.1

Phase 2

0.5 2.7 1.6 0.9 1.2 0.7 0.4

1 2.0 1.2 0.7 0.9 0.5 0.2

2 2.3 1.4 0.4 0.8 1.0 0.6

4 4.7 2.8 1.1 1.9 1.7 0.9

Phase 3

0.5 7.0 4.0 1.8 2.5 2.2 1.4

1 8.0 4.6 1.5 2.6 3.0 2.0

2 9.0 5.2 2.1 2.8 3.1 2.4

4 8.7 5.0 1.3 2.0 3.7 3.0
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TABLE 23 The effects of tape type, irrigation frequency and soil type on soil water content 
(%) (Phase 1) at steady state.

I.F. (Irri./day) Sand S. Loam Mean M.SDI Mean 
C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 28.8 31.5 27.3 26.7  28.1NS 29.1

One/day 25.1 30.8 27.2 27.3  26.1 NS 29.1

Two/day 26.2 30.2 29.7 24.3  27.9 NS 27.2

Four/day 31.9 27.8 30.3 25.9  31.1* 26.9

* Significant at p<0.05, NS-Not Significant (Each frequency analyzed as a single experiment).

TABLE 24 The effects of tape type, irrigation frequency and soil type on soil water content 
(%) (Phase 2) at steady state.

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 27.4 26.4 30.2 26.8 28.8 NS 26.6

One/day 29.2 28.3 28.9 28.7 29.1 NS 28.5

Two/day 28.1 27.4 28.8 28.6 28.4 NS 27.9

Four/day 29.7 27.5 30.6 27.1 30.1* 27.3

* Significant at p<0.05, NS-Not Significant (Each frequency analyzed as a single experiment). 

FIGURE 9 Effects of tape types and irrigation frequencies on mean soil evaporation (mm) 
from bare soil at ‘steady sate.’
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TABLE 25 The effects of tape type, irrigation frequency and soil type on soil water content 
(%) (Phase 3) at steady state.

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 26.2 24.7 30.9 26.1 28.6* 25.4

One/day 27.4 26.6 29.3 28.1 28.3 NS 27.3

Two/day 27.1 25.4 33.9 30.1 30.5 NS 27.7

Four/day 27.5 25.9 34.1 29.1 30.8* 27.5

* Significant at p<0.05, NS-Not Significant (Each frequency analyzed as a single experiment).

5.4.5.5 SOIL WATER POTENTIAL AT 3–5 CM DEPTH
This was measured daily, following irrigation, using gypsum blocks (Tables 26–28). 
This near-surface measurement is the depth of transplanting for lettuce.

Phase 1: Responses in water potential to tape type were small but broadly mirrored 
those for volumetric water content. The effect of tape type was significant (p<0.01) in 
the high irrigation frequency (Table 26). Wetter surface soil (-7 kPa) was obtained in 
the modified SDI with four irrigations per day, compared with the conventional SDI 
(-9 kPa). The interaction between soil type and tape type was also significant (p<0.01) 
in the high irrigation frequency. As irrigation frequency decreased, the soil near the 
surface became drier in both tape types, and the effect of tape type was also not sig-
nificant.

Phase 2: Significant (p<0.01) but contrasting responses were found between tape 
types (Table 27). In the treatment with four irrigations per day, modified SDI soil was 
wetter, whereas the converse was true with one irrigation/day.

Phase 3: Soil was slightly wetter in the modified SDI compared with conventional 
SDI in all irrigation frequencies, but the tape difference was significant only with high 
irrigation frequency (four/day) (Table 28). The effect of soil types was not significant.

TABLE 26 The effects of tape type, irrigation frequency and soil type on soil water potential 
(-kPa) (Phase 1) at steady state (3–5 cm depth). 

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 14 11 11 10 12 NS 10

One/day 13 13 9 12 11 NS 13

Two/day 10 10 9 8 10 NS 9

Four/day 7 10 8 9 7 ** 9

** Significant at p<0.01, NS-Not significant (Each frequency analyzed as a single experiment).
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TABLE 27 The effects of tape type, irrigation frequency and soil type on soil water potential 
(-kPa) (Phase 2) at steady state (3–5 cm depth).

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 8 11 11 11 9 NS 11

One/day 15 11 10 10 12** 10

Two/day 12 11 12 11 12 NS 11

Four/day 8 11 11 10 9** 11

** Significant at p<0.01, NS-Not significant (Each frequency analyzed as a single experiment).

TABLE 28 The effects of tape type, irrigation frequency and soil type on soil water potential 
(-kPa) (Phase 3) at steady state (3–5 cm depth).

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 11 12 11 12 11NS 12

One/day 11 13 11 12 11NS 12

Two/day 11 13 12 14 12 NS 14

Four/day 9 12 11 13 10** 12

** Significant at p<0.01, NS –Not significant (Each frequency analyzed as a single experiment).

5.4.5.6 SOIL WATER POTENTIAL AT 5–10 CM DEPTH
The soil water potential at 5–10 cm depth measured with a tensiometer was less nega-
tive (higher soil moisture) with the modified SDI (Tables 29–31). The response was 
more consistent than with the other two measures of soil water, with no cases of con-
ventional SDI being wetter than the modified SDI, and more of the differences being 
statistically significant. The effect of soil type on water potential was not significant 
(p>0.05). There was a trend for the soil to be wetter with the more frequent irrigation, 
but this could not be tested statistically.

TABLE 29 The effects of tape type, irrigation frequency and soil type on soil water potential 
(-kPa) (Phase 1) at steady state (5–10 cm depth).

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 8 10 8 9 8** 9

One/day 10 9 9 9 9NS 9

Two/day 8 11 7 9 7** 10

Four/day 6 8 6 8 6* 8

*, ** Significant at p<0.05, 0.01, NS –Not significant (Each frequency analyzed as a single experiment).
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TABLE 30 The effects of tape type, irrigation frequency and soil type on soil water potential 
(-kPa) (Phase 2) at steady state (5–10 cm depth).

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 7 9 7 9 7* 9

One/day 5 8 5 5 5* 6

Two/day 5 5 5 5 5NS 5

Four/day 5 8 4 5 4* 6

* Significant at p<0.05, NS – Not Significant (Each frequency analyzed as a single experiment). 

TABLE 31 The effects of tape type, irrigation frequency and soil type on soil water potential 
(–kPa) (Phase 3) at steady state (5–10 cm depth).

I.F. (Irri./day) Sand Sandy loam Mean M.SDI Mean C.SDI

M.SDI C.SDI M.SDI C.SDI

One/2 days 7 7 6 7 6 NS 7

One/day 6 7 5 7 5 * 7

Two/day 5 8 4 6 5 NS 7

Four/day 5 7 5 6 5 * 7

* Significant at p<0.05, NS – Not Significant (Each frequency analyzed as a single experiment).

5.4.6 DISCUSSION
The results of this experiment reveal the potential for the modified SDI to increase wa-
ter-use efficiency and improve plant establishment, thus confirming the results of the 
field experiments. The greater upward flux of water, that is the calculated soil evapora-
tion, was sufficient to keep the soil wetter while at the same time reducing drainage. 
The improved soil moisture is expected to improve crop growth during establishment, 
even in sandy soils with frequent irrigation (daily) under vegetable production [72].

5.4.6.1 DRAINAGE AND SOIL EVAPORATION
Reducing drainage can improve irrigation efficiency and improve the uniformity of 
applied water [95]. It empathy should also help to reduce overirrigation [135, 251] and 
the associated environmental risks. The modified SDI resulted in lower drainage than 
the conventional SDI with all irrigation frequencies under different evaporative de-
mands, and with different irrigation rates. The average reduction was 20, 29, and 32% 
in the three Phases, a mean reduction in drainage of 27%. It appears that the reductions 
in drainage are greatest when evaporative demand is greatest, reflecting higher soil 
evaporation under these conditions. The results demonstrate that irrigation system de-
sign has the potential to manage drainage below the root zone in the way proposed for 
subsurface drip [13, 65, 202]. More importantly, it shows specifically that modifying 
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the drip tape to include an impermeable layer beneath the tape substantially reduces 
the drainage found even with conventional SDI.

This is an important conclusion, as the unambiguous results from the controlled 
conditions of this experiment provide support for field experience where drainage is 
hard to quantify but sometimes assumed.

High frequency SDI in particular has the potential to reduce drainage [13] in sandy 
soil [125]. Whilst the data for irrigation frequency could not be combined into a single 
ANOVA for statistical reasons, there was a large consistent response across tape types 
(M.SDI and C.SDI), soil types and evaporative conditions (Phases) that collectively 
support the argument that increased frequency reduces drainage under SDI. The re-
duction in drainage with increased irrigation frequency was of the same order as the 
response to tape type.

The relationship between drainage and evaporation has been well documented un-
der subsurface drip irrigation in the field. Generally, for a given input of water, if soil 
evaporation (or ET) is reduced then drainage must increase [65]. With the controlled 
conditions of the glasshouse experiment, it was possible to quantify the split between 
drainage and Es and its responses to drip type, irrigation frequency or environmen-
tal condition. Significantly, increasing irrigation frequency increased soil evaporation 
(Fig. 8). Over all soil types, tape types and Phases, the increase in frequency from 
once every second day to four times daily approximately double the amount of water 
evaporated. This water is available for either Es or transpiration, when plants are pres-
ent. Therefore, high irrigation frequency maintained relatively high evaporation rates 
and kept the soil surface wet [176].

5.4.6.2 SOIL WATER
Many authors have emphasized the importance of maintaining relatively constant soil 
water potential in the range favoring plant growth [197, 199, 207, 253]. This is espe-
cially important for crop establishment under SDI [205]. Modified SDI generally had 
the highest soil moisture content and highest water potential (least negative). The only 
exception was in Phase 1, at low irrigation frequency, when the conventional SDI had 
higher soil moisture than the modified SDI. This discrepancy can be accounted for by 
tunneling seen in the conventional SDI pots. However, in the modified SDI the modi-
fication plays an important role to avoid tunneling [178].

The volumetric soil water content and water potential generally increased with 
irrigation frequency, but this trend could not be tested statistically. It suggests at least 
that high frequency irrigation maintains higher soil water content, whether under SDI 
or modified SDI, as others have found [74, 131, 209, 229, 240].

There was also strong indication that the modified SDI combined with high irriga-
tion frequency led to highest water content and least negative potential in the top soil. 
In every set of soil water data, that is three methods of measuring soil water in three 
experiment Phases, M.SDI combined with high irrigation frequency had the highest 
water content.

The soil water response is best illustrated by the volumetric soil water data in 
Tables 23–25. In these data, the highest water content in C.SDI, under high-frequency 
irrigation, was approximately the same as in the M.SDI with low frequency irriga-
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tion. This result parallels the soil evaporation data, in that greatest upward flux of 
water seems to be associated with highest soil water content. It also supports the field 
experiments. That is, while soil water content responded to irrigation frequency with 
both types of tape, the soil was always wetter with the modified tape. In the field ex-
periment, high frequency irrigation coupled with the modified tape type improved soil 
moisture and plant fresh weight.

This glasshouse experiment was carried out to develop an understanding of soil 
physics and irrigation; and to understand how much water (irrigation amount) to apply 
to rewet the soil, including understanding of the components of the water balance [89, 
94, 193].

The barrier under the drip line led to higher water content and potential in the soil 
above the barrier, and the drainage or downward flux of water was decreased [144, 
145]. The KISSSTM product should enable crops to be established with less risk than 
conventional SDI, without the need for excessive irrigation during establishment. But 
this may require increased irrigation frequency.

These results suggest that irrigation frequency needs to be adjusted as crops devel-
ops. Whilst high upward flux is essential for good plant establishment, it is undesirable 
for established plants with a low leaf area index. This is because the high upward flux 
will contribute to wasteful soil evaporation.

5.4.6.3 CONCLUSIONS
In this glasshouse study, the two subsurface drip tape types were compared in two soil 
types, under a range of irrigation frequencies and environmental regimes. Generally, 
the average soil water content above the emitter under approximate steady state was 
improved with the modified SDI. Frequent irrigation also appeared to increase surface 
soil water, especially with the modified SDI. The results of the experiments indicate 
that the drainage was less under the modified SDI than the conventional SDI and with 
more frequent irrigation. In other words, the soil evaporation was more in the modified 
SDI due to improved upward movement of water.

The modified SDI (KISSSTM) with frequent irrigation appears to be suitable for 
the coarse textured soils. The product should enable crops to be established with less 
risk than conventional SDI, without the need for excessive irrigation before or during 
establishment.

5.5 CONCLUSIONS

Current management of irrigation water in the peri-urban vegetable industry is largely 
based on surface irrigation, most commonly with overhead sprinklers. Water use ef-
ficiency is low and environmental impacts are high [58]. Subsurface drip irrigation 
has great potential in this situation (e.g., Refs. [51, 212]), but problems of ‘tunneling,’ 
variable soil surface water and risky crop establishment need to be addressed [149, 
152, 180, 212]. It has been mentioned that despite many successes with SDI [150, 216, 
226], germination/establishment remains the major challenge with SDI [213], and that 
possibly crops cannot be established at all this way [102, 103], meaning that conjunc-
tive irrigation from another source is required along with SDI.
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To overcome these problems with SDI, researchers have investigated shallow tape 
installation and increased irrigation frequency [42, 267]; and modification to the SDI 
design [49, 271]. None of these approaches has been completely successful, although 
the wetting pattern of SDI has been influenced by placing a continuous impermeable 
membrane beneath the drip line, with the aim of inhibiting the downward flux of wa-
ter from the emitters and providing a broad moisture front rather than a point source 
[178]. Author hypothesized that this membrane would create a small temporary water 
table from which the upward flux of water would be greater than in conventional SDI 
and the drainage less. This hypothesis underpinned the research in this chapter that 
sought to evaluate a newly developed SDI, which included an impermeable membrane 
and geotextile (KISSSTM).

5.5.1 INDUSTRY CONTEXT
The literature review considered issues of vegetable industry related to irrigation, with 
an emphasis on SDI and the production and irrigation management of lettuce. It was 
noted that peri-urban vegetable production is expanding in Australia [138] and glob-
ally [31], and that there is growing competition for water between vegetable growers 
and the urban community. The review highlighted increased consumer demand for 
vegetables in local markets [114]. Rapid growth in the Sydney Basin is associated 
with an influx of new farmers and a lack of knowledge of irrigation scheduling and 
management, which is linked to low irrigation efficiency and high environmental im-
pact [58].

Adoption of more efficient systems such as drip irrigation has been low, partly be-
cause of a lack of knowledge about adapting systems to the varied soils of the region 
[58] and the wide range of evaporative demands between cooler and warmer months 
[14]. The need to replace drip tape after every crop and the likely need for an alter-
native source of irrigation for establishment are major economic disincentives [52]. 
However, with the adoption of reduced tillage and semipermanent beds for vegetables 
[230], there is an opportunity to introduce subsurface drip irrigation with its many 
advantages, including longer life than surface drip.

It is concluded that SDI is a good option for the vegetable industry, provided the 
risks of poor plant establishment could be overcome. The industry mainly uses seed-
ling ‘transplants’ for plant establishment [70], so ‘establishment’ in the research re-
ported here refers to the survival and early growth of the transplanted seedlings. The 
research used lettuce, which is the major crop of the Sydney Basin [261].

Past research has shown that the major disadvantage of SDI is the risk of poor 
establishment [67, 278]. Therefore, the evaluation of the modified SDI (KISSSTM) 
focused on its effects on surface soil water and seedling survival and early growth. 
Consideration was also given to reducing the drainage, which may be associated with 
overwatering, which is recommended for good establishment with conventional SDI 
[99].
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FIGURE 10 Plant fresh weight response to volumetric soil water content, both seasons.

FIGURE 11 Fresh weight response to variation in volumetric soil water within the bed, spring 
2007.

5.5.2 MAJOR FINDINGS

5.5.2.1 SOIL WATER, CROP ESTABLISHMENT AND EARLY GROWTH
The modification in the subsurface drip tape improved soil water near the soil surface 
in both field experiments, where pan evaporation ranged between 2 mm/day (autumn) 
and 6 mm/day (spring), and in two soil types in the glasshouse, where pan evaporation 
ranged between 2 and 10 mm/day. Soil in the M.SDI was consistently wetter than with 
the C.SDI at comparable irrigation frequencies and crop factors (irrigation amounts). 
So the potential advantages of this innovation should be expressed over a range of 
conditions. In the field, soil water content was also more uniform in the M.SDI treat-
ment. The improved surface soil water regime was associated with improved lettuce 
crop establishment, and higher leaf appearance rate, leaf size (leaf width and length) 
and fresh weight. Differences in fresh weight were substantial. The modified SDI 
system recorded average increases over the conventional SDI of 16% and 25% in 
the autumn and spring experiments, respectively. If these differences in plant weight 
continue through to harvest, a reasonable expectation with crops such as lettuce, then 
the modification to the SDI will result in greater irrigation efficiency (yield per unit 
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of irrigation) to mirror the plant weight response. Management of irrigation with the 
modified SDI to optimize efficiency is discussed in Section 3.2. Plant weight was also 
more uniform with the modified SDI than with conventional SDI, offering practical 
advantages to the farmer at harvest time [228].

The critical importance of surface soil water for establishment is demonstrated by 
the relationship between soil water content and plant weight at the end of the estab-
lishment period in the field experiments (Figs. 10 and 11). In both experiments there 
was a close relationship between plant weight and soil water, regardless of the source 
of variation in soil water: tape type, crop factor, or irrigation frequency (Fig. 10) or 
position in the bed (Fig.11).

In previous work with a modified SDI, the soil was wet more uniformly [178]. The 
modified drip tape product has undergone extensive development since then, especial-
ly in dimensions, and is now sold under a new trade name. This presumably explains 
why the modified SDI performed better in the present research compared with earlier 
research [49]. In addition, [49] noted that the Handwood loam soil in their research 
had good hydraulic properties, which resulted in good crop establishment in C.SDI 
despite it being drier. Also, they studied seed germination rather than establishment of 
seedling transplants which may have less critical moisture requirements.

5.5.2.2 DRAINAGE
Drainage could not be measured in the field experiment, but the finding that the soil 
surface was wetter than in conventional SDI, given the same amount of irrigation, 
suggested that the upward flux was greater and the drainage should be less with the 
modified SDI. Thus the gain in irrigation efficiency, noted above, arises because more 
water is transpired (as well as evaporated), and less is drained. Reduced drainage has 
important environmental implications [122].

The glasshouse experiment provided direct evidence that drainage is reduced in 
the modified SDI system given the same irrigation and environmental conditions. This 
was observed regardless of soil type, and in all irrigation frequencies, and under dif-
ferent evaporative demands. Whilst the drainage component of the water balance was 
significantly reduced, soil evaporation was greater in the modified SDI. Increased soil 
evaporation is not in itself an indicator of improved irrigation efficiency, but it is im-
portant because it means that more of the irrigation water was potentially available for 
use by establishing seedlings.

Because of poor establishment with conventional SDI, excessive water is often 
used in an attempt to achieve the near saturation required for germination and es-
tablishment [266]. It is not uncommon to find deep drainage losses during the first 
few irrigations of the season where SDI systems are used to germinate seeds [195]. 
The present results indicate that the modified SDI evaluated here has the potential to 
achieve significantly better establishment while also reducing drainage losses.

5.5.2.3 IRRIGATION MANAGEMENT: AMOUNT AND FREQUENCY
An objective of this research was to determine if irrigation management with SDI 
should be varied according to soil type and evaporative demand. From the review 
of literature, it was concluded that the adequacy of the water supply from SDI to the 
newly transplanted seedling would be a function of (among other factors) soil hydrau-
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lic conductivity (soil type) and evaporative demand [49, 278]. Also, the underlying 
hypothesis was that the impermeable layer beneath the drip tube would create a tem-
porary water table, and the upward flux of water from a water table will be greater than 
from unsaturated soil, which is free to drain during and after irrigation [116]. So soil 
and crop responses to irrigation amount and frequency with modified SDI might be 
different from earlier studies of these management variables with conventional SDI. 
Management factors include the amount of irrigation, which is varied according to 
crop factor (CF), and the irrigation frequency (IF). Both of these were included as 
treatments in the field experiment, while the glasshouse work focused on irrigation 
frequency.

In the field experiments, soil water content and plant weight responded to in-
creased crop factor (CF), that is increased irrigation amount, and to increased irriga-
tion frequency (IF). This was so for both the modified SDI and the conventional SDI, 
the latter being in broad agreement with other studies in light textured soil [13] and 
particularly on sandy soil [83, 126].

For every combination of CF and IF, the growth of plants with the modified SDI 
was greater than with conventional SDI. Importantly, at high irrigation frequency (4/
day), plant weight with the modified SDI treatment was 10% greater than with conven-
tional SDI, even when given half the amount of irrigation (CF 0.4 versus 0.8). When 
given an equal amount of water (CF 0.8) with frequent irrigation (4/day), the modified 
SDI resulted in crop fresh weights that were 35% greater than in conventional SDI. 
This translates directly into improved irrigation efficiency at this stage of the crop. 
Thus, although the modified SDI with high irrigation frequency had distinct advan-
tages over conventional SDI, including similar seedling growth with half the water, it 
may still be necessary to have a high crop factor as well as frequent irrigation to get 
the best results.

Results under controlled conditions in the glasshouse confirmed that the upward 
flux of water to meet the evaporative demand was greater in the modified SDI. They 
also confirmed that the upward flux was greater with more frequent irrigation. Soil 
water content and potential were also higher with more frequent irrigation. It is evident 
with findings of [92]. Over both field and glasshouse experiments, the effect of irriga-
tion frequency was quite consistent, regardless of soil type and evaporative demand, 
and there was little evidence of an interaction between these variables and tape type. 
So, despite the predictions from theory that these factors would interact with irrigation 
management and tape type, in practice the effects were too small to be detected. How-
ever, under a wider range of soil types, or under more severe evaporative conditions, 
differences may emerge. Further research is required to establish the optimum irriga-
tion regime for different soil types and evaporative regimes when using the modified 
SDI.

The response to frequent irrigation with the modified SDI is in line with the theory 
that a temporary water table is available for a short period after irrigation, above the 
impermeable layer. The period is short because the volume of water held is small: If 
it is assumed that each emitter supplies, a tube 10 cm wide, 50 cm long, to a depth of 
3 mm, the volume of water held per irrigation would be 150 cm3. The water require-
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ment in the glasshouse experiment under high evaporation was ~ 800 mL/day, to be 
supplied by a single emitter.

More frequent irrigation creates this temporary water table more often than less 
frequent irrigation. It is likely that in higher evaporative demand this temporary res-
ervoir of water is depleted more quickly, necessitating more frequent irrigation. The 
modified SDI is different from the conventional SDI in that a small amount of water is 
held against drainage and at zero potential, which allows for a higher rate of upward 
flux [81].

Frequent water application through SDI has improved water use efficiency as 
shown by other researchers [74, 240]. These studies suggest that for shallow rooted 
vegetable crops establishment can be obtained with more frequent irrigations in sandy 
soil [72].

The results in this research agree with the earlier findings on ‘pulse irrigation’ 
[178], but they also show that, with a modified SDI, either fewer pulses, or less irriga-
tion water, may be used to achieve a similar result. Or, in some conditions, even better 
results may be achieved with a combination of pulse irrigation and a relatively high 
crop factor.

There were further benefits by increasing irrigation frequency. In the conventional 
SDI, higher irrigation frequency reduced the severity of tunneling.

The combined field and glasshouse results show that the KISSSTM product should 
enable crops to be established with less risk than conventional SDI, without the need 
for excessive irrigation during establishment. However, this may require increased 
irrigation frequency.

The findings also show that irrigation frequency needs to be adjusted as crops 
develop. Whilst high upward flux is essential for good establishment, it is undesirable 
for established plants with a low leaf area index. This is because the high upward flux 
will contribute to wasteful soil evaporation.

5.6 RECOMMENDATIONS FOR FUTURE RESEARCH

5.6.1 WATER SAVING USING MODIFIED SDI
Whilst this research showed that the modified SDI improves seedling survival and 
crop growth during the establishment period, the main focus of the work, it also sug-
gested that irrigation efficiency may be improved. Comparisons with existing sprin-
kler irrigation and other systems are now required for the duration of the crop to quan-
tify the differences in irrigation efficiency and environmental performance. Irrigation 
management to optimize crop production, irrigation efficiency and runoff/drainage 
will be different from irrigation for establishment where the focus is on soil surface 
water. Research is needed to establish the optimum irrigation frequency for both es-
tablishing and established plants. Once crops are established, it should be possible to 
enjoy the potential benefit of SDI of reduced soil evaporation and increased water use 
efficiency.

5.6.2 DRIP IRRIGATION MANAGEMENT IN DIFFERENT SOIL TYPES
Research is needed to provide guidelines for optimizing irrigation frequency and 
amount in different soils and climates. Whilst the present research found responses to 
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both irrigation frequency and amount, the interactions with soil type and climate were 
not clear enough to ‘fine tune’ recommendations to particular soil types or climates.

An investigation of yield performance of modified drip tape in range of soil type 
may allow vegetable growers to improve income and saving water. Research on ir-
rigation scheduling for wide range of soil types and vegetable crop would be useful to 
reduce the environmental risk (runoff and deep drainage). These studies would include 
an assessment of the importance of more uniform crop maturity with modified SDI, 
and possible quality improvement in comparison to conventional SDI.

5.6.3 NUTRIENT MANAGEMENT WITH SDI
Nutrient application through the modified SDI system is possible to increase nutrient 
use efficiency and reduce the risk of environmental impacts (deep drainage/nutrient 
rich runoff) in the Sydney region. A set of best management practices for modified 
subsurface drip irrigation with fertigation on vegetable production in intensive horti-
culture is required.

Within the limitations of this research, we can conclude that crop establishment 
with SDI can be difficult, depending on the tape depth, soil properties and climate. 
Early designs for subsurface drip irrigation systems were mostly the same as for the 
surface drip system. But recent design development in the KISSSTM product aimed to 
improve crop establishment. The results demonstrate that, with this product, the sur-
face soil water is wetter, and more uniform, than with conventional SDI. The improved 
soil water relations led to improved establishment and plant growth. The results also 
show that irrigation efficiency can be improved by using the modified SDI, and drain-
age reduced. More frequent irrigation was confirmed to improve soil surface water and 
crop growth. The results show that frequent irrigation was just as important with modi-
fied SDI as with conventional SDI, although given the same irrigation management the 
modified product gave superior performance. With modified SDI it may be possible to 
apply less water and still obtain satisfactory establishment, but it appeared that both 
frequent irrigation and a high crop factor would be rewarded by substantially higher 
growth than with conventional SDI. The management required to optimize growth and 
irrigation efficiency in different soils and environments needs to be developed by fur-
ther research. The combination of modified SDI and ‘pulse irrigation’ should provide 
a useful improvement to horticultural practice, particularly for peri-urban production 
areas where the competition for water is intense, and the demand for good environ-
mental performance is high.

5.7 SUMMARY

Vegetables are grown in the peri-urban zone throughout Australia in diverse soil types 
and climates. Irrigation allows cropping throughout the year. Competition for water 
and adverse environmental impacts from irrigation will increasingly influence access 
to water and the price paid. A review of literature indicated that subsurface drip irriga-
tion (SDI) in Australia has the potential to achieve high water use efficiency and crop 
yields, as well as reduce drainage and runoff and the associated environmental risks. 
However, disadvantages of SDI include ‘tunneling,’ poor soil surface wetting, and 
risky crop establishment.
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The research reported in this chapter, evaluated ways to overcome these problems, 
including a new product (KISSSTM) that has a narrow band of impermeable material 
below the drip tape, and geotextile above. It was hypothesized that the impermeable 
layer would create a temporary water table, from which the upward flux of water 
would be greater than in conventional SDI and the drainage less. This chapter also 
includes discussions on how irrigation management with the modified SDI should take 
account of soil type and evaporative demand.

Field experiments at Richmond, NSW were established to compare C.SDI and 
M.SDI on a sandy soil in autumn (mean pan evaporation 2 mm/day) and spring (mean 
evaporation 6 mm/day) to investigate lettuce crop establishment. The treatments were 
two drip tape types (M.SDI, C.SDI) and three irrigation frequencies (1, 2 and 4 times 
per day). Irrigation application volume was calculated by using a crop factor of 0.4 in 
autumn; and 0.4 and 0.8 in the spring.

Modified SDI improved crop establishment was compared with conventional SDI. 
The difference in seedling survival was numerically small but significant (p<0.05), 
indicating a superior environment for establishment in the M.SDI. This was reflected 
in higher leaf appearance rates in the spring trials. In both experiments, leaves were 
longer and wider with the M.SDI, and plant fresh weights were greater at the end of 
the crop establishment period. The differences in fresh weight were substantial, with 
the M.SDI system recording average increases over the C.SDI of 16% and 25% in the 
autumn and spring experiments, respectively. Plants were also more uniform with the 
M.SDI. In both experiments, plant weight was closely related to volumetric soil water 
content, regardless of the source of variation in water content: tape type, crop factor, 
irrigation frequency, or location within the plot.

Soil water and plant weight responded to increased irrigation frequency (IF) and 
crop factor (CF, included in spring only) with both tape types. The effects of CF and 
IF were additive within tape types. So, while the negative effect of reduced irrigation 
amount can be offset by increased irrigation frequency, the best growth was obtained 
where both were high. However, for every combination of CF and IF, plant growth 
with the modified SDI exceeded the conventional SDI. With the combination of high 
irrigation frequency (4/day) and a high crop factor (0.8), the modified SDI resulted in 
a 35% increase in plant fresh weight over conventional SDI. Importantly, at high ir-
rigation frequency (4/day) but with only half the amount of irrigation (CF 0.4 versus 
0.8), plant weight with modified SDI was similar to conventional SDI (actually 10% 
greater). Soil water content was also more uniform in the M.SDI treatment.

A glasshouse experiment quantified the components of the water balance under ir-
rigation with conventional and modified subsurface drip irrigation, in sand and sandy 
loam soils under different evaporation demand. A tension table in the base of each 
large pot (50x35x5 cm) was used to maintain a suction of −60 cm at the base. Each 
treatment was subjected to a sequence of different irrigation frequencies, one per two 
days; and one, two and four per day. Data for drainage and soil water were recorded 
daily, and averaged over the last three days when daily drainage approached steady-
state for any irrigation frequency.

The M.SDI system generally resulted in lower drainage than with the C.SDI, re-
gardless of soil type, irrigation frequency, evaporative demand, and irrigation rate. 
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As the amount of daily irrigation (I) was known and equal for all treatments, soil 
evaporation (Esoil) was estimated from drainage (D) using the simplified soil water 
balance equation: Esoil = I – D. Thus soil evaporation was the inverse of drainage. The 
upward flux of water to meet the evaporative demand was greater in the M.SDI, and 
it was greater with more frequent irrigation. Soil water content and potential were 
both higher with the M.SDI. They were also higher with frequent irrigation, as in the 
field experiment. Overall, the M.SDI had less drainage than conventional SDI, greater 
upward flux of water (soil evaporation), and wetter surface soils. The findings are 
consistent with the hypothesis that an impermeable layer beneath the drip tape creates 
a temporary water table, increasing the upward flux of water.

Both the field and glasshouse experiments showed the benefit of dividing the dai-
ly irrigation requirement into smaller, more frequent pulses, for both types of drip 
tape, regardless of the soil types and climates investigated. Whilst increased irrigation 
amount and irrigation frequency both increased soil water content and plant growth, 
the best performance was when both irrigation amount and frequency were high. Fre-
quent irrigation (4/day) was essential to obtain the improved crop growth with the 
M.SDI and a high crop factor in the spring experiment.

These positive responses to tape type and irrigation frequency were obtained at 
relatively low and high evaporative demand (2, 6 mm/day), and in soils with different 
texture (coarse sand, sandy loam). So the modified drip tape and more frequent irriga-
tion appear to be reliable, broad recommendations. No specific recommendation can 
be made on the present data regarding irrigation frequency in relation to evaporative 
demand, although it might be expected that under very high demand more frequent 
irrigation will be required unless the modified drip tape can be made to hold a greater 
volume of water against drainage.

In relation to the first objectives of the study, it is concluded that the modified SDI 
(KISSSTM) improves surface soil water content and uniformity, and has the potential 
to overcome the plant establishment problems associated with conventional SDI. It 
does so while saving water and reducing environmental risk (drainage and/or runoff). 
With respect to research question 2, irrigating with more water, or more frequently, did 
improve seedling growth, but the modified drip tape (KISSSTM) retained an advantage 
in terms of both establishment and growth at any combination of irrigation amount 
and frequency. Further research is required to develop guidelines for using the M.SDI 
in specific soils and climates, especially for heavier-textured soils and more extreme 
evaporation.
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6.1 INTRODUCTION

Indian agriculture mainly depends upon vagaries of monsoon rains, which are uneven-
ly distributed in space and time and not adequate to meet the moisture requirement of 
the crops for successful farming. India with only 2.4 percent of the world’s total area 
and 4 percent of the total available fresh water supports about 17 percent of the world’s 
population. The agricultural sector consumes over 80 percent of the available water in 
India for irrigation of crops and will continue to be the major water-consuming sector 
due to the intensification of agriculture. The 2006 estimates by the Ministry of Water 
Resources, Government of India indicate that by the year 2050, India needs to increase 
by five times more water supplies to industries, while its drinking water demand will 
double and irrigation demand will rise by 50 percent. In India, out of 172.6 Mha of 
cropped area, only 76.82 Mha area is under irrigation, which means only 44.51 percent 
of the cropped area is irrigated. Further, considering the fact that the population of the 
country is estimated to reach 1.4 billion by 2020 with the food requirement of 280 
Mtons, the agricultural sector must grow by 4 percent and augment about 3–4 Mtons 
per year. Though the ultimate irrigation potential of the country has been assessed at 
140 Mha planned to be achieved by 2050, even after achieving the same, approxi-
mately half the cultivated land would still remain rain-fed, and therefore, water would 
continue to be the most critical resource limiting agricultural growth.

The water resources of the country are varied and limited, but still most of the area 
is irrigated using the conventional methods of irrigation with the efficiency of 35–40 
percent. Considering the daunting task of achieving the food production targets, it is 
imperative that efficient irrigation methods like drip/trickle/micro/mini-sprinkler and 
sprinkler irrigation systems are adopted in large scale for judicious use and manage-
ment of water to cope up with increasing demand for water in agriculture in order to 
enhance and accelerate the agricultural production in the country.

Drip irrigation, also called trickle or micro or daily irrigation, is a localized irriga-
tion method that slowly and frequently provides water directly to the plant root zone 
[4] and is the most efficient irrigation method with an application efficiency of >90 
percent. However, not until the innovation of polyethylene plastics in the 1960s did 
drip irrigation begin to gain momentum. Traditionally, irrigation had relied upon a 
broad coverage of water to an area that may or may not contain plants. Promoted for 
water conservation, drip irrigation does just the opposite. It applies small amounts of 
water (usually every two or three days) to the immediate root zone of plants. In drip 
irrigation, water is delivered to individual plants at a low pressure and delivery rate 
to specific areas or zones in the landscape or garden. The slow application promotes a 
thorough penetration of the water to individual plant root zones and reduces potential 
runoff and deep percolation. The depth of water penetration depends on the length of 
time the system is allowed to operate and the texture of the soil.

The suitability of any irrigation system mainly depends upon its design, layout and 
performance. Due to its merits and positive effects, drip irrigation has become rapidly 
popular in India and also the state governments are promoting drip irrigation on a large 
scale by providing subsidy. The advantage of using a drip-irrigation system is that it 
can significantly reduce soil evaporation and increase water use efficiency by creating 
a low, wet area in the root zone. World over, the studies indicate that drip irrigation 
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results in 30–70 percent water saving and yield increase by about 40–100 percent or 
even more compared to surface irrigation methods. Due to water shortages in many 
parts of the world today, drip irrigation is becoming quite popular. In 2000, more than 
73 percent of all agricultural fields in Israel were irrigated using drip irrigation systems 
and 3.8 Mha worldwide were irrigated using drip irrigation systems. By 2008, total 
world agriculture area was 1,628 Mha and 277 Mha was under irrigation and 6 Mha 
were drip irrigated. In India, there has been a tremendous growth in the area under 
micro irrigation during the last 15 years. In India, the area under drip increased from a 
mere 1,500 ha in 1985 to 70,859 ha in 1991–1992 and at present, around 0.35 Mha area 
is under drip irrigation with the efforts of the Governments of India and the States. The 
National Committee on Plasticulture Applications in Horticulture (NCPAH), Ministry 
of Agriculture, Government of India (GoI) has estimated a total of 27 Mha area in the 
country with potential of drip irrigation application. Therefore, there is a vast scope for 
increasing the area under drip irrigation.

This chapter discusses the research results on the clogging mechanism and initial 
adsorption mechanism in micro irrigation system.

6.1.1 CLOGGING
Due to limited water resources and environmental consequences of common irrigation 
systems, drip irrigation technology is getting more attention and playing an impor-
tant role in agricultural production, particularly with high value cash crops such as 
greenhouse plants, ornamentals and fruits. Therefore, use of drip irrigation systems is 
rapidly increasing around the world. Despite its advantages, in drip irrigation system, 
emitter clogging is one of the major problems, which can cause large economic losses 
to the farmers. Emitter clogging is directly related to the quality of the irrigation water, 
which includes factors such as suspended solid particles, chemical composition and 
microbes, and also insects and root activities within and around the tubing can also 
cause problems. The major operational difficulties in drip irrigation method arise from 
the clogging of dripper, which reduces the efficiency and crop yield.

Emitter clogging continues to be a major problem in micro irrigation systems. For 
high-valued annual crops and perennial crops, where the longevity of the system is 
especially important, emitter clogging can cause large economic losses. Even though 
information is available on the factors causing clogging, control measures are not al-
ways successful. These Problems can be minimized by appropriate design, installa-
tion, and operational practices. Reclamation procedures to correct clogging increase 
maintenance costs, and unfortunately, may not be permanent. Clogging problems of-
ten discourage the operators, and consequently cause abandonment of the system and 
return to a less efficient irrigation application method.

Emitter clogging is directly related to the quality of the irrigation water, which 
includes factors such as suspended particle load, chemical composition, and micro-
bial type and population. Insect and root activities within and around the tubing can 
cause similar problems. Consequently, these factors dictate the type of water treatment 
or cultural practices necessary for clogging prevention. Clogging problems are often 
site-specific and solutions are not always available or economically feasible. No single 
foolproof quantitative method is available for estimating the clogging potential. How-
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ever, by analyzing the water for some specific constituents, possible problems can be 
anticipated and control measures formulated.

Most tests can be made in the laboratory. However, some analyzes must be made 
at the sampling sites because rapid chemical and biological changes can occur after 
the source of water is introduced into the drip irrigation system. Water quality can 
also change throughout the year so that samples should be taken at various times over 
the irrigation period. These are further rated in terms of an arbitrary clogging hazard 
ranging from minor to severe. Clogging problems are diminished with lower concen-
trations of solids, salts and bacteria in the water. Additionally, clogging is aggravated 
by water temperature changes.

The causes of clogging differed based on emitter dimension [1, 2] and positions in 
lateral. De Kreij et al. [3] found that the tube emitter system with laminar flow suffered 
more severe clogging than the labyrinth system with turbulent flow, because laminar 
flow is predisposed to clogging. Emitter clogging was recognized as inconvenient and 
one of the most important concerns for drip irrigation systems, resulting in lowered 
system performance and water stress to the nonirrigated plants [8]. Partial and total 
plugging of emitters is closely related to the quality of the irrigation water, and occurs 
as a result of multiple factors, including physical, biological and chemical agents [5]. 
Favorable environmental conditions in drip irrigation systems can cause rapid growth 
of several species of algae and bacteria resulting in slime and filament build up, which 
often becomes large enough to cause biological clogging [5].

On the other hand, some of the bacterial species may cause emitter clogging due to 
the precipitation of iron, manganese and sulfur minerals dissolved in irrigation water. 
Filtration, chemical treatment of water and flushing of laterals are means generally ap-
plied to control emitter clogging. Physical clogging can be eliminated with the use of 
fine filters and screens. Emitter clogging is directly related to irrigation water quality, 
which is a function of the amount of suspended solids, chemical constituents of water 
and microorganism activities in water. Therefore, the above-mentioned factors have 
a strong influence on the precautions that will be taken for preventing the plugging 
of the emitters. During irrigation some clogging due to microorganism activities take 
place in cases when wastewater is used

In micro irrigation systems that are characterized by a number of emitters with 
narrow nozzles, irrigation uniformity can be spoilt by the clogging of the nozzles with 
particles of chemical character. Chemical problems are due to dissolved solids inter-
acting with each other to form precipitates, such as the precipitation of calcium car-
bonate in waters rich in calcium and bicarbonates [9]. In locations where the amount 
of the ingredients as dissolved calcium, bicarbonate, iron, manganese and magnesium 
are excessive in irrigation water, the emitters are clogged by the precipitation of these 
solutes [7]. Chemical precipitation can be controlled with acid injection. However, 
biological clogging is quite difficult to control. Chlorination is the most common prac-
tice used in the prevention and treatment of emitter clogging caused by algae and 
bacteria [6, 10]. Calcium hypochlorite, sodium hypochlorite and particularly chlorine 
are the most common and inexpensive treatments for bacterial slimes and for inhibi-
tion of bacterial growth in drip irrigation systems. However, continuous chlorination 
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would increase total dissolved solids in the irrigation water and would contribute to 
increased soil salinity [7].

1.1.2 NATURE AND SCOPE OF MECHANICS OF CLOGGING
The various components of drip irrigation are made up of plastic and polymer materi-
als and due to their flexibility and other advantages over metals. There are more than 
200 various components and materials used in drip irrigation installed at farm level. 
But, the major component coming in contact of water includes: Poly tube (material: 
linear low density poly ethylene), dripper (material: poly propylene), pipes (material: 
high density poly ethylene and polyvinyl chloride) and silicon diaphragm in emitters 
(material: silicon). It is found that the initiation of clogging starts at molecular level. 
Considering this, it is very necessary to study the clogging mechanism and initial ad-
sorption mechanism in drip irrigation system.

The phenomenon of adsorption is the collection or accumulation of one substance 
on the surface of another substance. In adsorption mainly the surface of solids is in-
volved and accumulated substances remain on the surface. Adsorption therefore, is 
said to be a surface phenomenon as it occurs because of attractive forces exerted by 
atoms or molecules present at the surface of the adsorbent. These attractive forces may 
be of two types: i) physical forces (cohesive forces or Vander Waals forces) ii) chemi-
cal forces (chemical bond forces). Thus, an attempt on study of adsorption parameters 
of these materials of silicon diaphragm, poly vinyl chloride (PVC), poly propylene 
(PP), high density poly ethylene (HDPE) and linear low density poly ethylene (LL-
DPE) used in drip irrigation would give insight into which material is more susceptible 
for adsorption and possible solutions to reduce clogging mechanism in the initial stage 
itself.

Considering all the above aspects, the present study was conducted in micro irri-
gated field. Partial and total plugging of emitters is closely related to the quality of the 
irrigation water, and occurs as a result of multiple factors, including physical, biologi-
cal and chemical agents [5].

Chemical problems are due to dissolved solids interacting with each other to form 
precipitates, such as the precipitation of calcium carbonate in waters rich in calcium 
and bicarbonates [9]. In locations where the amount of the ingredients as dissolved 
calcium, bicarbonate, iron, manganese and magnesium are excessive in irrigation wa-
ter, the emitters are clogged by the precipitation of these solutes [7]. Chlorination is 
the most common practice used in the prevention and treatment of emitter clogging 
caused by algae and bacteria [6, 10].

6.2 MATERIAL AND METHODS

6.2.1 THEORETICAL PREDICTION OF INITIAL ADSORPTION 
MECHANISM OF CATIONS AND ANIONS
Freundlich and Langmuir equations are the equations generally used to study the 
monolayer and multilayer adsorption of cations and anions. In this study, the Freun-
dlich and Langmuir equations were used to predict the initial adsorption mechanism 
of cations and anions on the surface of different polymers. The adsorption data was 
summarized using these equations. The Freuindlich Equation is given below:
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 x = (a c)1/n  (1)

where: x = is the amount of adsorbed cations (mg.kg–1 material) and c = residual so-
lution metal concentration (mg.L–1) in equilibrium solution. Two parameters ‘a’ and 
‘1/n’ are calculated using the linear transformation:

 Log x = Log a + (1/n) Log c  (2)

Langmuir Equation is defined below:

 x = kb c/ (1+ kc) (3)

The parameters b and k are calculated using the linear transformations

 c / x = c / b + 1 (k / b)  (4)

where: b = the maximum monolayer adsorption capacity (mg of metal. kg–1 of mate-
rial) and k = being an affinity coefficient related to the bonding energy (L.mg–1).

6.2.2 EXPERIMENTAL SETUP
For the purpose of this research, a stock solution of about 2,000 ppm (EC 3996 us at 
30.2oC and pH 8.05 at 30.2oC) of MgSO4, K2SO4, NaHCO3 and NaCl was prepared. 
The 1.6 g of each MgSO4, K2SO4, NaHCO3, NaCl were mixed in 1 L of distiled water 
(TDS = 0) and stock solution of 2000 ppm were made. After preparing 2000 ppm of 
stock solution, again solutions of 2000, 1600, 1200, 1000, 800, 400, 200,100 and 50 
ppm were prepared. For preparing 2000 ppm stock solution, 1.6 g each of MgSO4, 
K2SO4, NaHCO3, and NaCl were added to 1 L of distiled water.

After preparing the solution, 25 g each of different granules of plastic materials 
of PVC, HDPE, LLDPE, PP and silicon diaphragm were added in poly bottles. All 
these poly bottles were then kept in mechanical shaker of 160 rpm for 2 h and then 
suspension was filtered to get a clear aliquot and salts content (cations and anions 
present in solution of total dissolved salts, i.e., calcium and magnesium ions) and 
this was determined with the help of flame photometer. The difference between the 
amounts of total salts in the solution after shaking and amount initially present was 
taken as the amount of salts adsorbed by material on the walls of drip component. 
Then the readings for TDS (total dissolved solid), for different samples were taken 
by conductivity meter for 24, 48, 72, 7 days and 15 days. Adsorption of NaCl on dif-
ferent materials was determined separately. Conductivity meter was used for iden-
tifying the TDS of NaCl and flame photometer was used for predicting the ions of 
calcium, magnesium, carbonates, and sulfate. Experiment setup is shown in Figs. 1 
and 2.
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FIGURE 1 Poly bottles on shaker.

FIGURE 2 Measuring TDS and EC.

6.3 RESULTS AND DISCUSSION

Adsorption characteristic curves for component of drip irrigation with respect to PP, 
HDPE, LLDPE, and Silicon Diaphragm were studied and they are plotted in Fig. 3 us-
ing Eqs. (1)–(4): the Langmuir and Freundlich equations. Various adsorption charac-
teristics for different materials for different days were different. Most of the materials 
indicated similar adsorption characteristics with respect to Langmuir and Freundlich 
adsorption curves. Adsorption equation for Langmuir with respect to c/x and adsorp-
tion and graded concentration of plotted graph was observed and there was no posi-
tive corelation between adsorbed material and equilibrium concentration for silicon 
diaphragm PVC, PP, and LLDPE.

The results on adsorption of TDS by silicon diaphragm, PVC, PP, HDPE and LL-
DPE materials in drip irrigation system showed different adsorption characteristics 
for different periods of 1, 2, 3, 7 and 15 days (Table 1). The Freundlich adsorption ‘a’ 
values for silicon diaphragm (SD) were 30.1, 27.7, 25.9, 16.9 and 17.9 ppm; for PVC 
were 30.2, 48.1, 173.4, 192.3 and 299.9 ppm; for PP were 2.2, 5.9, 13.4, 50.1 and 80.4 
ppm; for HDPE were 8.9, 7.2, 29.3, 85.1 and 132.4 ppm; and for LLDPE were 51.6, 
69.7, 125.9, 205.6 and 263.6 ppm. Overall, it can be stated that for TDS, there was 
no positive corelation in case of Langmuir adsorption characteristics as indicated by 
wide scattering of data in the plots of the graphs with lower values of R2 (0 to 0.45). 
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However, in case of Freundlich parameters, most interesting inference can be drawn as 
there was positive corelation regarding adsorption of dissolved salts on the surfaces of 
plastic materials and silicon diaphragm (R2 = 0.23 to 0.86). Thus, only the Freundlich 
adsorption characteristics were found existing for total dissolved salts (TDS).

The Freundlich adsorption parameters presented in Fig. 2 revealed that the adsorp-
tion maxima ‘a’ of TDS over the period of time showed decreasing trend for silicon 
diaphragm (r2 = 0.876), while for other materials indicated increasing trend. The trend 
adsorption maxima ‘a’ was LLDPE> PVC> HDPE> PP> SD for overall 15 days. With 
strong corelation for LLDPE (r2 = 0.965), PVC (r2 = 0.943), HDPE (r2 = 0.884) and PP 
(r2 = 0.873), it can be interpreted that multilayer adsorption took place on the plastic 
surfaces. Further, LLDPE was found to be the most susceptible material among all the 
materials tried. The adsorption characteristics for Freundlich equations for different 
materials are presented in Table 1.

TABLE 1 Langmuir and Freundlich adsorption characteristics.

Materials
Days

Langmuir parameters

c/x = 1/kb +(1/b)*c
Freundulich parameters 
Log(x)=loga+(1/n)*logc

Slope

1/b

A d m a x 
1/slope

mg/kg

Intercept

1/kb

AC

slope/

intercept

L/mg

R2
Intercept

loga
a

Slope

1/n
R2

Silicon

Diaphragm

1 0 0 1.405 0 0.064 1.48 30.13 0.41 0.463

2 0 0 1.672 0 0.129 1.44 27.67 0.44 0.508

3 0 0 2.599 0 0.455 1.41 25.88 0.50 0.843

7 0 0 2.217 0 0.185 1.23 16.90 0.60 0.815

15 0 0 2.689 0 0.239 1.25 17.86 0.62 0.856

PVC

1 0 0 0.903 0 0 1.48 30.20 0.35 0.228

2 –0.001 –1000.00 1.898 –0.001 0.089 1.68 48.08 0.37 0.476

3 –0.001 –1000.00 2.874 0 0.091 2.24 173.38 0.20 0.235

7 –0.002 –500.00 4.098 0 0.136 2.28 192.31 0.22 0.350

15 –0.003 –333.33 7.021 0 0.199 2.48 299.92 0.19 0.431

PP

1 0.004 250.00 0.063 0.063 0.199 0.33 2.15 0.63 0.657

2 0 0 0.825 0 0.104 0.77 5.93 0.61 0.700

3 –0.001 –1000.00 1.300 –0.001 0.339 1.13 13.43 0.52 0.827

7 –0.002 –500.00 3.048 –0.001 0.451 1.70 50.12 0.41 0.707

15 –0.001 –1000.00 3.845 0 0.139 1.93 84.53 0.40 0.501

HDPE

1 0 0 0.602 0 0.243 0.95 8.85 0.56 0.320

2 0.001 0 0.848 0.002 0.232 0.86 7.19 0.67 0.540

3 0 0 1.795 0 0.030 1.47 29.31 0.53 0.485

7 0 0 3.490 0 0.076 1.93 85.11 0.41 0.516

15 0.001 1000.00 5.221 0 0.155 2.12 132.43 0.38 0.530
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Materials
Days

Langmuir parameters

c/x = 1/kb +(1/b)*c
Freundulich parameters 
Log(x)=loga+(1/n)*logc

Slope

1/b

A d m a x 
1/slope

mg/kg

Intercept

1/kb

AC

slope/

intercept

L/mg

R2
Intercept

loga
a

Slope

1/n
R2

LLDPE

1 0 0 5.687 0 0.175 1.71 51.64 0.57 0.769

2 0 0 7.082 0 0.279 1.84 69.66 0.54 0.796

3 –0.001 –1000.00 9.133 0 0.285 2.10 125.89 0.47 0.739

7 –0.001 –1000.00 11.670 0 0.303 2.31 205.59 0.41 0.675

15 –0.001 –1000.00 14.600 0 0.331 2.42 263.63 0.40 0.671

The results in Table 2 indicate that, among the various plastic and silicon dia-
phragm materials, the clogging due to adsorption mechanism over a period of 15 days 
was maximum on LLDPE (11.10%) followed by PP (5.82%), HDPE (4.91%), silicon 
diaphragm (3.27%) and PVC (3.03%) in that order. The clogging rates in case of LL-
DPE were 5.28 percent (i.e., 1.91 times more), 6.19 percent (2.26 times more), 7.83 
percent (3.39 times more) and 8.07 percent (3.36 times more) over PP, HDPE, silicon 
diaphragm and PVC materials, respectively. Thus, the LLDPE material was found 
more susceptible to clogging.

The overall percentage adsorption of NaCl on LLDPE ranged from 0.08 to 0.44 
from day 1 to day 15. The percentage adsorption was maximum (0.44%). Similarly for 
PVC the maximum percentage adsorption was (0.38%). In the same way maximum 
percentage adsorption for PP, HDPE, and LLDPE were (0.37%), (0.38%), (0.44%) re-
spectively (Table 3). It was observed that the maximum percentage adsorption (0.44%) 
took place on the surface of LLDPE compared to other materials. This revealed that 
LLDPE was more susceptible for clogging.

Table 4 indicated the adsorption rates of calcium, magnesium, calcium carbonate, 
sulfate on the surface of silicon diaphragm, PVC, PP, HDPE and LLDPE. The adsorp-
tion rate of calcium over a period of 15 days was maximum on HDPE (26.32 ppm and 
0.35%) followed by silicon diaphragm (12.94 ppm and 0.17%), LLDPE (10.12 ppm 
and 0.13%) and PVC (9.11 ppm and 0.12%), respectively. There was no adsorption 
effect of calcium on PP at all. The adsorption rate of calcium was maximum at the 
concentration of 804 ppm (1.51%) on silicon diaphragm, 220 ppm (4.14%) on PVC, 
113 ppm (3.58%) on HDPE and 220 ppm (0.65%) on LLDPE, respectively.

TABLE 1 (Continued)
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FIGURE 3 Freundlich Adsorption characteristics of different materials for total dissolved 
salts (TDS). (a) For silicon diaphragm; (b) For PVC; (c) For PP; (d) For HDPE; (e) For LLDPE.

The adsorption rate of magnesium over a period of 15 days was maximum on sili-
con diaphragm (38.04 ppm and 0.50%) followed by HDPE (28.19 ppm and 0.37%), 
PP (23.93 ppm and 0.31%), PVC (18.4 ppm and 0.24%) and LLDPE (15.33 ppm and 
0.20%), respectively. The adsorption rate of magnesium was maximum at the con-
centration of 240 ppm (8.69%) on silicon diaphragm, 116 ppm (1.06%) on PVC, 70 
ppm (1.76%) on PP, 220 ppm (1.11%) on HDPE and 220 ppm (8.69%) on LLDPE, 
respectively.
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TABLE 2 Adsorption of TDS for different materials.

No. of 
days

Overall percentage of adsorption on different materials

Silicon dia-
phragm PVC PP HDPE LLDPE

Total,
ppm

% Total,
ppm

% Total,
ppm

% Total,
ppm

% Total,
ppm

%

1 116 1.51 85 1.12 93 1.22 120 1.59 526 6.94

2 126 1.64 130 1.71 236 3.09 173 2.28 582 7.68

3 153 1.99 144 1.89 257 3.37 253 3.42 636 8.40

7 219 2.85 184 2.41 328 4.30 308 4.06 703 9.28

15 251 3.27 231 3.03 444 5.82 372 4.91 841 11.10

TABLE 3 Percent adsorption of NaCl.

No. of days Overall percentage of adsorption on different materials

Silicon diaphragm PVC PP HDPE LLDPE

1 0.14 0.08 0.09 0.09 0.08

2 0.21 0.14 0.16 0.17 0.13

3 0.28 0.21 0.21 0.23 0.19

7 0.33 0.31 0.31 0.30 0.28

15 0.39 0.38 0.37 0.38 0.44

The adsorption rate of calcium carbonate over a period of 15 days was maximum 
on PVC (13.2 ppm and 0.17%) followed by HDPE (3 ppm and 0.04%). There was no 
adsorption effect of calcium carbonate on silicon diaphragm, PP and LLDPE at all. 
The adsorption rate of calcium carbonate was maximum at the concentration of 2140 
ppm (0.62%) on PVC and 805 ppm (0.37%) on HDPE, respectively.

The adsorption rate of sulfate over a period of 15 days was maximum on PVC 
(99.91 ppm and 1.31%) followed by PP (82.55 ppm and 1.08%), HDPE (79.9 ppm 
and 1.05%), silicon diaphragm (55.54 ppm and 0.72%) and LLDPE (41.36 ppm and 
0.55%) respectively. The adsorption rate of sulfate was maximum at the concentra-
tion of 1620 ppm (1.03%) on silicon diaphragm, 810 ppm (5.93%) on PVC, 805 ppm 
(1.94%) on HDPE and 2130 ppm (0.67%) on LLDPE respectively. Overall it con-
cluded that magnesium, sulfate and calcium which affect more on the above materials 
whereas there was least effect of carbonate on the surface of the materials.
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TABLE 4 Effect of different ions on different materials.

S.

no.

Materials Calcium Magnesium Carbonate Sulphate

Ad % Ad % Ad % Ad %

1 Silicon diaphragm 12.94 0.17 38.04 0.50 0 0 55.54 0.72

2 PVC 9.11 0.12 18.4 0.24 13.2 0.17 99.1 1.31

3 PP 0 0 23.93 0.31 0 0 82.55 1.08

4 HDPE 26.32 0.35 28.19 0.37 3 0.04 79.9 1.05

5 LLDPE 10.12 0.13 15.33 0.20 0 0 41.36 0.55

Ad = Adsorption.

6.4 SUMMARY

The research study in this chapter clearly indicated that LLDPE material (linear low 
density polyethylene), which is used for tubing in drip irrigation technology, was 
more susceptible for clogging compared to silicon diaphragm, PVC, PP and HDPE 
and hence the same could be avoided in the material construction of any component of 
drip irrigation system. Therefore, drip components like emitters and tubings should be 
made up of PVC, silicon diaphragm, HDPE and PP materials in that order of prefer-
ence to reduce the clogging problems in drip irrigation system.
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7.1 INTRODUCTION

Plasticulture is a technology consisting of the combined use of raised beds, drip ir-
rigation and polyethylene mulch. In Florida, USA [7], this technology is widely used 
in vegetable crop production, such as: tomato (Solanum lycopersicum; 13,000 ha), 
bell pepper (Capsicum annuum; 7,500 ha), eggplant (Solanum melongena; no official 
statistic), watermelon (Citrullus lanatus; 10,500 ha), muskmelon (Cucumis melo; no 
official statistic), summer and zucchini squash (Cucurbita pepo; 5,000 ha), and straw-
berry (Fragaria x ananassa; 4,000 ha). These crops are grown mainly on the loamy 
soils of the Florida Panhandle, the deep sandy soils of North and Central Florida, the 
spodic soils of North-east and South West Florida and the calcareous soils of South 
Miami-Dade County (Fig. 1).

Because of the low water holding capacity (<10%) and the low organic matter 
content (<2%) of Florida sandy soils, keeping nutrients in the root zone (and out of 
the waterways) requires the specific knowledge of what portion of the soil is wetted 
during water application through drip irrigation, and how much water can be held in 
the root zone.

Therefore, this chapter includes how to: (1) Determine the size and shape of the 
wetted zone, (2) Incorporate our results into a rule for splitting irrigation events, and 
(3) Develop and evaluate an educational program to help North Florida watermelon 
and strawberry growers who use drip irrigation adopt irrigation and nutrient best man-
agement practices.

7.1.1 ADVANTAGES OF PLASTICULTURE
The main advantages of plasticulture include [38]: flexible application of water, nu-
trients and chemicals through the drip tape; crop earliness; weed control; effective 
soil fumigation; uniformity of water application; and double (or triple) cropping. In 
addition, drip irrigation is a low-volume method of irrigation compared to overhead ir-
rigation or subsurface irrigation [5]. Typically, vegetable crop water requirements (cm 
of water depth) are 89–102 for seepage irrigation, 46–51 for overhead irrigation, and 
30–38 for drip irrigation. Plasticulture is also seen today as a means of reducing the 
risk of foodborne illnesses when harvested plant parts are isolated from soil contami-
nation by the polyethylene mulch and when irrigation water does not directly contact 
the harvested plant parts [39]. Therefore, plasticulture offers advantages during field 
production, postharvest period, and helps conserve natural resources. However, plas-
ticulture is more expensive than bare-ground production. Plasticulture requires con-
tinuous maintenance of the drip-irrigation system, and demands higher management 
skills for the correct injection and operation of the drip-irrigation system. Plasticulture 
also creates the need for polyethylene mulch and drip tubing disposal at the end of the 
cropping season [24, 31].
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FIGURE 1 Major vegetable producing regions of Florida and location of dye tests and on-
farm demonstrations conducted between 2000 and 2013 [22]; and unofficial regional acreage 
based on industry knowledge and state statistics, “Ewing, J. 2013. 2012 Florida agriculture 
by the numbers, US Dept. Agric. – Natl. Agric. Stat. Serv. – Fla. Field Office, http://florida-
agriculture.com/brochures/P-01304.pdf.”

7.1.2 BEST MANAGEMENT PRACTICES
Plasticulture is also a best management practice (BMP) in Florida because drip ir-
rigation allows for better control of water and nutrient application [9, 10, 18]. The 
U.S. Clean Water Act of 1977 [41] mandated that all states in USA: (a) Develop a 
classification of water bodies based on their intended use (such as drinking, shellfish 
production, fishing, swimming, irrigation, or navigation); (b) Develop narrative or nu-
merical criteria for water quality parameters; and (c) Develop a corrective process to 
restore the water quality of impaired water bodies. As the list of impaired water bodies 
in Florida was developed by the Florida Department of Environmental Protection, the 
Florida Watershed Restoration Act of 1999 [12] was passed to coordinate restoration 
efforts. As stated in the Clean Water Act, the maximum amount of pollutants that a wa-
ter body can accept and still maintain its water quality parameters consistent with its 
intended use is termed Total Maximum Daily Load (TMDL; [11]). The measurement 
and allocation of loads to specific point sources or specific categories of nonpoint 
sources of pollution in a water basin are established in the Basin Management Action 
Plan (BMAP). Cultural practices implemented at the field level to reduce nutrient loss 
below the root zone are called BMPs.
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7.1.3 BEST MANAGEMENT PRACTICE (BMP) FOR VEGETABLE CROPS 
IN FLORIDA
Because vegetables are grown with intensive fertilization and irrigation, the Florida 
Department of Agriculture and Consumer Services, the Florida Department of Envi-
ronmental Protection, the five water management districts in Florida, and the Univer-
sity of Florida’s Institute of Food and Agricultural Science (UF/IFAS) have cooper-
ated to draft, test, and adopt BMPs for vegetable crops grown in Florida ([9]; http://
bmp.ifas.ufl.edu/). By definition, BMPs are specific cultural practices that maintain 
crop profitability, while reducing the environmental impact of production. Initially, the 
BMP program was designed to be a voluntary, incentive-based program. Landowners 
officially enroll in the BMP program by signing a notice of intent to implement and 
by following a BMP implementation plan that was specifically designed for their land 
use. By law, farmers with land enrolled in the BMP program receive a presumption of 
compliance with water quality standards and become eligible for cost-share programs 
available to offset the cost of BMP implementation. Modifications of the Florida Wa-
tershed Restoration Act in 2005 required that landowners whose land is not enrolled in 
the BMP program must develop their own monitoring program and show that the dis-
charge coming out of their land is in compliance with water quality standards. Because 
of the costs and burden associated with this provision, landowners are choosing the 
BMP program over the self-monitoring option. The BMP program has become “quasi 
voluntary” but it is better the think about BMPs as a way to farm more efficiently.

7.1.4 CURRENT FERTILIZATION AND IRRIGATION RECOMMENDATIONS 
FOR VEGETABLE CROPS GROWN WITH PLASTICULTURE IN FLORIDA
The BMPs for vegetable crops are based on the University of Florida’s Institute of 
Food and Agricultural Science’s recommendations for vegetable production in Florida 
[25], including fertilization [22] and irrigation [6]. Based on soil test results, typical 
fertilization recommendations for vegetable crops grown with plasticulture consist of 
a base rate and a supplemental application allowance. In the base rate: (a) 0% to 50% 
of the total N and K, and 100% of the P and micronutrients are preplant incorporated 
in the raised bed; and (b) the remaining N and K are injected through the drip tape 
following established schedules. Supplemental fertilizer allowance consists of the ap-
plication of additional fertilizer: (a) after a leaching rain event; (b) when the results 
of petiole sap testing or tissue analysis are “low”; and/or (c) when the harvest season 
is extended. Leaching rain events are defined as 7.7 cm of rain occurring in 3 days or 
10.2 cm occurring in 7 days [6]. Sampling protocols and thresholds for the interpreta-
tion of sap testing and tissue analysis are available for most vegetable crops [19, 25]. 
Typical irrigation recommendations for vegetable crops grown in Florida consist of:

(a) Calculating a daily target water application rate based on crop age and actual 
crop evapotranspiration (ETc, [1, 6]);

(b) Fine tuning the target water amount based on real-time soil moisture measure-
ments (using tensiometers, Time Domain Reflectometry probes or other soil 
moisture sensors);

(c) Determining the contribution of rainfall;
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(d) Knowing the total amount of water that can be held in the root zone and devel-
oping a rule for splitting irrigation amounts; and

(e) Keeping records of irrigation system use, performance and maintenance.

FIGURE 2 University of Florida’s irrigation and fertilization recommendations for watermelon 
grown in Florida. (1 Olson, S.M., P.J. Dittmar, P.D. Roberts, S.E. Webb and S.A. Smith.2012. 
Cucurbit production in Florida, HS725, Electronic Database Information System, Univ. of Fla., 
Gainesville, FL. http://edis.ifas.ufl.edu/pdffiles/cv/cv12300.pdf for complete recommendations 
for watermelon production in Florida. 2 Standard bed spacing for watermelon is 8-ft. (244 cm); 
1 A=5,445 linear bed feet (1 ha = 4,098 m of bed). 3 Target volumes were converted to estimated 
time assuming 100% irrigation efficiency and 24 gal/100 lbf/hr (309 L/100 m/hr) drip-tape 
flow rate. 4 Adjustments to the target injection schedule are made based on daily soil moisture 
measurements. 5 Adjustments to the target fertilization schedule are made based on weekly sap 
testing or tissue sampling.).

Fertilization recommendations may be achieved with any combination of appro-
priate fertilizer sources. Irrigation recommendations may be achieved using a wide 
range of flow rates and emitter spacings. Based on the flow rates, drip tapes are classi-
fied as low flow (<248L/100 m/hr), medium flow (248–373 L/100 m/hr) or high flow 
(>373L/100 m/hr). Typical drip-tape emitter spacings used in vegetable production 
are 10.2, 20.4, 30.6, and 45.7 cm. Hence, fertilization and irrigation may be achieved 
with a wide range of practices. For example, recommended fertilization and irrigation 
schedules for watermelon are shown on Fig. 2.
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Because drip irrigation applies nutrients and water near the drip tape, implementing 
fertilization and irrigation recommendations correctly requires the use of appropriate 
units to express water and nutrient application rates, the knowledge of the conventions 
used in the recommendations, and correct calculations. For example, a fertilizer rate of 
100 kg/ha applied to a bare ground crop will be done using the broadcast method. With 
this method, each square meter in the field receives the same amount (100 kg/10,000 
m2, Note: 10,000 m2 = one ha) of fertilizer. This approach cannot be used in plasticul-
ture as it would lead to fertilizer application everywhere in the field including between 
the beds. Plants cannot access nutrients between the beds and risk of leaching is high.

Another example is the expression of irrigation amount. Typical units of irrigation 
are vertical amounts of water. This unit well represents the application of water when 
overhead, subsurface or flood irrigations are used because these irrigation methods 
apply water uniformly over the entire field. When drip irrigation is used, no water is 
applied between the beds. Hence, when plasticulture is used, the mindset of water and 
nutrient management needs to switch from fertilizing and irrigating field surfaces to 
fertilizing and irrigating lengths of mulched beds. Consequently, recommendations for 
vegetable crops grown in Florida are based on a standard bed spacing for each crop. 
Bed spacing is the distance between the centers of two adjacent raised beds. In original 
units (and SI units), standard bed spacings are [22]:

(a) 4 ft (122 cm) for strawberry,
(b) 5 ft (153 cm) for muskmelons,
(c) 6 ft (183 cm) for tomato, pepper, eggplant, and summer squash, and
(d) 8 ft (244 cm) for watermelon.
The use of standard bed spacing also determines the length of bed in one acre 

(lbf = linear bed feet). This is calculated by dividing the number of square feet in one 
acre (1 acre = 43,560 sq ft; 1 ha = 10,000 m2) by the bed spacing. In the original units 
of the recommendation, bed spacings of 4, 5, 6, and 8 ft (122, 153, 183 and 244 cm, 
respectively) correspond to 10,890, 8,712, 7,260, and 5,445 lbf (8,197, 6,534, 5,465, 
and 4,098 linear meters of bed, lbm), respectively. In this chapter, the symbol “A” is 
used to represent the length of bed found in one acre planted at standard bed spacing. 
Hence, a recommendation of “X lbs/A” represents an amount of X lbs of fertilizer 
applied uniformly to a length of bed for a crop planted at the standard bed spacing. 
Because in commercial agriculture alley ways are left unplanted every third or sixth 
bed and because crops may be planted at spacings other than the standard bed spacing, 
the actual number of linear bed feet at standard bed spacing needs to be calculated for 
each field.

Based on their experience and understanding of the conventions used in the rec-
ommendations, vegetable growers in Florida may have different levels of expertise 
and proficiency at managing nutrient and water applications (Table 1). A state-wide 
implementation of water and nutrient BMPs requires that the educational programs 
and efforts conducted by UF/IFAS Extension and state agency personnel be at the field 
level. Ideally, all fertilization and irrigation practices should be consistent with Level 
5 (Table 1). When excess irrigation is used, nutrients tend to leach, and crops tend to 
have “low” levels of nutrients.
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TABLE 1 Levels of nutrient and water management for vegetable crops grown with 
plasticulture.

Management level Nutrient management

method

Irrigation

scheduling methodLevel Rating

0 None Guessing Guessing 

1 Very low Soil testing and still guessing Using the “feel and see” method

2 Low Soil testing and implementing 
“a” recommendation. Unsure 
how to use the information

Using systematic irrigation (exam-
ple: 2 h every day from transplant-
ing to harvest)

3 Intermediate Soil testing and understanding 
how to use the information to 
implement the recommendation

Using a soil moisture measuring tool 
to start irrigation

4 Advanced Soil testing, understanding how 
to use the information to imple-
ment the recommendation, and 
monitoring crop nutritional sta-
tus to adjust fertigation sched-
ules

Using a soil moisture measuring 
tool to schedule irrigation and ap-
ply amounts based on a budgeting 
procedure.

5 Recommended Soil testing, understanding how 
to use the information to imple-
ment the recommendation, mon-
itoring crop nutritional status to 
adjust fertigation schedules, and 
practicing year-round nutrient 
management. Together, these 
represent following nutrient 
BMPs.

Using together a water use estimate 
based on crop plant stage of growth, 
a measurement of soil moisture, 
determining rainfall contribution to 
soil moisture, having a guideline for 
splitting irrigation and keeping irri-
gation records. Together, these rep-
resent following irrigation BMPs.

Because, historically, fertilizer cost represents only 10% to 15% of production 
costs, growers may select fertilizer rates above the recommended one as a convenient, 
preventive means to avoid yield reductions. While crop yields are usually maintained, 
nutrient leaching below the root zone tends to occur too. Hence, a reduction in nutrient 
losses below the root zone will only be achieved through education on irrigation man-
agement combined with monitoring of crop nutritional status. Education is more effec-
tive when it involves hands-on demonstrations and one-on-one learning experiences.

7.1.5 METHODS FOR QUANTIFICATION OF WATER MOVEMENT IN THE 
SOIL
Water movement in the soil is a rather abstract concept because it is a process that 
takes time, occurs underground, and depends on soil type. The most common methods 
used to quantify the movement of water in the soil use radioactive isotopes (deuterated 
water), chemical tracers (typically halogens) and colored substances (dyes). Radio-
isotope labeled water is often used for the study of ground water movement when soil 
sampling is not practical [23]. Bromide (Br–) is used as a tracer to study water and 
solute transport because its background concentration is low and it is not adsorbed 
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by negatively charged soil minerals. Hence, Br– moves with water [13]. Chloride ions 
(Cl–) behave similarly in the soil, but Cl– is ubiquitous in the environment and is often 
used in fertilizers. This technique involves application of the chemical tracer, soil sam-
pling, and laboratory analyzes. When they do not get adsorbed by soil colloids, dyes 
such as Brilliant Blue FCF (C.I. Food Blue 2) are a valuable tool for visualizing water 
flow patterns. Because it is nontoxic to plants and animals, has a water solubility of 
200 kg.m−3, and is relatively inexpensive ($13/L), Brilliant Blue FCF is well suited for 
field use [15]. Depending on pH, the dye is either neutral or dissociates to a mono or 
bivalent anion but it keeps its color [14]. Dye-tracer studies in the field using Brilliant 
Blue FCF showed that in the top 0–25 cm layer, the degree of dye coverage tended to 
be larger for the lower irrigation intensities indicating that water flow in the top soil 
took place through a relatively great proportion of the pores in the soil matrix [16]. The 
relative speed of movement between chemical tracers and dyes has been determined. 
Batch adsorption experiments conducted in laboratories suggested that the dye forms 
ion pairs with Ca2+. Field experiment showed that the movement of Brilliant Blue 
FCF dye is slightly retarded compared with those of the conservative tracer Br− and 
iodine ions (I−; [14]). Nevertheless, because of natural field heterogeneity and the fact 
that soil sampling and chemical analyzes are not needed, dyes have been used in field 
experiments on tillage [27], fumigation [17], herbicide applications [2], fertigation 
management [29, 30], and nutrient leaching [8, 42].

The use of dyes as a teaching tool to improve water and nutrient management 
relies on the assumption that the movement of the dye during irrigation closely repre-
sents that of nutrients, in particular nitrate-nitrogen (NO3-N). When soluble KNO3 was 
injected at a rate of 45 kg.ha–1 of N (which is twice the highest recommended weekly 
injection rates of N for most vegetable crops in Florida) together with the dye, NO3-
N concentration was significantly greater in the wetted area and in the dyed area (18 
mg.kg–1 soil for both) than below it (3 mg.kg–1) for irrigation volumes ranging between 
152 and 610 L/100 m [37]. These results suggest that (1) NO3-N did not move faster 
than the water (it did not “get ahead of the water front”) and (2) NO3-N did not get 
“left behind where it was injected” since differences in NO3-N concentration in the 
dyed area and above it were not significantly significant. Hence, the movement of the 
Brilliant Blue FCF may be used as a visual tool to represent the movement of NO3-N 
in field conditions.

Few reports are available documenting water movement in mulched beds of soil 
in Florida. In soils with an impermeable layer in Quincy, FL and in Hendry County 
(Fig. 1), water moved by gravity until it reached the impermeable layer, then moved 
horizontally until complete emitter-to-emitter coverage was achieved [34]. In a Krome 
Very Gravely Loam soil of south Miami-Dade County (Fig. 1; with bed rock at the 
18–25 cm depth), increasing irrigation volume from 261 to 1,764 L/100 m (using drip 
tapes with flow rates of 261 to 435 L/100 m/hr (medium to high flow-rate range) and 
emitter spacings ranging between 10.2 and 30.5 cm), did not have a practical effect 
on the depth and length of the wetted zone. Because the gravely texture of this soil 
type does not allow the formation of compact beds, the dimensions of the wetted zone 
ranged randomly between 11.5 and 20 cm [35, 40]. The determination of how much 
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water can be held in the wetted zone requires the quantification of the vertical and 
horizontal water movement in mulched beds.

7.2 MATERIALS AND METHODS

This report covers a research and Extension project conducted in North Florida be-
tween 2000 and 2013, which consisted of two types of activities. First, a series of 
large, replicated dye tests were conducted at the UF/IFAS Suwannee Valley Agricul-
tural Extension Center in Live Oak, FL on a Blanton-Foxworth-Alpin complex (for-
merly classified as Lakeland fine sand). Then, on-farm educational demonstrations 
were conducted on the joint management of irrigation and nutrients (Fig. 1).

7.2.1 REPLICATED TRIALS
Replicated dye tests were conducted on newly formed raised beds without plants. 
They involved a single irrigation event and a disruptive amount of digging. In each 
test, treatments consisted of duration of irrigation and drip-tape type (flow rate and 
emitter spacing; Table 2). Each combination of drip tape and duration of irrigation was 
replicated four times. Irrigation systems consisted of a well, pump, back-flow preven-
tion device, fertilizer injector (model DI16–11, Dosatron, Clearwater, FL), 150-mesh 
screen filter, 138 kPa pressure regulator, and drip tape (Fig. 3). Dye tests consisted 
of pressurizing the system, injecting the dye (Terramark SPI High Concentrate, Pro-
Source One, Memphis, TN) at a 1:49 (v:v) dye:water dilution ratio for the first 30 
min (which corresponded approximately to 1.24 L/100 m), irrigating for the selected 
length of time (including the time needed for the dye injection phase), digging lon-
gitudinal and transverse sections of the raised bed, taking measurements and making 
notes on the shape of the colored zone. Selected irrigation durations ranged between 
1 and 8 hours.

FIGURE 3 Typical irrigation system consisting a well, pump, back-flow prevention device, 
fertilizer injector (model DI16–11, Dosatron, Clearwater, FL), 150-mesh screen filter, 138 kPa 
pressure regulator; and drip tape used in replicated dye tests (a) (a. Photo credit: Eric Simonne, 
University of Florida.) and on-farm demonstrations (b) (b. Photo credit: Bob Hochmuth, 
University of Florida)).
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At the end of each irrigation duration, the drip tape was cut off approximately 7 
m from the end of the operating drip tape. Hence, the length of drip tape used was 
reduced after each irrigation duration. If not compensated, this would increase the 
operating pressure, which would also change drip-tape flow rate, thereby affecting the 
results. In order to keep a constant operating pressure throughout the duration of a test, 
drip tapes identical (in flow rate and length) to the ones used in the test were installed 
in a portion of the field outside the test area (Fig. 4). The total length of drip tape ac-
tively irrigating was maintained constant during the whole test by opening a length of 
drip tape identical to the one that was closed. Digging was done immediately after the 
last irrigation duration and measurements of the colored zone depth (D), width (W) 
and length (L; emitter-to-emitter coverage) were taken on 8 consecutive emitters for 
D and L and 2 consecutive emitters for W in each replication (Fig. 5). For each drip 
tape type, the total amount of water applied was calculated by multiplying the nominal 
drip-tape flow rate by the duration of operation. Responses of D, W and L to irrigation 
volume applied were determined by regression analysis [32].

TABLE 2 Flow rate and emitter spacing of drip tapes used in dye tests conducted in 2002 and 
2003 at the UF/IFAS Suwannee Valley Agricultural Extension Center, Live Oak, FL on a 7-m 
deep Blanton-Foxworth-Alpin complex (formerly Lakeland fine sand). 

Date Drip tape1 Irrigation duration

Flow rate Emitter

spacing

(L/hr/100 m) (cm) (hr)

3 Mar. 2002 309(c) 30.5 1, 2, 4, 8

9 May 2002 309(c) 30.5 1, 2, 4, 8

3 Dec. 2002 309(c) 30.5 1, 1.5, 2, 2.5

4 Dec. 2002 206(e), 425(e) 10.2 1, 2, 3, 4

516(c) 20.3

219(b), 335(b), 387(a), 516(c) 30.5

25 Mar. 2003 309(c) 30.5 5, 6, 7

3 Dec. 2003 206(e), 425(e), 516(c) 10.2 1, 2, 4, 8

258(c), 516(c) 20.3

219(b), 309(b), 309(e), 335(c), 
387(a), 464(e), 516(b)

30.5

1 Manufacturer: (a) Chapin; (b) Eurodrip; (c) John Deer (formerly Roberts);

(d) Netafim; (e) Queen Gil.
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FIGURE 4 Schematic representation of treatment plots (in green) showing drip tape with shut-
off valves (blue line) to create irrigation treatment durations of 45, 90, 180 and 240 min. An 
additional drip tape with shut-off valves (red line) was used to balance the irrigation pressure by 
turning on a section of equal length as each section of the treatment tape was turned off (Credit: 
Bee Ling Poh, University of Florida).

FIGURE 5 Overview of a dye test conducted on a Blanton-Foxworth-Alpin complex (formerly 
Lakeland fine sand) at the UF/IFAS Suwanee Valley Agricultural Extension Center, Live Oak, 
FL, showing longitudinal (left) and transverse (right) sections of the bed (Photo credit: Eric 
Simonne, University of Florida). 
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7.2.2 ON-FARM DEMONSTRATIONS
Based on the results of the replicated trials, demonstrations involving the joint man-
agement of irrigation and nutrients were conducted with commercial strawberry grow-
ers in the Alachua-Bradford-Union Counties and with the tomato, bell pepper, musk-
melon and watermelon growers in the Lower Suwannee River Valley area (Tables 3 
and 4; [21], [36]).

The 15-ha strawberry industry of Alachua-Union-Bradford Counties dates back to 
the beginning of the century (Fig. 1). In this area of North Florida, winter temperatures 
have historically prevented growers from targeting the early season market window 
of December and January. The unpredictable, yet frequent freezing events in the fall 
require overhead irrigation for frost protection, hoping that lowest night temperatures 
do not go below −3 to −4oC, which would be damaging to the strawberries and/or the 
leaves of the strawberry plants. Hence, growers in these counties establish strawberry 
fields in the late summer and manage water and nutrients throughout the fall and early 
winter for a targeted full bloom period in March and April. This marketing window 
coincides with the end of the strawberry season in Central Florida and with the coveted 
spring direct marketing opportunities for growers. If the spring is dry and insect and 
disease pressures are low, harvest season often lasts until mid-June.

During the 2007–2013 growing seasons, seven strawberry farms (ranging from 
0.25 to 2.5 ha in size) in the region were targeted for irrigation and fertilization man-
agement education, and ultimately BMP adoption through weekly farm visits by the 
local County and Regional Extension Agents. On these farms, plasticulture with drip 
irrigation was used with the exception of one grower who used granular fertilizer ap-
plied under plastic and overhead irrigation. Based on experience, this grower applies 
approximately 2/3 of the fertilizer preplant, and adds the remaining through the top of 
the bed by punching holes in plastic near the middle of the growing season. Soils in 
these farms have an impermeable spodic layer at a depth that varies between 30 and 75 
cm. For economic reasons, none of these farms have continued to use soil fumigants. 
In the late 1990’s, irrigation and fertilization practices were largely empirical and rated 
as “very low” as described in Table 1.

With the combined use of fumigation, plasticulture, drip irrigation and transplants, 
and the recent shift to seedless (triploid) watermelon production, the 2,300 ha, $30 
million watermelon industry in North Florida targets the May-June shipping mar-
ket window. Growers typically follow production recommendations [26]. In the late 
1990’s, irrigation and fertilizer practices were rated “low” as described in Table 1. As 
an attempt to reduce labor required, growers applied preplant incorporated fertilizer at 
approximately 50% or more of the N and K and 100% of the P and micronutrients, and 
started injections “when the plants ran out of fertilizer.”



Water Movement in Drip Irrigated Sandy Soils 195

TABLE 3 Guidelines for conducting a dye test in a commercial field.

Step No. What To Do Notes

Preparation before the Dye Test

1 Prepare the field and form the raised beds as will 
be done for vegetable production.

In many instances, this will include the use fu-
migants, herbicide or preplant fertilizer. Follow 
labels for reentry intervals

Read drip tape information provided by the 
manufacturer; record nominal flow rates, 
operating pressure, and maximum bed 
length. If two drip tapes are used on each 
bed, calculate the “apparent flow rate” by 
multiplying by two the drip tape nominal 
flow rate.

Flush irrigation system as recommended

2 Isolate a section of the field where the dye test 
will be performed.

Soil type should be representative of that of the 
field.

Select a representative area of the field 
close to a water source. Area selected 
should be between 300 to 600 m of bed 
length

3 In some instances, a temporary water source 
may be needed. Connect the temporary water 
source to the section of the field where the dye 
test will be performed.

Because the field section for the dye test 
may be much smaller than the entire field, 
a 3/4 to 1 inch poly pipe may be temporar-
ily used to supply water to this section.

4 Prepare an injection point for the dye. The injection point should be close to the 
field section where the dye will be injected 
(a few meters). Components of the injec-
tion manifold are described in Table 5.

5 Select a water-soluble dye. While several dyes are available on the 
market, satisfactory results have been 
achieved with the Brilliant Blue FCF 
dye. Always read and follow the label. 
Dye costs approximately $13/L. Dyes are 
highly concentrated and should be used 
with care.

6 Mark bed sections 10 to 20 m in length. Sections 
may be marked with flags or paint. Select a few 
representative operating times.

Each section will correspond to a different 
operating time.

Operating times should represent the dif-
ferent irrigation durations used throughout 
the season. For example, possible operat-
ing times are 1, 2, 3, 4, 6, and 8 hrs. Oper-
ating times of 1 to 4 h represent irrigation 
times, while 6 and 8 h represent excessive 
irrigations or irrigations needed to apply 
fumigants.

7 Flush the system; check for leaks Essential if system was left idle for few 
days after installation.

Execution of the Dye Test

8 Bring stop watch, data collection form and pen, 
a knife, a tape measure and shovels.

Stop watch will be used to keep track of ir-
rigation times; data collection form will be 
used to record time and irrigation volume 
applied (based on water meter readings); 
the tape measure will be used to measure 
the wetting zone.
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Step No. What To Do Notes

9 Bring a 20-L bucket May be used to predilute concentrated dye.

10 Turn on the water and pressurize system. Read and record pressures at gauges.

Check and repair leaks in the field 

11 Start injecting dye once system has been charged Read and record time and initial reading on 
water meter

12 At preselected times (see step 6), cut and tie the 
tapes at premarket spots (see step 6)

Sections receiving the shortest irrigation 
times should be placed at the farthest end 
of the test.

Monitor pressure changes at gauges 1, 2, 
and 3 after each section is tied.

13 For each section, dig a transverse (perpendicular 
to the bed axis) and a 4-foot longitudinal (paral-
lel to the bed axis) section.

Holes should be deep enough to see the bot-
tom of the dye. The dye may appear faded 
immediately after digging, but soil drying 
will improve contrast. When digging, al-
ways select the sides best exposed to direct 
sun light so that soil will dry faster.

14 Measure and record the position of the water 
front for each visible emitter. 

Observe the shape of the dye pattern; no-
tice uniformity. Record depth and width 
on transverse bed sections, and depth and 
length on the longitudinal bed sections. 
Note that different numbers of emitters (and 
therefore, measurements) may be done on 
the transverse and longitudinal sections.

15 Disconnect the injection point to allow drip ir-
rigation system to operate normally

The execution of the dye test should not 
have long-term effects on drip system op-
eration and design. 

Adapted from: Simonne, E., D. Studstill, M. Dukes, J. Duval, R. Hochmuth, E. Lamb, G. McAvoy, T. 
Olczyk, and S. Olson. 2004. How to conduct an on-farm dye test and how use its results to improve drip 
irrigation management in vegetable production, EDIS, HS 980, http://edis.ifas.ufl.edu/HS222.

TABLE 4 Description of typical injection manifold components used in on-farm dye tests1.

Component2 Role Relative importance

On-off valve Controls water supply Essential

Pressure gauge #1 Monitors changes in pressure of water source. 
In-coming pressure should be 40 to 50 psi.

Practical

Back-flow prevention device Prevents water and dye to be siphoned back 
into the water source

Essential (mandated by 
Florida Statutes)

In-line faucet Provides an outside supply of water Practical when no other 
water source is available.

Water meter Measures actual water volume applied Essential

In-line screen filter Reduces risk of clogging. Improves uniformity Useful

Pressure reducer Maintains operating pressure close to drip-
tape manufacturer operating pressure. Ensures 
proper flow rate and improves uniformity

Essential

TABLE 3 (Continued)
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Pressure gauge #2 Monitors changes in water pressure before the 
injection point

Practical

Injection point (Mazzi- or 
Dosatron-type)

Injects the dye in the system. Use a 1:50 to 
1:100 dilution rate. Insert weight and a filter at 
the end of the suction line.

Essential

Pressure gauge #3 Monitors changes in pressure at the furthest 
point of the system

Practical

1 Adapted from: Simonne, E., D. Studstill, M. Dukes, J. Duval, R. Hochmuth, E. Lamb, G. McAvoy, T. 
Olczyk, and S. Olson. 2004. How to conduct an on-farm dye test and how use its results to improve drip 
irrigation management in vegetable production, Electronic Database Information System, HS 980, http://
edis.ifas.ufl.edu/HS222.
2 From water source to field.

Neither the watermelon nor the strawberry growers monitored soil moisture levels 
or plant nutritional status at the beginning of this project. The management practices 
used at that time were not consistent with the BMPs. During the period of 2003–2005, 
the concept of being able to “see” where water and fertilizer moves in the bed was be-
ginning to be taught by conducting on-farm blue dye demonstrations (approximately 
50 in the region), presenting multimedia presentations at grower meetings, using edu-
cational posters that showed color pictures of examples of blue dye staining events 
over a range of irrigation run times, and showing videos of the blue dye process and 
results (http://vfd.ifas.ufl.edu/gainesville/blue_dye/index.shtml). Farmers were wit-
nessing the raised-bed soil wetting patterns in their own fields following their own 
practices. In addition, crop NO3-N and K nutritional status was determined in real-time 
on hundreds of plant petiole samples thanks to sap testing [19]. At the same time, the 
use of soil moisture devices (such as gypsum blocks, granular matrix sensors, tensi-
ometers, and Time Domain Reflectometers) and their correct placement was demon-
strated. Results of dye tests, sap tests, and soil moisture measurements were used by 
growers to make daily adjustments to the irrigation schedule and fertility programs.

FIGURE 6 Longitudinal (6a) and transverse (6b) dye patterns created by irrigations ranging 
from 1 to 8 h with a 30-cm emitter spacing, 309 L/100 m/hr drip tape on a Blanton-Foxworth-
Alpin complex (formerly Lakeland fine sand) at the UF/IFAS Suwanee Valley Agricultural 
Extension Center, in Live Oak, FL. (the change in color in the soils profile marks the bottom 
of the plow zone and root zone at the 30-cm depth), (Photo credit: Eric Simonne, University of 
Florida).

TABLE 4 (Continued)
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7.3 RESULTS AND DISCUSSION

7.3.1 SHAPE OF THE WETTED ZONE
The dye patterns in the soil appeared as a 2-to-3-cm thick blue ring surrounding an 
uncolored section of soil because the dye was injected first followed by clear water 
(Fig. 6). If the dye was continually injected with all the irrigation water, the entire 
wetted section would appear blue. The dye was easily distinguishable in the soil at the 
rate used, but the contrast between the blue dye and the soil color was improved by 
allowing the wetted zone to dry for 1 to 2 h after digging. Improved contrast was nec-
essary for improving quality of wetting patterns especially when dye injections were 
followed by long irrigation durations and the large water volumes diluted the dye in 
the soil. In all tests, the uniformity of the dye patterns was high.

FIGURE 7 Responses of the Depth (a; D), Width (b; W) and Length (c; L) of the wetted zone 
to irrigation volume applied (V) on a Blanton-Foxworth-Alpin complex (formerly Lakeland 
Fine Sand) during four dye tests conducted at the UF/IFAS Suwannee Valley Agricultural 
Extension Center in Live Oak, FL(new beds) using a single drip tape with a nominal flow rate 
of 24 gal/100ft/hr.
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7.3.2 RESPONSES OF DEPTH, WIDTH AND LENGTH OF THE WETTED 
ZONE TO IRRIGATION VOLUME APPLIED
When a drip tape with 30-cm emitter spacing and a 309 L/100 m/hr flow rate was used, 
responses of the depth (D, cm), width (W, cm) and length (L, cm) of the wetted zone to 
irrigation volume (L/100 m of bed) are shown in the following (Fig. 7):

 D = 0.017 V + 13.7, R2=0.92 (Fig. 7a) (1)

 W = –[3 x 10–6 V2 + 0.0174 V + 17.6, R2=0.96 (Fig. 7b) (2)

 L = –[3 x 10–6 V2 + 0.0130 V + 18.2, R2=0.99 (Fig. 7c) (3) 

FIGURE 8 Responses of the depth (a; D) of the wetted zone to irrigation volume applied 
(V) on a Blanton-Foxworth-Alpin complex (formerly Lakeland Fine Sand) with multiple drip 
tape types during dye tests conducted at the UF/IFAS Suwannee Valley Agricultural Extension 
Center in Live Oak, FL on newly formed raised beds. 

These results first showed that the depth of the wetted zone was below the root 
zone for single irrigation events between 2 to 4 h (Fig. 5). Hence, single irrigation 
events longer than 2 h are likely to start moving fertilizer below the root zone in a 
deep sandy soil. These results also showed that while the depth of the wetted zone 
kept increasing with increasing irrigation volumes, the wetted width tended to remain 
constant once it reached 40 cm. This means that the practical area of soil wetted un-
der these conditions is 20 cm on each side of the drip tape. Attempts to increase the 
width of the wetted zone by pulsing irrigation (for example by applying 4 irrigation 
cycles of 1 hr instead of one irrigation cycle of 4 h) were not successful [28]. These 
results finally show that complete emitter-to emitter coverage was achieved between 2 
and 4 h when emitters were spaced 30 cm apart. These results may also be applied to 
the adequate positioning of soil moisture devices. For greater sensitivity, the devices 
should be placed in the zone of the raised bed where soil moisture changes the most. If 
the probe is placed in an area that tends to be dry (too close to the shoulder), soil mois-
ture measurements will indicate a need for irrigation too often. If the probe is placed 
too close to the drip tape, soil moisture measurements will indicate that no irrigation 
is needed when it may be. These results show that soil moisture measurements will be 
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the most representative of root zone moisture when the probe is placed within, but near 
the maximum wetted width (20 cm on each side of the tape).

When drip tapes with emitter spacings ranging from 10 to 30 cm and flow rates 
ranging from 206 to 516 L/100 m/hr were used, the response of the Depth (D, cm) of 
the wetted zone to irrigation volume applied (V, L/100 m) is defined by equation below 
(Fig. 8):

 D = 0.012 V + 17.04, R2 = 0.86   (Fig. 8) (4)

In both cases (Figs. 7a and 8), the slope of the linear equations were of the same 
magnitude (0.017 and 0.012 cm/L/100 m, respectively). In practical terms, this means 
that in the absence of a plant, the depth of the water front increased by 0.012 to 0.017 
cm for every one L/100 m of irrigation water applied by drip tapes of any flow rate 
and any emitter spacing. These results also imply that complete raised-bed wetting 
(shoulder to shoulder) is not achievable when beds are more than 40-cm wide. This 
may affect the efficacy of the soil fumigants that remain entirely in the liquid phase. 
The typical maximum root depth for vegetables grown on this soil type is 30 cm, 
which is also the tillage depth. The depth of the waterfront reached 30 cm for an ir-
rigation volume of 1,250 L/100 m of bed. This corresponds to an irrigation time of 
approximately 2 h for a medium-flow drip tape. Hence, when target irrigation volumes 
are greater than this amount, the calculated daily irrigation volume should be applied 
in multiple events with each not delivering more than 1,250 L/100 m of bed. When 
emitters are spaced 30-cm apart, length response to irrigation volume applied showed 
that complete emitter-to-emitter coverage was achieved after an irrigation volume of 
nearly 1,500 L/100 m (which corresponded to an irrigation of nearly 4 h with a me-
dium flow-rate drip tape).

TABLE 5 Sample irrigation scheduling guidelines based on target watermelon crop water use 
and amount of water that can be stored in the root zone for different weather conditions.

Crop stage of 
growth (Crop 
factor)1

Weeks after 
transplanting

Cool days Warm days Hot days Very hot days

Daily Class A pan evaporation (inch; mm)

<0.10 inch

or <2.54 mm

0.10 to 0.20 
inch or

2.54–5.08 mm

0.20 to 0.30 
inch or 
5.08–7.62 mm

>0.40 inch 
or>10.16 mm

Estimated Irrigation Volume2

[Number of 1-hr Daily Irrigation Events], Gallons/A/day (L/ha/
day)

1 1–2 295 (2,758) 
[1]

582 (5,442)

[1]

872 (8,153)

[1]

1,163 (10,874)

[1]

2 3–4 580 (5,423) 
[1]

1,160 (10,846) 
[1]

1,740 (16,269)

[2]

2,324 (21,729) 
[2]

3 5–11 1,015 (9,490) 
[1]

2,033 (19,009) 
[2]

3,048 (28,499)

[3]

4,064 (37,998) 
[3]
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Crop stage of 
growth (Crop 
factor)1

Weeks after 
transplanting

Cool days Warm days Hot days Very hot days

Daily Class A pan evaporation (inch; mm)

<0.10 inch

or <2.54 mm

0.10 to 0.20 
inch or

2.54–5.08 mm

0.20 to 0.30 
inch or 
5.08–7.62 mm

>0.40 inch 
or>10.16 mm

Estimated Irrigation Volume2

[Number of 1-hr Daily Irrigation Events], Gallons/A/day (L/ha/
day)

4 12 1 , 3 0 8 
(12,230) [1]

2,614 (24,441) 
[2]

3,916 (36,615)

[3]

5,227 (48,872) 
[4]

5 13 1,015 (9,490) 
[1]

2,033 (19,009) 
[2]

3,048 (28,499)

[3]

4,064 (37,998) 
[3]

1 Crop evapotranspiration was estimated by multiplying daily Class A Pan evaporation (Ep) by a crop 
factor developed for watermelon by Di Gioia, F., E. Simonne, D. Jarry, M. Dukes, R. Hochmuth, and D. 
Studstill. 2009. Real-time drip-irrigation scheduling of watermelon grown with plasticulture. Proc. Fla. 
State Hort. Soc. 122:212–217.
Crop factor values were 0.24, 0.48, 0.84, 1.08 and 0.84 for crop stage of growth 1 to 5, respectively. See 
Olson and Santos (2012) for description of growth stages.
2 One hour of irrigation applies 1300 gal/A (12,155 L/ha) of water on 8-ft (2 m) centers when a drip tape 
with nominal flow rate of 24 gal/100 ft/hr (298 L/100 m/hr) is used. Volumes assume 90% irrigation 
efficiency. Conversion factor for gallons/A/day to L/ha/day is 9.35. Conversion factor for gallons/100 ft/
hr to L/100 m/hr is 12.42.

Similar results were observed with a 10-cm emitter spacing, low-flow drip tape 
(Fig. 9). The waterfront did not move as fast after one hour of operation compared to 
the medium-flow drip tape. This was expected, since the low-flow drip tape applied 
206 L/100 m/hr whereas the medium flow one applied 309 L/100 m/hr. However, 
some dye was still present between two consecutive emitters with the medium flow-
rate tape (Fig. 6b, T=8 hrs) whereas none was present with the 10-cm emitter spacing 
tape even with a lower flow rate (Fig. 9, T=8 hrs). While this observation was beyond 
the scope of this project, it suggests that flow rate and emitter spacing also affect the 
movement of the waterfront.

7.3.3 APPLICATION TO IRRIGATION SCHEDULING AND EARLY 
CHANGES IN INDUSTRY PRACTICES
The results of these replicated dye tests were used to update the recommendations and 
resulted in immediate practice changes in the vegetable industry. Recommendations 
now include a real-time estimate of crop water use and a maximum volume of water 
that can be applied before splitting irrigation [6]. For example with watermelon, using 
the crop factors and class A pan evaporation measurements developed in North Florida 
[4], estimated irrigation volumes and corresponding number of 1-hr irrigation events 
are available for different weather conditions and crop stage of growth (Table 5). No 
recommendations exist regarding flow rates or emitter spacings. However, based on 

TABLE 5 (Continued)
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the time needed to reach complete emitter-to-emitter coverage, the use of 45 cm as an 
emitter spacing was discontinued by the vegetable industry. Based on the width of the 
wetted zone (40 cm for sandy soils; 13 to 20 cm in gravely soils), two drip tapes are 
being used when complete bed width wetting is needed. Based on the rate of vertical 
water movement in sandy soils, irrigation recommendations now include a maximum 
volume of water to be applied in a single event (Table 5).

7.3.4 ON-FARM DEMONSTRATIONS AND FURTHER CHANGES IN 
INDUSTRY PRACTICES
Educational programs were based on practical, visual, small group and one-on-one 
educational events. Typically, a dye test was conducted on a commercial farm, and 
regular visits by the Regional and/or County Extension Agent focused on visualizing 
soil moisture, the daily measurement of soil moisture and the weekly assessment of 
plant nutritional status through petiole sap analysis (Fig. 10). While initially the agent 
was doing all the work themselves, the growers were learning how to do it on their 
own.

FIGURE 9 Longitudinal dye patterns created by irrigations ranging from 1 to 8 h with a 10-
cm emitter spacing, 206 L/100 m/hr drip tape on a Blanton-Foxworth-Alpin complex (formerly 
Lakeland fine sand) at the UF/IFAS Suwanee Valley Agricultural Extension Center, near Live 
Oak, FL. (the change in color in the soils profile marks the bottom of the plow zone and root 
zone at the 30-cm depth) (photo credit: Eric Simonne, University of Florida)
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FIGURE 10 The four components of on-farm BMP education used between 2000 and 2013 
in North Florida: (a) Longitudinal section showing the dye movement on a commercial summer 
squash (Cucurbita pepo L.). (The difference in depth movement in those three emitters indicates 
partial clogging possibly caused by ineffective maintenance program); (b) TDR probe that 
allows instantaneous and roaming measurements of soil moisture for the adjustment of the 
irrigation schedule, (c) cooperating grower measuring NO3-N and K petiole concentrations 
using sap-test meters used for the adjustment of the fertigation schedule, and (d) educational 
poster. (Photo credit: Bob Hochmuth (a),(b),(c); Aparna Gazula (d); University of Florida).

BMP adoption by the strawberry growers in the Alachua-Bradford-Union county 
region followed the same pattern in all of the 21 farmer/crop year events during the 
seven years. With help from the Extension Agents on how to properly sample petioles, 
extract the sap, calibrate the meter, and interpret the results, growers understood the 
meaning of the results and whether or not how they needed to modify their fertility and 
irrigation programs. Typically, sap test results were “low” for NO3-N during early crop 
growth stages. These measurements were used to add fertilizer in amounts required to 
get the N within the recommended UF/IFAS range. The exception to this scenario is 
the farmer who only used granular fertilizer and overhead irrigation. Sap testing in that 
case mainly documented deficiencies in N after the fertilizer was leached from high 
rainfall or from frost protection events.
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FIGURE 11 Extension programs helping North Florida vegetable growers to improve 
nutrient and water management: Left (a): Changes in sap NO3-N concentration in a commercial 
watermelon field (source: Bob Hochmuth, unpublished data) and; Right (b): Changes in soil 
moisture at the 10, 20 and 30 cm depths below a commercial strawberry field and corresponding 
days of irrigation (Source: Mace Bauer, unpublished data).

Initially, the interpretative petiole sap thresholds used for the growers in North 
Florida were those that had been developed for strawberries grown in Central Florida 
[33]. The data collected and the knowledge gained during the first years of this proj-
ect were used to refine the existing thresholds for the specific growing season used 
in the Alachua-Union-Bradford county strawberry producing region [20]. After the 
initial teaching and the adoption of recalibrated interpretative thresholds, the levels of 
NO3-N were diagnosed as “at risk of being low” only 10% (15 of 155 events) of the 
time. Also, a step-by-step, practical guide was developed for the correct calculation 
and injection of fertilizer through the drip tape [3]. In some advanced demonstrations, 
changes in soil moisture were measured with probes buried at the 4, 8 and 12 inches. 
The Extension Agent and the growers made irrigation decisions together (Fig. 11.b).

Having successfully communicated water and fertilizer placement principles 
through blue dye demonstrations, additional efforts were needed to accomplish be-
havioral adoption of BMPs with respect to farmers using sap testing as a decision 
making tool for fertilizer application scheduling (Table 6). One hundred and 50 nine 
sap testing events were performed by the Extension Agents on the seven strawberry 
farms from 2007 to 2013. Weekly sap-testing measurements were used to diagnose 
crop nutritional status (Fig. 11a). The effort was necessary because the equipment 
is expensive for small farmers (about $800 for the two sap meters (NO3-N and K) 
and $750 for one portable TDR probe) and requires a fair amount of skill to be used 
effectively. During the seven years, only one farmer purchased his own sap-testing 
equipment. Consequently, farmers often relied on Extension assistance in monitoring 
sap nutrient levels.
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TABLE 6 Summary of growers changes in irrigation and fertilization practices based on 
educational activities offered by the University of Florida Extension Agents and conducted at 
several commercial vegetable farms in the Lower Suwannee Valley. (Soils were deep sandy 
soils on all sites).
Vegetable 
Operation 
(Crop, 
Annual 
plantings)

Typical Em-
pirical Irrigation 
and Fertilization 
Practices (Before 
Educational 
Programs)

Educational Events 
Conducted:

# Farms with 
petiole sap testing 
(PST), soil moisture 
monitoring (SMM) 
and dye tests (DT)

New practices

(After Educational 
Programs)

Estimated Reduc-
tion in Fertilizer 
Applied
and in Irrigation 
Water Used

PST SMM DT

 4

tomato 
growers (25 
ha)

High preplant 
fertilizer and high 
volume irrigation 
early in season. 
Exact amounts 
not known.

 4 4 2 Reduced preplant 
fertilizer, fertiga-
tion based on sap 
testing, reduced 
early season irriga-
tion, shorter but 
more frequent daily 
irrigation events.

55 kg/ha of N and 
K2O.

50% reduction in 
irrigation the first 4 
weeks.

6 pepper 
growers (60 
ha)

High preplant 
fertilizer and high 
volume irrigation 
early in season.

6 6 4 Reduced preplant 
fertilizer, fertiga-
tion based on sap 
testing, reduced 
early season irriga-
tion, shorter but 
more frequent daily 
irrigation events.

55 kg/ha of N and 
K2O.

50% reduction in 
first 4 weeks.

25 water-
melon grow-
ers (2,300 
ha)

High preplant 
fertilizer and high 
volume irrigation 
early in season 
often included 
long runs on cold 
nights.

25 25 12 Reduced preplant 
fertilizer, fertiga-
tion based on sap 
testing, reduced 
early season irriga-
tion, shorter but 
more frequent daily 
irrigation events, 
eliminated long 
events at night. 

82 kg/ha of N and 
K2O per acre.

50% reduction in 
first 4 weeks.

15

Mixed 
vegetable 
growers 
(150ha)

High preplant 
fertilizer and high 
volume irrigation 
early in season.

15 15 7 Reduced preplant 
fertilizer, fertiga-
tion based on sap 
testing, reduced 
early season irriga-
tion, shorter but 
more frequent daily 
irrigation events.

65 kg/ha of N and 
K2O per acre.

50% reduction in 
first 4 weeks.

7.4 CONCLUSIONS

Overall, this project has resulted in a significant adoption in irrigation and nutrient 
BMPs by vegetable growers in North Florida (Table 6). This success was based on the 
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science-based recommendations of the University of Florida, the continuous presence 
of the Extension Agents and the willingness of the growers to comply with BMP regu-
lation and reduce their input costs. The availability of cost-share programs to offset 
the cost of purchase of the measuring instruments is poised to help make these cultural 
practice changes permanent. In the meantime, on-going research efforts aim at deter-
mining the level of pollution reduction achieved by the implementation of BMPs.

7.5 SUMMARY

High-value vegetable crops such as tomato, bell peppers, watermelon, muskmelon 
and summer squash are widely grown with high irrigation and fertilization inputs on 
Florida’s sandy soils using plasticulture. The reconciliation of vegetable production 
with environmental regulation is requiring a better understanding of how water and 
nutrients move in mulched beds. By law, Florida growers have the choice to (a) join 
the Best Management Practice (BMP) program and be awarded a presumption of com-
pliance with water quality standards, or (b) develop a monitoring program document-
ing that their operation does not contribute to the degradation of environmental water 
quality. Historically, vegetable growers have used irrigation and fertilizer amounts in 
excess of recommendations because they believed they gained an economic benefit 
from doing so and they did not understand that excessive irrigation leaches mobile 
nutrients below the root zone of vegetable crops. Using Brilliant Blue FCF dye as a 
tracer, a series of replicated trials was established to visualize and quantify the move-
ment of irrigation water in mulched beds. The responses of the depth (D), width (W) 
and length (L) of the dye front to drip-irrigation volume applied (V) were:

D= 0.017 V + 13.7, (R2=0.92),
W = −3 x10–6 V2 +0.0174 V + 17.6, (R2=0.96), and
L = −3 x 10–6 V2+ 0.013 V + 18.2, (R2=0.99)

when a 30.5-emitter spacing, 309 L/100 m/hr drip-tape flow rate was used between 
1 and 8 hr on a Blanton-Foxworth-Alpin complex. These results indicate that (a) the 
waterfront was moving at a rate of 0.012 and 0.017 cm/L/100 m and (b) the maxi-
mum wetted width was approximately 20 cm on each side of the drip tape. These 
results were also used to fine-tune the irrigation and fertilization recommendations of 
the University of Florida. Dye tests were also conducted on commercial fields where 
growers could see how their management practices were affecting water movement 
in mulched beds and under what circumstances nutrients were moved below the root 
zone.

The visual experience provided the “eureka moment” farmers needed to make 
them realize they could be farming more efficiently and that they were probably wast-
ing water and fertilizer. Typically, this realization resulted in the farmer posing the 
question, “OK, how do I ensure my reductions of fertilizer and watering events do not 
go below crop demand and I damage the crop”? Seizing the moment, University of 
Florida Extension Agents helped vegetable growers in North Florida better manage ir-
rigation and fertilization by using sap testing to estimate crop NO3-N and K nutritional 
status and soil moisture measuring equipment to monitor irrigation events. With spe-
cific recommendations, simple tools to measure water and nutrients in real time, and 
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technical help, growers participating in the program have reduced their irrigation and 
N and K fertilization early in the season by 50% and 25%, respectively. The availabil-
ity of cost-share programs to offset the cost of purchase of the measuring instruments 
is poised to help make these cultural practice changes permanent. In the meantime, 
on-going research efforts aim at determining the level of pollution reduction achieved 
by the implementation of BMPs in Florida.
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8.1 INTRODUCTION

Common bean is one of the most important sources of protein for more than 300 million 
of persons in the world, and is the center-piece of daily diet [8]. During 2001–2003 in 
the U.S.A., the sale from dry bean farming averaged $446 million, ninth among U.S. 
vegetables, averaging 6.8 pounds per person [49]. In Cuba/Haiti/Dominican Republic, 
the area planted for beans is 157,000 ha, with a production equal to 141,000 MT [13].

In Puerto Rico, the green-shelled bean production averaged 1,169 tons/year, with 
an increase related to the release of the genotype Morales, which is currently the most 
popular white-seed bean variety in Puerto Rico [10], during the period from 2000 to 
2003. The variety Morales has been widely accepted in Puerto Rico for its good yield 
characteristics, and resistance to bean common mosaic virus (BCMV) and to bean rust 
races prevalent in Puerto Rico [9]. In 2002, the total irrigated area in Puerto Rico was 
15,782 ha [38].

Because irrigated agriculture consumes large quantities of water, it is necessary 
to improve the estimates of water application rates. The development of methods to 
estimate crop water requirements is especially critical on small islands where utiliza-
tion of water supplies by urban and industrial sectors continues to increase and where 
fresh water supplies are limited.

In Puerto Rico, irrigation research has focused on irrigation systems and water 
use. Harmsen [26] reviewed evapotranspiration studies in Puerto Rico during the pre-
vious 50 years. The review revealed that crop coefficients for beans have never been 
determined in Puerto Rico, and the studies related with direct water consumption car-
ried out on the island were in sugarcane, grass spp., plantain and rice using the water 
balance method. Since Hamsun’s review, studies have focused on irrigation rates as a 
function of pan evaporation [22].

Goyal and Gonzalez [22] estimated water requirements for green bean and other 
crops using the Blaney-Criddle reference ET method. Recently, Harmsen et al. [27] 
recalculated and made corrections to pan evaporation coefficients that are used to es-
timate reference evapotranspiration (ETo). Harmsen and Gonzalez [27] also developed 
a computer program for estimating crop evapotranspiration in Puerto Rico (PRET).

One of the most critical steps in irrigation scheduling is the quantification of the 
crop water requirement. One way of estimating the water requirement of the crop is 
by multiplying the reference evapotranspiration by the crop coefficient. The resulting 
crop evapotranspiration estimate is equivalent to the crop water requirement. The FAO 
has provided the methodology for estimating the crop water requirement, described in 
the “Drainage and Irrigation Papers 24 and 56 [3, 18].” In these reports, they intro-
duced and described in detail the crop coefficient (Kc), basal crop coefficients (Kcb and 
Ke) and stress coefficient (Ks).

The FAO approach for estimating crop water requirements has been used through-
out the world. Sheng Li et al. [45] estimated crop water requirements and identified 
timing and magnitude of water deficits for corn (Zea mays L.), soybean (Glycine max 
L.) and sorghum (Sorghum bicolor L.). Villalobos et al. [50] used direct application 
of the Penman-Monteith equation to calculate crop ETc in two commercial crops of 
garlic (Allium sativum L.) grown in Córdoba-Spain. Lin-Li et al. [33] measured Kc and 
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evapotranspiration using a gravimetric Lysimeter and the Penman-Monteith methods 
in wheat and maize under the semiarid conditions of Northern China.

The ETc and crop coefficients for bean differ owing to genotype, developmental 
stage, plant density, stress intensity, and agronomic practices [7, 15, 34, 37]. Conse-
quently, it is necessary to evaluate the ETc and crop coefficients for local conditions 
and local varieties, dominant crop management practices, and for the influence of 
drought stress. Due to the variation in crop development rates between locations and 
years, thermal-based indices have been used to relate crop coefficient curves more 
directly to phenological development [29, 34].

In this chapter, authors discuss the research studies to: (1) Estimate the evapotrans-
piration rates for two common bean genotypes, with and without drought stress; (2) 
Derive crop coefficients for common bean in Puerto Rico; (3) Derive the crop stress 
coefficient; and (4) Relate the crop coefficients with easily measurable indices.

8.2 MATERIALS AND METHODS

8.2.1 LOCATION
This research was conducted at the Agricultural Experiment Station of the University 
of Puerto Rico at Juana Diaz, PR, located in south central PR (18o01’N latitude and 
66o22’W longitude, elevation 21 m above mean sea level), which has been classified 
as a semiarid climatic zone [24]. Average annual rainfall is 33 inches (838 mm) and 
the average rainfall during the months of January, February and March are only 0.78, 
0.72 and 0.86 inches (or 19.8 mm, 18.3 mm and 21.8 mm), respectively. The annual 
average, minimum and maximum air temperatures are: 26.22ºC, 21.33ºC, 31.05oC, 
respectively. The daily average minimum and maximum reference evapotranspiration 
are 4.3, 3.4 and 5.5 mm/day [26]. The dominant soil is San Anton Clay Loam. Tables 
1 and 2 summarize the principal agronomic practices and soil physical characteristics.

8.2.2 EXPERIMENTAL PROCEDURE
This research was carried out during the early months of the year during 2006 and 
2007, the dry season (January to April) in southern coast of Puerto Rico. The soil 
moisture in the root zone during this period was controlled by irrigation.

The lysimeters were installed in June of 2005, and the field was planted with beans 
during July–October, 2005. During 2006 and 2007, two common bean genotypes that 
exhibited differing responses to drought stress were planted: Morales [9], the most 
widely grown small white bean in Puerto Rico, bred for yield and disease resistance, 
and drought susceptible; and SER 16, a small red bean bred by CIAT (Colombia) by 
Dr. Steve Beebe for drought tolerance. Both genotypes have a type II growth habit. 
The seed density of planting was 14.0 plant m–2 for Morales and 6.5 plant m–2 for SER 
16 (the differences in plant density between genotypes was due to insufficient seed 
supplies of SER 16). Fertilizer (16-4-4, NPK) was applied at a rate of 560 pounds per 
hectare and weeds were controlled through cultivation and herbicide application. The 
site was selected for soil uniformity. The experiment was arranged in a randomized 
complete block design. 
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TABLE 1 Agronomic and management practices during the 2006 and 2007 field experiments, 
at Juan Diaz- PR. Note: DOY = Date of the year.

Parameter Unit 2006 2007

Sowing

Emergence

Plant density

Fertilization

Irrigation system

Harvest

Days to Maturity

DOY

DOY

plants.m–2

lb.ha–1

—

DOY

Days

33

38

13.6 (Morales)

6.4 (SER16)

560, NPK (16-4-4) (DOY 62)

Drip irrigation

110–111

75

17

23

13.2 (Morales)

6.0 (SER16)

560, NPK (16-4-4) (DOY 52)

Drip irrigation

101–102

78

TABLE 2 Soil physical characteristics at field site at Juana Diaz, PR field site [48].

Soil physical

characteristics

Units Soil depth, cm

0–20 20–40 40–60 60–80

Bulk density

Sand

Silt

Clay

FC

WP

TAW 

(g.cm–3)

%

%

%

(m3.m–3)

(m3.m–3)

(mm)

1.35

30.25

44.28

25.47

0.30

0.18

24

1.56

30.08

43.79

26.13

0.31

0.20

22

1.61

20.94

26.74

52.32

0.35

0.21

28

1.61

24.23

19.27

56.50

0.35

0.21

28

FC = Field Capacity (Moisture content at 0.33 bar); WP= Wilting Point (Moisture content at 
>15 bar); TAW = Total available water = 1000*[FC – WP]*Zt; and Zr = Rooting depth (m).

8.2.3 MICRO IRRIGATION PRACTICES
Prior to imposing the drought stress, irrigation was applied to maintain the moisture 
content at field capacity, with irrigation applied two times per week using a drip irriga-
tion system. The soil moisture content was monitored before and after each irrigation 
with volumetric moisture content readings (өv) using a Profile probe type PR2 sensor 
(Delta-T Devices, Ltd.). Two soil probe access tubes per treatment were placed at 0–20 
cm and 20–40 cm depths.

The volumetric moisture content (өv) at field capacity (FC) was measured with a 
profile probe type PR2 sensor (Delta-T Devices, Ltd.). An area of 1 m2 and depth of 
50 cm was selected to measure the soil field capacity. Two access tubes were installed 
(0–20 cm and 20–40 cm), the area was saturated, and the area was then covered with 
black polyethylene plastic. After three days of free drainage, the өv was measured and 
the reading was assumed to be the moisture content at field capacity. Additionally, 
undisturbed core samples were taken to calibrate the sensor readings.
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Drought stress was applied at the beginning of the reproductive phenological stage 
known as R1 (one blossom open at any node). The drought stress plot received a water 
application equivalent to 25% of total available water (TAW = FC – WP), correspond-
ing to the drought stress level (DSL, Table 3). The irrigation application rates and the 
rainfall during the experiment are listed in Table 4.

TABLE 3 Field capacity measured directly in the field with the profile probe type PR2 sensor 
(Delta-T Devices Ltd).

Soil depth, cm FC†† WP DSL†

m3.m–3

0–20

20–40

0.38

0.31

0.18

0.20

0.23

0.23

† DSL: Drought Stress level, that corresponds with the 25% of the TAW.
†† FC: Volumetric moisture content at field capacity measured with the 
Delta-T Profile probe.

8.2.4 CROP EVAPOTRANSPIRATION (ETC)

8.2.4.1 WATER BALANCE METHOD
For this method, we used drainage type lysimeters. The drainage lysimeter has been 
used successfully in evapotranspiration studies [12, 31, 42], and can provide satisfac-
tory estimates of water use over 3- and 4-day intervals [16]; where the evapotranspira-
tion is given by:

 ETc = P + I – RO – DP + (DS)  (1)

where ETc is the crop evapotranspiration, P is precipitation, I is irrigation, RO is sur-
face runoff, DP is deep percolation below the root zone, and DS is the change in root 
zone moisture storage, (all units are in mm). The change DS was converted to equiva-
lent depth of water in mm by multiplying the lysimeter moisture contents by a conver-
sion factor of 0.22 m2.mm–1; and measured values of RO and DP were converted to 
equivalent depth of water in mm by dividing by a lysimeter conversion factor of 0.22 
L.mm–1. Twelve drainage lysimeters were installed in the experimental field in 2005. 
We planted two lysimeters with SER 16 and four lysimeters with Morales in 2006; and 
three each with one per water level in 2007.

The soil in the lysimeter was encased in round polyethylene containers with an 
exposed soil surface of 0.22-m2 and 0.8-m depth. The containers were sufficiently 
deep to accommodate the plant roots. The lysimeters were located within the plots 
measuring 7-m wide x 61-m long, with the long dimension oriented in the direction of 
the prevailing wind.

In order to achieve similar conditions inside and outside the lysimeters, the follow-
ing procedure was followed for each lysimeter: i) Soil was removed from the location 
of the lysimeter in 0.25-m (12 inch) depth intervals. The soil sample from each depth 
interval was stockpiled separately; ii) The polyethylene containers were placed in the 
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hole; iii) A 20-cm layer of gravel was placed in the bottom of the polyethylene tank 
and a 1.25 inch (30 cm) PVC tube was placed in the bottom to remove the percolated 
water during operation; iv) the stock piled soil was placed in the container in the re-
verse order that the soil was excavated. Each layer was carefully compacted until the 
original 0.25-m layer thicknesses were achieved. After the container was full, the sur-
face runoff collector and the access tube to measure the volumetric moisture content 
were installed. The runoff collector consists of a small tank (0.20 m deep) connected 
to the lysimeter with a plastic gutter.

TABLE 4 Irrigation dates and volumes of the various treatments during 2006 and 2007, Juana 
Diaz-PR [41]. 

 
Without 

drought stress 

With 

drought stress 

 

Irrigation 

(mm) 

Rainfall 

(mm) 

 

 

    Date                            Growing 

                                           State 

2006   

14 February 
17 February 
22 February 
25 February 
27 February 
  3 March 
11 March 
14 March 
16 March 
25 March 
29 March 
 8 April 
11 April 

 
Total 

Water deficit level 

V1 
V2 
V3 
V4 
V5 
V8 

 R1* 
R2 
R2 
R4 
R5 
R8 
R9 

21.0 
18.8 
30.9 
3.4 
12.4 
19.5 
15.3 
24.1 
0.0 
22.3 
32.8 
8.4 
14.5 

 
223.4 

19.4 
19.9 
31.6 
3.5 

12.1 
20.0 
0.0 
6.4 
5.1 
0.0 

16.6 
0.0 
3.6 

 
138.2 

       18.0 % 

3.1 
7.1 
2.7 
0.0 
0.0 
0.0 
56.1 
0.0 
34.0 
37.3 
2.6 

106.2 
0.0 

 
249.1 

  2007   

24 January 
31 January 
 1 February 
 5 February 
 7  February 
13 February 
15 February 
21 February 
24 February 
26 February 
   1 March 
   5 March 
   6 March 
   9 March 
12  March 
15 March 
20 March 
23 March 
28 March 
30 March 

Total 
Water deficit level 

V1 
V2 
V2 
V3 
V3 
V4 
V5 
V6 

  R1* 
R2 
R3 
R4 
R4 
R5 
R6 
R6 
R7 
R8 
R8 
R9 

9.71 
21.9 
0.0 
25.0 
26.0 
40.3 
27.3 
24.7 
10.8 
12.7 
29.9 
34.2 
0.0 
60.2 
27.3 
31.9 
15.4 
14.5 
0.0 
0.0 

379.7 
 

8.21 
15.3 
22.8 
25.7 
22.5 
14.2 
29.1 
21.2 
0.0 
0.0 

10.1 
22.5 
9.3 

19.6 
13.2 
0.00 
15.4 
8.6 
0.0 
0.0 

248.3 
       30.3% 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.7 
0.4 
19.7 
13.9 
17.5 
53.7 

 
*. Drought stress beginning. 
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where
V1: Completely unfolded leaves at the primary leaf node;
V2: First node above primary leaf node;
V3: Three nodes on the main stem including the primary leaf node. Secondary branching begins to show 
from branch of V1;
Vn: n-nodes on the main stem including the primary leaf node;
R1: One blossom open at any node;
R2: Pods at ½-long at the first blossom position.
R3: Pods at 1 inch long at first blossom position;
R4: Pods 2 inches long at first blossom position;
R5: Pods 3 plus inches long, seeds discernible by feel;
R6: Pods 4.5-inch long spurs (maximum length). Seeds at least ¼ inch long axis;
R7: Oldest pods have fully developed green seeds. Other parts of plant will have full-length Pods with 
seeds near same size;
R8: Leaves yellowing over half of plant, very few small new pod/blossom developing, small pods may 
be drying. Points of maximum production has been reached;
R9: Mature, at least 80% of the pods showing yellow and mostly ripe.

Daily rainfall was measured for each lysimeter with a manual rain gauge and com-
pared with an automated tipping bucket rain gauge (WatchDogTM-Spectrum Technol-
ogy, Inc.) located within the “reference condition” area. The irrigation was measured 
using a cumulative electronic digital flow meter (GPI, Inc.), and was recorded manu-
ally at the beginning and end of each irrigation event every three or four days. Two 
flow meters were placed in the irrigation supply lines, one on the well-watered treat-
ment supply line and the second on the drought stress treatment water supply line.

Runoff and depth percolation from each lysimeter were collected periodically (ev-
ery three or four days). Water from RO and DP was removed from the collection 
containers periodically by means of a small vacuum pump (Shurflu-4UN26, 12 V, 
4.5GPM). The depth of water in the soil profile was related to the soil moisture content 
as follows:

 Si =Σ (θv,i,0–10 Z0–10+ θv,i,10–20 Z10–20+….. θv,i,50–60 Z50–60)  (2)

where, Si is the depth of soil water on day i [mm]; θv,i is the volumetric soil moisture 
content on day i; and Z is the thickness of the soil layer (10 cm). The depth intervals 
are specified for each of the six layer considered, for example, 0–10 indicates the soil 
interval from 0 to 10 mm.

8.2.4.2 PENMAN-MONTEITH MODEL
The crop evapotranspiration was also estimated using meteorological and crop data, 
with Penman-Monteith model [3]; using direct measurement of canopy and aerody-
namic resistances during the whole growing season. For this purpose, four automatic 
weather stations were located within the experimental plots as follows: genotype Mo-
rales without drought stress genotype SER 16 with drought stress, genotype SER 16 
without drought stress, genotype Morales with drought stress. Each weather station 
was equipped with: “Kipp and Zonen B.V. net radiometer (spectral range 0.2–100 
μm),” wind direction and wind speed with wind sensor-Met one 034B-L at 2.2 m; air 
temperature and relative humidity with HMP45C temperature and relative humidity 
probe at 2.0 m; soil temperature with TCAV averaging soil thermocouple probe at 0.08 
m and 0.02 m depth, soil heat flux using soil heat flux plates at 0.06 m depth; and a 
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volumetric soil moisture content with a CS616 water content reflectometers at 0.15 
m depth. Six data points per minutes were collected by each sensor and stored in a 
CR10X data logger (Campbell scientific, Inc.).

The Penman-Monteith model described by Monteith and Unsworth [36], Allen et 
al. [3], and Kjelgaard and Stockle [32] was used to calculate the latent heat flux (λE), 
which was then divided by the latent heat of vaporization (λ) to obtain ETc.
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where, λE is Latent heat flux (Wm–2); Rn is net radiation (Wm–2), G is soil heat flux 
(Wm−2); VPD is vapor pressure deficit (kPa); ∆ is slope of saturation vapor pressure 
curve (kPa◦C–1) at air temperature; ρa is density of air (Kgm–3); Cp is specific heat of 
air (J Kg–1◦C–1); γ is psychometric constant (kPa◦C–1); ra is the aerodynamic resistance 
(s m–1); and rs canopy resistance to vapor transport (s m–1). The aerodynamic resistance 
(ra) is the resistance to the transport of heat and water vapor from the evaporating 
surface into air above the canopy and was estimated with the Perrier Eqs. (3) and (5).
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where, Zm is the height of wind measurements [m]; zh is the height of the humidity 
measurements [m]; d is the zero displacement height [m]; Zom = 0.123h = is the rough-
ness length governing momentum transfer of heat and vapor [m]; Zoh = 0.1 Zom = is 
roughness length governing transfer of heat and vapor [m]; K is the von Karman`s 
constant [=0.41]; uz is the horizontal wind speed (m s–1) at height z; and h is the canopy 
height (m). The canopy height was measured for each genotype once per week, and 
polynomial models were developed to estimate daily values of h as a function of the 
day of the year (DOY). The ra was calculated at one-minute time intervals.

The canopy resistance (rs) describes the resistance of vapor flow through a trans-
piring crop and evaporation from the soil surface, which depends on climatic factors 
and available soil water. Bulk surface resistance was calculated using the equation 
proposed by Szeicz and Long [47] and recommended by Allen et al. [3]:

 L
s

active

r
r

LAI
=   (5)

where, LAIactive is the active leaf area index (m2-leaf area/m–2-soil surface) and is equal 
to 0.5 times the leaf are index; and rL is the stomatal resistance (m s–1) which is the 
total resistance from cell surfaces to the exterior leaf surfaces [51] and is one of the 
most sensitive elements in the evapotranspiration under drought stress conditions. The 
rL was measured several times during the day from 7:00 to 17:00 in order to obtain 
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a reasonable average value for each phenological growing phase, for each genotype 
and water level. Two leaf porometers were used: an AP4-UM-3 (Delta-T Devices Ltd) 
during 2005 and a model SC-1 (Decagon Devices, Inc.) during 2006. The observations 
were recorded once per week.

The LAI was estimated using a nondestructive method, which estimates the leaf 
area (LA) in cm2 using the maximum single leaf width (W) in cm. The models for LA 
were as follows:

LA = 9.35(W) – 20.32 for SER16, and
LA = 7.80(W) – 14.59 for Morales
Then according to the plant density, the LAI was estimated on a weekly basis.

8.2.4.3 REFERENCE EVAPOTRANSPIRATION
The reference evapotranspiration (ETo) corresponds to the evapotranspiration from a 
reference crop (e.g., alfalfa or grass) under reference conditions. It is common to use a 
hypothetical grass reference, with a constant canopy height, canopy resistance and al-
bedo, under well-watered conditions [3]. For this study, one automatic weather station 
(WatchDog-900ET, Spectrum Technologies, Inc.) was placed within a field planted 
with a reference crop (grass-Panicum maximum and Clitoria termatea L.) with enough 
fetch and sufficient water supply during the period of the experiment, and adjacent to 
the experimental area. The canopy height was maintained close to 0.15 cm throughout 
the growing seasons. The automatic weather station measured basic weather informa-
tion including: solar radiation, temperature, humidity, wind speed and direction every 
10 min. ETo was calculated using the Penman-Monteith equation [3] recommending 
by FAO-56 equations and standardized by the American Society of Civil Engineer-
ASCE:
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where, ETo is the standardized reference crop evapotranspiration for short (ETos) or 
tall (ETrs) surfaces (mm.d–1 for daily time steps or mm.h–1 for hourly time steps); Rn is 
net radiation at the crop surface (MJ.m–2.d–1 or MJ.m–2.h–1); G is soil heat flux density 
(MJ.m–2d–1 or MJ.m–2h–1); T is mean daily temperature at 1.5 to 2.5 m height (ºC); U2 
is wind speed at 2 m height (m s–1); es is saturation vapor pressure (kPa); ea is actual 
vapor pressure at 1.5 to 2.5 m height (kPa); ∆ is the slope of the saturation vapor pres-
sure-temperature curve (kPa ºC–1); γ is the psychrometric constant (kPa ºC–1); Cn is the 
numerator constant that changes with the reference type and calculation time step; and 
Cd is the denominator constant that changes with the reference type and calculation 
time step. The Cn incorporates the effect of the aerodynamic roughness of the surface 
(i.e., reference type), while the Cd incorporates the effects of bulk surface resistance 
and aerodynamic roughness of the surface.

When the ETo is derived from weather data, it is necessary to verify the quality 
and integrity of the data. Allen [2] proposed the difference between daily minimum 
air temperatures (Tmin) with daily average dew point temperature (Tdew) as a reference 
parameter. In this study, if the difference = [Tmin – Tdew] was greater than 3oC, then the 
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conditions were considered to be “nonreference” [30], and ETo was not calculated. 
Dew point temperature was estimated as a function of the actual vapor pressure, using 
the Tetens equation.

8.2.5 SINGLE CROP COEFFICIENT
The crop coefficient (Kc) accounts for the effects of characteristics that distinguish the 
field crop from the reference crop [3], is a commonly used approach for estimation of 
consumptive use of water by irrigation, represents the ET under a high level of man-
agement and with little or no water or other stresses [4], and is equal to the ratio of the 
crop evapotranspiration to the reference evapotranspiration.

 c
c

o

ET
K

ET
=   (7)

The crop effects can be combined into one single coefficient (Eq. (7)) or it can be 
split into two factors describing evaporation from the soil and transpiration from the 
leaves. As the soil evaporation fluctuates daily as a result of rainfall or irrigation, the 
single crop coefficient expresses only the time-averaged (multiday) effects of crop 
evapotranspiration. In determining crop coefficients for a crop season, four stages of 
crop growth are normally considered [3], which depend on phenological stages, and 
can be described by a Kc-curve that includes the variation of the coefficient during 
the whole growing season. The Kc curve is comprised of four straight line segments 
that represent: the initial period (Kc,ini), the development period (Kc dev), the midseason 
period (Kc,mid) and the late season period (Kc,end). Kc,ini represents the period until ap-
proximately 10% of the ground is covered by vegetation (fc). Kc,mid defines the value 
for Kc during the peak period for the crop, which is normally when the crop is at “ef-
fective full cover,” considered to be at the initiation of flowering (R1) in this research. 
The Kc end has a sloping line that connects the end of the midseason period with the 
harvest date [3, 4].

The cover fraction (fc) is a function of vegetation type, ground cover, plant density, 
canopy architecture, and environmental stresses like drought. In this study, weekly fc 
measurements were collected for each genotype and water condition.

8.2.6 DUAL CROP COEFFICIENTS
The dual crop coefficients are the basal crop coefficient (Kbc) and soil evaporation 
coefficient (Ke). The coefficients Kbc and Ke relate the potential plant transpiration and 
soil evaporation, respectively, to the crop evapotranspiration. Measurement of Ke and 
Kcb were made using the FAO-56 approach [3], as given below:

 ETc = (Kcb + Ke) ETo  (8)

 Kcb = (ETc / ETo) – Ke  (9)

The soil evaporation coefficient (Ke) was estimated as a function of field surface wet-
ted by irrigation (few). The few were estimated as a minimum value between the fraction 
of the soil that is exposed to sunlight and air ventilation and serves as a source of soil 
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evaporation, and the fraction of soil surface wetted by irrigation or precipitation (fw, 
Eqs. (11) and (12)), and were measured twice per week.

 Ke = few Kc  (10)

 few = min (1–fc; fw)  (11)

and for drip irrigation:

 few = min [(1–fc); (1 – 0.67*fc)*(fw)]  (12)

If the water source was drip irrigation, the fw was estimated as a cover crop fraction, 
and for days with rain it was equal to 1.0.

 
cw ff

3
21−=

  (13)

8.2.7 CROP STRESS FACTOR
The crop stress factor (Ks) is an important coefficient because it helps to distinguish 
which crops are sensitive to water deficit conditions [43]. The crop stress factor is a 
function of the average soil moisture content or matrix potential in a soil layer. It can 
be estimated by empirical formulas based in soil water content or relative soil water. 
The Ks was determined throughout the crop season for each study plot. The crop stress 
factor, as described by Allen et al. [3], has a value between 0 and 1. A value of 1 in-
dicates stress-free conditions (e.g., water is readily available for plant use), whereas a 
value of zero indicates no available water for plant use. As normally applied, the crop 
stress factor is equal to 1 until the depletion of water reaches some critical depletion. 
For example, for dry bean the critical value could be between 45–50% of total avail-
able water [3]. Total available water is defined as the field capacity moisture content 
minus the wilting point moisture content (TAW, Eq. (15)). After depletion exceeds the 
critical value, the crop stress factor drops linearly until reaching zero at the wilting 
point moisture content. The Ks was estimated according to FAO-56 methodology as 
given below:

 (1 )
TAW Dr TAW DrKs

TAW RAW p TAW
− −

= =
− −   (14)

where, TAW is total available water referring to the capacity of a soil to retain water for 
plant use (mm); Dr is the root zone depletion (mm); RAW = FC – PWP = is the readily 
available soil water in the root zone (mm); p is the fraction of TAW that the crop can 
extract from the root zone without suffering water stress, and

 1000( )FC WP tTAW Zq q= −  (15)

where, θFC is the water content at field capacity (m3 m–3); θWP is the water content at 
wilting point (m3 m–3); and Zt is the rooting depth (m). RAW is estimated as follows:

 RAW pTAW=   (16)
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where, p is the average fraction of total available soil water (TAW) that can be depleted 
from the root zone before moisture stress (reduction in ET) occurs. In this study, p was 
estimated using Eq. (17).

 p = [0.45 + 0.004(5 – ETc)]   (17)

8.3 RESULTS AND DISCUSSION

8.3.1 EVAPOTRANSPIRATION
Weather conditions prevailing during the two years are shown in Table 5, and are com-
pared with the long-term record presented by Goyal and Gonzalez [29] and Harmsen 
et al. [27]. Figure 1 shows the seasonal variation in daily climatic elements for the 
Fortuna-Experiment Station, Juan Diaz, PR. The growing period from February to 
April in 2006 was cooler and wetter compared to the same period in 2007, but the solar 
radiation was higher. 

FIGURE 1 Daily climatic parameters for the 2006 and 2007 seasons at the Fortuna Experiment 
Station-Juan Diaz, PR. 
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FIGURE 2 Difference in minimum temperature and daily average dew temperature, for 
reference evaluation in the ETo estimation during 2006 and 2007. 

The 2007 was warmer than the long-term average, with higher values of Tmin, Tmax 
and Tmean. In 2006, 18 [18] rainfall events were recorded, wetter than the long-term 
average. Rainfall totals greater than 5.0 mm were registered on 8 days (DOY: 48 = 7.1 
mm; 63 = 23.2 mm; 64=32.4 mm; 75=34.0 mm, 78=35.0 mm, 89=61.2 mm; 93=37.5 
mm and 96 = 7.2 mm). During 2007, 13 [13] rainfall data were recorded during the 
experiment, but rainfall on just 3rd day was greater than 5.0 mm (DOY: 80 = 17.4 mm; 
86 = 8.8 mm, and 88 = 8.8 mm). The drought stress treatment in 2006 was started on 
DOY 70 (March 11) and 2007 on DOY 55 (February 24).

Six days in 2006 and 10 days in 2007 were determined to be “nonreference” con-
ditions for ET0 estimation, where the [Tmin – Taverage,dew] was >3.0ºC (Fig. 2), which 
indicates a lack of well-watered conditions. The values for these days were corrected 
using methodology presented by Allen et al. [3].

When the daily mean value of surface sensible heat flux (H) is negative, Berengena 
and Gavilán [11] reported that the advection intensity could be quantified using the 
evapotranspiration fraction = ET/Rn, for H <0 and ET/Rn > 1.0.

In this study, all the crop and references evapotranspiration (ETc and ETo) estima-
tions with the P-M model registered [ET/Rn] <1.0 in both years. When the reference 
correction was made, small changes in the ETo were observed (0.1 mm.day–1). Beren-
gena and Gavilán [11] reported that the P-M reference evapotranspiration can give 
appropriate estimates of ETo even under strong adjective conditions.

The ETo rate for 2006 varied between 2.4 to 6.5 mm.day–1 with a mean of 4.3 
mm.day–1. In 2007, the ETo rate varied between 2.2 to 6.3 mm.day–1 with a mean of 4.0 
mm.day–1. The lower value for 2007 may be attributable to the lower solar radiation. 
Harmsen et al. [27] estimated the long-term ETo rates for January, February, March 
and April as 3.4, 3.8, 4.5 and 4.9 mm.day–1 respectively, with a mean of 4.1 mm.

The ETc measured by the drainage lysimeters for Morales without drought stress 
totaled 211 mm in 2006 and 215 mm in 2007, compared with 172.2 mm and 190.0 
mm, respectively using the P-M model. The ETc measured by the drainage lysimeters 
for SER 16 totaled 142.0 mm in 2006, and 152.5 mm in 2007 and with PM-Model 
147.2 and 166.3 mm, respectively (Table 6). The lower ETc values for SER 16 were as-
sociated with the lower plant density, compared with Morales. The water requirements 
for dry bean for a 90 to 100-day season ranges from 350 to 500 mm depending upon 
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the soil, climate and cultivar [37]. For a 122-day season, Calvache et al. [15] reported 
a crop water requirement of 447 mm for dry bean.

The low seasonal crop evapotranspiration values in this study are associated with: 
short crop season (75 and 78 days in 2006–2007, respectively), low plant density, cli-
matic factors (low evaporative demand), and the irrigation system (drip), that dismiss 
the soil evaporation. Muñoz-Perea et al. [37] reported genotypic differences in ETc 
of 318 mm for NW63 and 457 mm for Othello under well water conditions, and 270 
mm for Othello to 338 mm for Common Pinto beans under drought stress in Kimberly 
Idaho conditions.

During the 2006 growing season, SER 16 without drought stress reached maturity 
earlier than the stressed treatment, which induced the high ETc rates at the end of the 
season. Adams et al. [1] reported that dry bean required 25 to 30 mm of water per 
week (3.6 to 4.3 mm.day–1); and the dry bean water use rates increased from 1.3 to 
6.3 mm.day–1, during pod development [40]. In this study, the ETc increased from 0.7 
mm.day–1 in vegetative growing phase to 5.1 mm.day–1 during pod filling for Morales 
in 2006 without drought stress, and 0.6 mm.day–1 to 4.6 mm.day–1 in 2007. For SER 
16, ETc increased from 0.4 mm.day–1 in the vegetative growing phase to 5.1 mm.day–1 
in pod filling phase in 2006, and from 0.3 mm.day–1 to 6.7 in 2007 (Fig. 3).

TABLE 5 Mean daily weather conditions during the experiment at the Fortuna Experimental 
Station (Juana Diaz, PR), measured under reference conditions and compared with long-run 
means (1960–1987).

 
 Jan Feb Mar Apr 

 2006    

Min. Air temperature (oC) 

Max. Air temperature (oC) 

Mean. Air temperature (oC) 

Solar Radiation (W.m-2) 

Relative humidity (%) 

Wind speed (m.s-1) 

Rainfall (mm) 

nd‡ 

nd 

nd 

nd 

nd 

nd 

nd 

18.2 

30.7 

24.7 

200.6 

65.0 

2.2 

13.5 

19.5 

29.4 

24.2 

224.2 

72.6 

3.1 

191.2 

20.5 

30.1 

24.8 

243.2 

74.7 

2.9 

57.7 

 2007    

Min. Air temperature (oC) 

Max. Air temperature (oC) 

Mean. Air temperature (oC) 

Solar Radiation (W.m-2) 

Relative humidity (%) 

Wind speed (m.s-1) 

Rainfall (mm) 

19.9 

29.5 

24.7 

181.6 

66.7 

2.9 

1.8 

20.3 

29.9 

25.0 

181.2 

66.9 

2. 8 

1.4 

21.3 

30.2 

25.3 

184.8 

66.5 

3.1 

46.9 

17.8 

30.6 

23.9 

254.7 

57.5 

2.8 

0 

 (1960-1987)†    

Min. Air temperature (oC) 

Max. Air temperature (oC) 

Mean. Air temperature (oC) 

Solar Radiation (W.m-2) 

Relative humidity (%) 

Win direction (Deg) 

Wind speed (m.s-1) 

Rainfall (mm) 

Reference Evapotranspiration (mm)¶  

22.6 

29.7 

24.1 

nd 

nd 

nd 

nd 

23. 8 

104 

18.6 

29.7 

24.2 

nd 

nd 

nd 

nd 

20.0 

107 

18.9 

30.2 

24.6 

nd 

nd 

nd 

nd 

32.5 

139 

19. 8 

30.6 

25.2 

nd 

nd 

nd 

nd 

53.34 

147 

† Goyal and Gonzalez, (1989); ‡ No data.; ¶. Harmsen et al. (2004). 
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TABLE 6 Cumulated ETc from V2 to R9 phenological phases for two common bean genotypes, 
measured by water balance methods (Lysimeter) and energy balance method (Generalized 
Penman-Monteith). 

Year Genotype Without drought stress With drought stress Reference
Evapotranspiration

Lysimetry P-M Lysimetry P-M

mm
2006 Morales 211.0 (5.6)† 172.2 167.3 (20.2) 154.8 256
2007 Morales 215‡ 190.0 140 (26.6) 151.8 263

2006 SER16 142.0 (5.9) 147.2 100.0 (6.8) 157.6 256
2007 SER16 152.5 (0.7) 166.3 107.2 (37.7) 137.1 263

† Parenthesis values indicated 1-SD; ‡ The other two lysimeters had plant establishment 
problems.

The differences in ETc (= ETc,without drought stress – ETc,with drought stress) from the beginning 
of drought stress are presented in Fig. 3. During 2007, the drought stress was greater, 
and the difference in ETc was greater, with 40.2 mm for Morales, and 33.5 mm for 
SER 16 during R1 to R9, compared with 12.3 mm for Morales and 7.3 mm for SER 
16 during 2006 for the same stage of plant development. The most critical differences 
were observed during: R2, R4 and R6 in 2006 and R2, R3, R4, R5, R6 and R9 stages 
of plant development in 2007. The common bean is most sensitive to drought stress 
during the preflowering and reproductive stages [15, 37].

The intermittent drought stress from the R1 to R9 growth stages induced seed-
yield reduction for Morales of 33% in 2006 and 76% in 2007, and for SER 16 of 29% 
in 2006 and 67% in 2007, for small plots (2.0 m long, harvested at 6.0 g.kg–1 of seed 
moisture). In the largest plots the yield reduction was exactly the same as in the small 
plots for both years for Morales, and for SER 16 was 33% in 2006 and 73% in 2007.

Without drought stress, the cumulative ETc during vegetative growth (V1 to R1- 
DOY 46 to 65) in 2006, was 30 mm for Morales and 21.1 mm for SER 16. During 
the same growth period in 2007 (DOY 28 to 54) the cumulative ETc was: 74.8 mm for 
Morales and 61.7 mm for SER 16. The cumulative ETc during the reproductive growth 
stage (R1 to R8- DOY 66 to 97) in 2006, was 118.2 mm for Morales and 108.7 mm 
for SER 16. During the same growth period in 2007 cumulative ETc was 103.3 mm for 
Morales and 92.1 mm for SER 16. During seed maturity to harvest (DOY 98 to 104), 
the cumulative ET in 2006, was 26.3 mm for Morales and 17.4 mm for SER 16, and 
for the same growth period in 2007 was 12.0 mm for Morales and 12.5 mm for SER 
16.

The larger ETc rates were reached for both genotypes after pod initiation (R3), and 
maximum leaf area index (LAI) was registered at the R4 growth stage: Morales 4.2 
m2.m–2 in 2006, and 3.0 m2.m–2 in 2007; SER 16 1.70 m2.m–2 in 2006 and 1.8 m2.m–2 in 



226 Sustainable Practices in Surface and Subsurface Micro Irrigation

2007. The differences in LAI are directly associated with the plant densities used in 
both genotypes.

The low ETc rates at the beginning of the growing season, DOYs 40 to 62 in 2006 
and 28 to 46 in 2007, were associated with high surface resistances (rs) as shown in 
Table 7. Changes in rs are also associated directly with stomatal resistance (rL) and 
leaf area index (LAI). The low drought stress during 2006 did not generate significant 
changes in LAI and rs; however, larger differences in LAI, rL and subsequently rs were 
observed in 2007, which suggest that rs is one of the most sensitive parameters control-
ling ET during drought stress. 

FIGURE 3 Daily crop evapotranspiration rates for two common bean genotypes, with and 
without drought stress during two growing seasons: A. Morales-2006, B. Morales-2007, C. 
SER16-2006, and D. SER16-2007. 
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FIGURE 4 Daily crop evapotranspiration differences with and without drought stress for two 
common bean genotypes, during two growing seasons, for R1 to harvest in 2006–2007: A. 
Morales, B. SER 16. 

TABLE 7 Surface resistance (rs) distribution for two common bean genotypes, during two 
growing seasons, with and without drought stress conditions. The drought stress was applied 
starting in the R1 developmental phase.

Phenologic Phenologic
Water Level Genotype phase DOY‡ DAP† rs S.E¶ LAI phase DOY DAP rs S.E LAI

2006       s.m-1 m2.m-2 2007       s.m-1 m2.m-2

Without drought stress Morales V2 48 16 3944.3 (651.2) 0.05 V2 31 14 1518.2 (144.3) 0.10
V4 56 24 1738.3 (527.7) 0.20 V3 38 21 649.0 (69.9) 0.20
V6 62 30 596.2 (69.7) 0.60 V5 46 29 637.7 (177.6) 0.43
R1 70 39 259.6 (53.6) 1.30 V6 52 35 191.7 (26.1) 1.68
R3 77 46 132.4 (20.2) 2.60 R2 57 40 435.2 (18.9) 2.27
R4 84 53 79.6 (13.2) 4.22 R4 64 47 644.0 (6.1) 3.03
R6 91 60 128.5 (30.5) 2.60 R6 71 54 217.1 (25.4) 2.57
R8 98 67 111.5 (31.5) 3.00 R8 87 70 758.0 (473.8) 1.00
R9 104 73 164.1 (16.8) 2.10

Without drought stress SER16 V2 48 16 21020.9 (21899.9) 0.04 V2 31 14 9100.0 (472.3) 0.02
V4 56 24 2624.4 (298.2) 0.12 V3 38 21 1308.0 (236.5) 0.10
V6 62 30 1431.8 (211.5) 0.21 V5 46 29 992.5 (402.7) 0.20
R1 70 39 336.0 (6.8) 0.91 V6 52 35 230.3 (32.6) 1.00
R3 77 46 206.1 (59.5) 1.50 R2 57 40 439.4 52.9) 1.27
R4 84 53 192.2 (35.6) 1.60 R4 64 47 519.4 (51.0) 1.77
R6 91 60 184.2 (1.5) 1.70 R6 71 54 258.2 (38.15) 1.67
R8 98 67 252.1 (4.5) 1.20 R8 87 70 388.8 (160.0) 1.43
R9 104 73 581.8 (140.0) 0.50

With drought stress Morales R1 70 39 221.2 (74.7) 1.50 R2 57 40 769.0 (101.5) 2.00
R3 77 46 108.1 (26.3) 3.10 R4 64 47 1767.0 (410.1) 2.00
R4 84 53 82.2 (83.5) 4.00 R6 71 54 795.3 (61.7) 1.13
R6 91 60 103.5 (59.5) 3.20 R8 87 70 4800.0 (996.8) 0.80
R8 98 67 126.2 (21.5) 2.60
R9 104 73 141.9 (18.2) 2.30

With drought stress SER16 R1 70 39 374.2 (36.0) 0.90 R2 57 40 957.7 (99.5) 0.73
R3 77 46 233.2 (12.5) 1.40 R4 64 47 1150.0 (73.8) 1.20
R4 84 53 257.7 (132.4) 1.20 R6 71 54 375.1 (86.3) 1.00
R6 91 60 182.5 (76.3) 1.80 R8 87 70 4194.1 (539.7) 0.53
R8 98 67 248.2 (4.4) 1.30
R9 104 73 251.9 (32.7) 1.30

‡ Day od the year;  † Days after planting; ¶ Standard error.
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The decreasing ETc during the DOYs: 58, 60, 61, 64 and 66 in 2007 for both 
water-levels, are associated with low aerodynamic resistance (ra), and high surface 
resistance (rs). The mean ra values were 53 sm–1 for SER 16 and 54 sm−1 for Morales 
without drought stress, as compared with mean rs values equal to 220 sm −1 for SER 16 
and 200 sm−1 for Morales. The decreasing ETc is associated with high rs values for the 
same period (DOY 57 to DOY 64, Table 8). The low values of ra were directly related 
to the high wind velocities registered during that period between 10:00 am to 3:00 pm 
(range: 5.0 to 8.0 ms–1), which likely induced stomatal closure. The wind speed and ra 
have an influence on the transpiration and have been reported by several authors [17, 
18, 46]. Decreases or increases in the rL depends on the plant species [18]. Davies et al. 
[17] found that stomates closed markedly, resulting in increasing rL and subsequently 
increasing rs, with abrupt increases in wind speed in prostrate plants.

8.3.2 CROP COEFFICIENTS
The crop coefficient curves are shown in Fig. 5. The largest differences in the Kc 
between drought stress (open circles) and without drought stress (close circles) were 
observed during 2007 (Fig. 5B and 5D). The Kc difference between water levels were 
more pronounced in Morales than in SER16 in both years.

TABLE 8 Length of common bean growth stages and crop coefficients (Kc),without drought 
stress. Estimated with Penman-Monteith general model, for Juana Diaz, PR.

‡. Crops were grown during the period of January to April, which is considered to be the driest 
time of the year; drip irrigation was used; site elevation 28 meters above sea level, row spacing 
was 90 cm; plant densities for Morales and SER 16 were 13.2 plants per m2 and 6.4 plants per 
m2, respectively; registered wind velocities were greater during 2007 than during 2006.
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The linearized crop coefficients (Kc) are shown in Table 8. SER 16 did not show 
differences across years, the reduction in the Kc during the mid-season in 2007 was 
associated with low leaf area index during that year compared with the first, and differ-
ences in ra and rs. An additional stress by high wind conditions during the mid-season 
reduced the ETc in 2007, and Morales was more susceptible. The Kc values presented 
in this study are lower than those reported by the Irrigation and Drainage Paper-FAO 
56 [3]. The large row spacing and differences in plant density (low LAI), and irrigation 
system (drip) help to explain lower Kc values obtained in this study.

FIGURE 5 Daily crop coefficients (Kc), for two common bean genotypes, with and without 
drought stress during two growing seasons: A. Morales-2006, B. Morales-2007, C. SER 16-
2006, and D. SER 16-2007. 

In Table 9, Kc measured in intervals of 3 and 4 days by the drainage lysimeter are 
listed. The Kc mid are similar to those in Table 8 estimated with the PM model. A mean 
value for the reproductive phase (R1 to R9) was 0.9 in 2006 and 1.0 in 2007 for Morales 
without drought stress and decreased to 0.8 in 2006 and to 0.7 in 2007. For the geno-
type SER 16, the average Kc during R1 to R9 was 0.7 in 2006 and 0.6 in 2007 without 
drought stress; the Kc decreased from 0.6 in 2006 to 0.3 in 2007 with drought stress.

The variation in crop development rates between location and year have been ex-
pressed as correlations between crop coefficients and indices such as the thermal base 
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index, ground cover, days after emergence or planting, and growth rate [14, 25, 29, 34, 
35, 39, 52]. In this study, the Kc was correlated with the fraction covered by vegetation 
(fc) calculated as the ratio between plant canopy diameter and row spacing, and with 
the cumulative growing degree days (Fig. 6), calculated as follows:

 max min

2 b
T T

CGDD T
+  = −   (18)

where, T max is the maximum daily temperature; T min is the minimum daily tempera-
ture; and Tb is the base temperature = 10 oC.

TABLE 9 Crop coefficients (Kc) for two common bean genotypes without and with drought 
stress, measured in drainage lysimeters. Each observation is an average of three lysimeters 
values.

Phenologic Phenologic
Water Level Genotype DAP† phase Kc S.E¶ DAP phase Kc S.E

2006 Trial 2007 Trial

Without drought stress Morales 16 V2 0.9 (0.22) 19 V3 0.6 (0.09)
Morales 21 V3 1.0 (0.22) 26 V4 0.9 (0.13)
Morales 24 V4 1.4 (0.30) 29 V5 1.7 (0.39)
Morales 28 V7 0.6 (0.15) 35 V6 0.8 (0.10)
Morales 30 V8 0.2 (0.02) 38 R1 1.0 (0.09)
Morales 35 R1 1.0 (0.75) 40 R2 0.8 (0.02)
Morales 41 R2 0.8 (0.15) 43 R3 0.6 (0.06)
Morales 52 R4 0.9 (0.30) 47 R4 0.9 (0.05)
Morales 56 R5 0.9 (0.20) 51 R5 0.8 (0.02)
Morales 59 R6 54 R6 1.6 (0.19)
Morales 63 R7 1.3 (0.05) 62 R7 1.4 (0.35)
Morales 66 R8 0.4 (0.13) 70 R8 1.2 (0.28)
Morales 72 R9 0.6 (0.14) 75 R9 0.2 (0.05)

Average‡ 0.9 1.0

With drought stress Morales 16 V2 0.6 (0.09) 19 V3 0.8 (0.16)
Morales 21 V3 0.9 (0.17) 26 V4 1.0 (0.34)
Morales 24 V4 1.3 (0.22) 29 V5 0.3 (0.01)
Morales 28 V7 0.5 (0.10) 35 V6 1.3 (0.28)
Morales 35 R1 1.7 (0.01) 38 R1 0.9 (0.10)
Morales 41 R2 0.2 (0.01) 40 R2 0.1 0.03
Morales 45 R3 1.4 (0.01) 43 R3
Morales 52 R4 0.8 (0.19) 47 R4 0.3 (0.06)
Morales 56 R5 0.2 (0.01) 51 R5 0.8 (0.13)
Morales 59 R6 (0.01) 54 R6 0.8 (0.11)
Morales 63 R7 1.3 (0.24) 62 R7 0.9 (0.33)
Morales 66 R8 0.4 (0.06) 70 R8 0.7 (0.16)
Morales 72 R9 0.8 (0.15) 75 R9 0.0

Average 0.8 0.7

Without drought stress SER16 16 V2 0.6 (0.05) 19 V3 0.5 (0.08)
SER16 21 V3 0.6 (0.05) 26 V4 0.5 (0.06)
SER16 24 V4 ` 29 V5 1.0 (0.20)
SER16 28 V7 0.3 (0.01) 35 V6 0.6 (0.13)
SER16 35 R1 1.3 (0.30) 38 R1 0.7 (0.09)
SER16 41 R2 0.4 (0.02) 40 R2 0.4 (0.05)
SER16 45 R3 1.5 (0.05) 43 R3 0.3 (0.04)
SER16 52 R4 0.9 (0.10) 47 R4 0.5 (0.06)
SER16 56 R5 0.5 51 R5 0.6 (0.07)
SER16 59 R6 54 R6 1.1 (0.18)
SER16 63 R7 0.8 (0.05) 62 R7 0.7 (0.14)
SER16 66 R8 0.3 (0.10) 70 R8 0.6 (0.07)
SER16 72 R9 0.4 (0.13) 75 R9 § (0.02)

Average 0.7 0.6

With drought stress SER16 16 V2 0.2 (0.02) 19 V3 0.5 (0.11)
SER16 21 V3 0.6 (0.15) 26 V4 0.4 (0.12)
SER16 24 V4 0.7 (0.20) 29 V5 0.3 (0.06)
SER16 28 V7 0.3 (0.05) 35 V6 0.6 (0.06)
SER16 35 R1 1.1 (0.10) 38 R1 0.4 (0.08)
SER16 41 R2 0.1 (0.01) 40 R2 0.1 (0.09)
SER16 45 R3 1.1 (0.10) 43 R3
SER16 52 R4 0.4 (0.19) 47 R4 0.1 (0.02)
SER16 56 R5 0.2 51 R5 0.4 (0.05)
SER16 59 R6 54 R6 0.3 (0.03)
SER16 63 R7 0.8 (0.15) 62 R7 0.7 (0.05)
SER16 66 R8 0.3 (0.05) 70 R8 0.3 (0.10)
SER16 72 R9 0.4 (0.10) 75 R9 § (0.01)

Average 0.6 0.3

† Days after planting;  ¶ Standard error; ‡ Average corresponded since R1 to R9.
§ Plants completely dry; The spaces in white, correspond with strong rainfall events, where the Kc, could no be successfully measured. 
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The plant density, adopted in the present study, induce differences in the seasonal 
trend in fc (Eqs. (19) and (20)), but not in CGDD (Eqs. (21) and (22)). A second degree 
polynomial equation for each genotype was fitted to relate Kc with CGDD and fc (Fig. 6).

For Morales with 13.6 plants.m–2, the equations were:

 6 2 23 10 0.0033 0.053; 0.76; 0.0001cK x CGDD CGDD R p−= − + − = <  (19)

 2 21.4019 2.5652 0.2449; 0.70; 0.0003c c cK f f R p= − + − = <  (20)

For SER 16, with 6.4 plants.m–2, the equations were:

 6 2 23 10 0.0034 0.0515; 0.60; 0.0001cK x CGDD CGDD R p−= − + − = <   (21)

 2 20.6726 1.90086 0.2560; 0.60; 0.0032c c cK f f R p= − + − = <   (22)

The cumulative observed and simulated evapotranspiration were 166.5 mm and 
166.3 mm for Morales at 13.6 plants/m, and 143.7 mm and 146.3 mm for SER 16 at 
6.4 plants/m, respectively. The comparison between observed and simulated values is 
presented in Fig. 7, where the relative errors were 0.17% for Morales and 1.7% for 
SER 16 (Eqs. (20) and (22)).

8.3.3 DUAL CROP COEFFICIENTS
The single crop coefficient (Kc) was separated into two coefficients, which represent 
the crop and soil participation in the evapotranspiration process, and which are used to 
predict the effects of specific wetting events on the Kc [3]. The dual crop coefficients 
are especially useful in the case where the soil surface layer is dry, but the average soil 
water content in the root zone is adequate to sustain full plant transpiration [4]. The 
dual crop coefficients include the basal coefficient or transpiration coefficient (Kcb) 
and the soil evaporation coefficient (Ke). 

FIGURE 6 Crop coefficients (Kc) as a related to cumulative growing degree days (CGDD) 
and fraction covered by vegetation (fc) for: A. Morales CGDD vs. kc, B. SER 16 CGDD vs. kc, C. 
Morales fc vs. kc, D. SER 16 fc vs. kc . The curves were fit from V1 to R9. 
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FIGURE 7 Observed and simulated evapotranspiration from Kc models and reference ET 
estimated with the PM-model, and the observed ET estimated with the generalized PM-model 
for bean in 2006 at Juana Diaz, PR.

Figures 8 and 9 show the Kcb distribution during the growing season for water 
treatment, genotype, and year. The upper limit of Kcb in the mid-season was 0.85 for 
SER 16; and 0.91 for Morales without drought stress. The initial Kcb values are lower 
than 0.15 for both genotypes and growing seasons, which are close to the reported 
values of the FAO [3], for dry bean. The mid and end values in this study were lower 
than the reported values.

The change from vegetative to reproductive states of development, is associated 
with an increase in the transpiration, due to the abrupt increase in the Kcb, observed in 
DOY 74 (Fig. 8), and DOY 53 (Fig. 9), that is directly associated with the increase in 
leaf area and transpiration surface.

During the mid-season in 2006, the drought stress treatment Kcb values reached 
0.4 for Morales (DOY’s 81, 83, 84 and 91; Fig. 8D), which corresponded with the R4 
to R6 stages of development, and 0.30 for SER 16 (DOY 73) corresponding with R2. 
Morales exhibited a higher frequency of low Kcb values than SER 16 in the drought 
stressed treatments.

The low Kcb measured in 2007, during the mid-season for both genotypes and 
water levels (Fig. 9), indicated low transpiration rates in an important stage of devel-
opment, possible due to a “physiological stress” associated with high wind speeds and 
low irrigation rates, and which induced high rL as was discuss in the ETc results. SER 
16, responded similarly for both water level treatments Figs. 9C and 9D.

The larger difference between Kc and Kcb in 2006 vs. 2007, can be explained in 
2006 due to the water supplied in the experiment was higher than in 2007, associated 
with several rainfall events that kept the soil wetter for a longer time, and also due to 
higher wind speed in 2007 than 2006, that dismiss the transpiration rates.

The ETc was adjusted to account for water stress by using the water stress coef-
ficient (Ks). This coefficient is related to the root zone depletion (Dr), calculated using 
the water balance equation:

 ( ), , 1 ,r i r i i c i iiD D P RO I ET DP−= − − − + +   (23)

where, Dr,i is the root zone depletion at the end of the day i; Dr,i-1 is water content in 
the root zone at the end of the previous day, i–1; (P-RO)i is the difference between 
precipitation and runoff on the day i; Ii is the irrigation depth on the day i; ETc,i is the 
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crop evapotranspiration on day I; and DPi is the water loss out of the root zone by deep 
percolation on day i. All the units are in mm. 

FIGURE 8 Basal crop coefficients (Kcb) and soil evaporation coefficient (Ke) for two common 
bean genotypes-2006: A. SER 16 without stress, B. SER 16 with drought stress, C. Morales 
without drought stress and D. Morales with drought stress. 

FIGURE 9 Basal crop coefficients (Kcb) and soil evaporation coefficient (Ke) for two common 
bean genotypes-2007: A. Morales without drought stress, B. Morales with drought stress, C. 
SER 16 without drought stress and D. SER 16 with drought stress.
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The root zone depletion associated with a Ks = 1.0 (i.e., no water stress), was up to 
10 mm for a root depth between 0 to 20 cm, and up to 15 mm for a root depth of 0 to 
40 cm (Fig. 10). Fifty percent of the transpiration reduction was reached for Dr = 22 
mm and 25 mm in Morales and SER 16, respectively. Transpiration ceased completely 
(Ks = 0) when Dr = 37 mm and 46 mm, respectively for Morales and SER 16.

FIGURE 10 Water stress coefficients (Ks) for two common bean genotypes: A. Morales B. 
Morales. 

8.4 CONCLUSIONS

In this chapter, crop evapotranspiration was estimated with the generalized Penman-
Monteith model and drainage lysimeters for two common bean genotypes, with and 
without drought stress. The maximum ET rates for both genotypes were reached at the 
beginning of the reproductive phase to seed maturity, and were equivalent to 67% of 
the total ET for Morales and 73% for SER 16, in 2006, and 54% and 55%, respective-
ly, in 2007. The reduction in ET in 2007 may be associated with an increase in surface 
resistance due to windy and drought stress conditions. The increasing surface resis-
tance was also related to an observed decrease in the transpiration coefficient (Kcb).

The Kc mid values for the well watered treatment were lower than 1.0 for both 
genotypes, measured by lysimeters and the PM-model, indicating relatively low wa-
ter requirements for both genotypes. Both genotypes exhibited a Kc reduction during 
drought stress of similar magnitude. The Kc for nonlimited soil water conditions was 
well correlated with the cumulative degree day (CGDD) and with the fraction covered 
by vegetation (fc) for both genotypes with different plant densities.

The largest differences in the ET estimations between the lysimeter and the PM-
model were observed in the beginning of the crop season, which was particularly asso-
ciated with low LAI, increasing rs, and a decrease in ET. The changes in ET rates asso-
ciated with drought stress were variable between genotypes: Morales ET in 2006 was 
reduced by 10% with the PM model, as compared with 0.0% by SER 16. The change 
in ET due to drought stress for 2007 was 20% for Morales and 18% for SER 16. Note 
that the two genotypes should not be compared due to differences in the plant density.

The intermittent drought stress applied from floral differentiation to harvest was 
stronger during 2007 than 2006, with a subsequent effect on yield components. The 
genotype Morales exhibited the highest reduction in evapotranspiration during critical 
drought stress periods (R1, R2, R5 and R6).



Crop Coefficients: Sustainable Trickle Irrigated Common Beans 235

Values of surface resistance as a function of stomatal resistance and LAI were also 
derived in this study, as well as values of the crop stress coefficient (Ks), and critical 
values of root zone depletion were estimated as a Ks function, for both genotypes.

The crop coefficients (Kc) derived in this study, are specific to the genotypes con-
sidered and the agronomic practices used, including the irrigation system. Addition-
ally, it is important to consider that the plant density is a critical component in the Kc 
estimation, and it is suggested that adjustments be made to the Kc based on the fraction 
of the soil covered by vegetation (fc). The specific wind conditions present during the 
study can have a considerable effect on the derived crop coefficients, and therefore, 
caution should be exercised when applying these coefficients under wind conditions, 
which vary from those in this study.

8.5 SUMMARY

The product of the single crop coefficient (Kc) or the dual crop coefficients (Kcb and 
Ke) and the reference evapotranspiration (ETo) is a widely used method for crop evapo-
transpiration estimation (ETc), recommended by the Food and Agriculture Organiza-
tion (FAO) of the United Nations in their Irrigation and Drainage Papers 24 and 56. 
ETc, Kc, Kcb and Ke were measured for two new common bean genotypes, during two 
growing seasons (2006 and 2007) in southern Puerto Rico, at the University of Puerto 
Rico Experiment Station at Fortuna, during the driest months of the year (January-
April). The genotypes (P. vulgaris L.) planted were: Morales, commonly grown in 
Puerto Rico; and SER 16, which is drought tolerant and was developed at the Inter-
national Center of Tropical Agriculture (Centro Internacional de Agricultura Tropical, 
CIAT – Colombia); both with a type II plant architecture. Drought stress was applied 
for both genotypes at flowering through to maturation. ETc was measured with drain-
age lysimeters and estimated using the generalized Penman-Montith (PM) method 
with variable aerodynamic (ra) and surface resistance (rs). Additionally, an automatic 
weather station was placed in a nearby well-watered grass to estimate ETo using the 
PM-reference model. The linearized Kc for the initial, mid, and end stages of growth 
for Morales were: Kc ini = 0.25; Kc mid = 0.90 and Kc end = 0.50, and for SER 16 were: 
Kc ini = 0.22; Kc mid = 0.80 and Kc end = 0.30. Morales was more adversely affected by 
drought stress than SER 16. The Kc for both genotypes was correlated with the fraction 
of the soil covered by vegetation (fc) and cumulative grown degree days (CGDD). The 
stress coefficient (Ks) maintained a value of 1.0 when the root zone depletion (Dr) was 
less than 10 mm within the top 0–20 cm of soil surface and less than 15 mm within the 
top 0–40 cm soil of the soil surface. The total average ETc for Morales without drought 
stress was 211 mm in the lysimeters and 172.2 mm using the PM method during 2006, 
and 215 mm in the lysimeters and 190 mm using the PM method in 2007. The total 
average ETc for SER 16 without drought stress was 142 mm in the lysimeters and 147 
mm using the PM method in 2006, and 152.5 mm in the lysimeter and 166.3 mm using 
the PM method in 2007. The rs was a determinant variable in the ETc estimation under 
drought stress in both genotypes.
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9.1 INTRODUCTION

Papaya is a tropical herbaceous dicotyledonous plant producing melon-like fruits, 
which are rich in vitamins A and C. Total world production of papaya is estimated at 
5.6 billion kg produced on about 338,000 hectares. The largest producers are Brazil 
and Mexico. Mean worldwide yield of papaya in 2002 was 16,544 kg/ha, with Mexico 
and Costa Rica topping all countries at 40,155 kg/ha and 38,667 kg/ha, respectively 
[3]. Increased popularity of papaya during the last 10 years has resulted in a 255% 
increase in world exports.

Papaya can be commercially produced in a wide range of agro-environments. The 
most essential requirement, particularly at early growth stages, is good soil drainage to 
prevent the development of root rot caused by soil-borne pathogens. Average market-
able yield of five papaya hybrids and an open-pollinated cultivar was almost doubled 
when plants were grown on an Oxisol (123,333 kg/ha) versus a heavy-clay Ultisol 
(65,339 kg/ha). This yield difference was attributed in part to the effect of excess rain 
and less drainage at the Ultisol site [6].

Papaya can also be grown in a semiarid environment with irrigation. Drip irriga-
tion technology permits the efficient use of water and can help maximize the utili-
zation of semiarid lands for agricultural production. This technology is particularly 
suited to widely spaced crops such as papaya. There is very little information regard-
ing optimum water requirements for papaya, particularly under semiarid conditions. It 
has been suggested that the water needs of papaya are ideally supplied by 100 mm of 
evenly distributed rainfall each month [7]. This amount is seldom encountered in the 
wet-and-dry climate in which papaya is normally grown, a climate characterized by 
erratic rainfall patterns and prolonged dry periods, or in semiarid environments where 
evaporation may be three times greater than rainfall.

This chapter evaluates the optimum water requirement for papaya grown under 
semiarid conditions under drip irrigation and evaluates how yield and fruit quality 
traits are affected by various levels of irrigation.

9.2 MATERIALS AND METHODS

9.2.1 EXPERIMENTAL DESIGN
An experiment was conducted from 1996 to 1998 at the Fortuna Agricultural Ex-
periment Station of the University of Puerto Rico in the semiarid agricultural zone of 
Puerto Rico. The San Anton soil is a well-drained Mollisol (fine-loamy, mixed, iso-
hyperthermic Cumulic Haplustoll) with pH of 7.5, bulk density 1.4 g/cm3, and 1.7% 
organic carbon in the first 14 cm of soil. The 28-year mean annual rainfall is 917 
mm and annual Class A pan evaporation is 2,149 mm. Mean monthly maximum and 
minimum temperatures are 31.2 and 20.8°C. Figure 1 shows total monthly rainfall 
and evaporation during the experimental period, and Table 1 shows average monthly 
irrigation supplied to plants.
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FIGURE 1 Total monthly rainfall and Class A pan evaporation during growth of papaya at the 
Fortuna Agricultural Experiment Station, Juana Diaz – Puerto Rico, USA.

Seed of papaya cv Red Lady (Known You Seed Co., Taiwan) was germinated in 
Styrofoam seedling trays with open bottom cells containing Pro-Mix BX. Tray 
cells were 38 mm deep and 13 mm on each side. About 50 days after germi-
nation, seedlings with four to six leaves and a total dry weight of about 0.6 g 
were transplanted to the field 15 August 1996 and 16 December 1998 at a 
spacing of 1.8x1.8 m. Five treatments representing different moisture regimes 
were arranged in a randomized complete block design with four replication s. 
There were two rows per plot , each with 10 experimental plants and surrounded 
by 3.7-m alleys, with two guard plants at the end of each row to prevent over-
lapping of the irrigation treatments.

9.2.2 MICRO IRRIGATION MANAGEMENT
Two days prior to transplanting, silver polyethylene mulch (1.2 m wide x 0.15 mm 
thick) and drip lateral lines were installed by using a mechanical mulch applicator. 
Drip irrigation lines were placed on the surface along the center of each row. The 
equation by Young and Wu [12] was used to calculate the amount of irrigation applied 
to plants. The equation assumes that the evapotranspiration (ET) of a papaya plant is 
equal to the evaporation from a body of water with a free surface equal to the plant 
area as determined by a Class A pan evaporimeter. In this research, the equation was 
modified to include a pan coefficient (Kp) value of 0.70 and a modified average crop 
coefficient (Kc) of 0.42 [2] to obtain a theoretical value of potential evapotranspira-
tion (ETc). Class A pan factors (proportion of pan evaporation), ranging from 0.25 
for treatment one to 1.25 for treatment five in increments of 0.25, were used to obtain 
fractions of ETc. A pan factor of 1.0 means that the water applied to the plants of that 
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treatment replaced that lost through calculated evapotranspiration; this amount was 
therefore, considered the theoretical optimum. 

TABLE 1 Average monthly irrigation applied to papaya plants subjected to five levels of 
irrigation as determined by pan factor (proportional to Class A pan evaporation) during a 
two-year period, 1996–1998.

Month Proportion of Pan Evaporation

0.25 0.50 0.75 1.0 1.25

Liters per plant

January 79 155 234 318 392

February 68 134 200 268 336

March 88 173 261 347 436

April 101 202 277 369 509

May 85 164 247 339 426

June 96 194 288 388 484

July 76 151 226 304 381

August 79 169 252 338 424

September 16 29 45 60 76

October 18 26 31 39 45

November 31 42 53 63 74

December 66 129 192 255 313

Total 803 1,568 2,306 3,088 3,896

Average 66.9 130.7 192.1 257.3 324.7

The plants were subjected to the five moisture treatments starting about 
two months after transplanting. The amount of water applied varied weekly, 
depending on Class A pan evaporation and rainfall. The previous week’s evapo-
ration and rainfall data were used to determine the irrigation needs for the 
following week. Irrigation was supplied three times during the following 
week on alternate days. No irrigation was provided when the total rainfall ex-
ceeded 19 mm per week as this amount was sufficient to wet the soil area that 
was exposed as a result of breaking small sections of the mulch to make the 
planting hole at transplanting time. Water for irrigation was obtained from a 
supply well which draws water from the unconfined alluvial aquifer underlying 
the study area. Submain lines equipped with volumetric metering valves to 
monitor the water from the main line were provided for each treatment. Lateral 
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lines equipped with built-in 4 Lph-emitters spaced 61 cm apart branched out 
from the submains along the inner side of each plant row and about 21 cm from 
the plant stem.

9.2.3 FERTILIZATION
At transplanting, each plant received 11 g P provided as triple superphosphate. 
Throughout the experimental period, fertilization through the drip system was pro-
vided weekly at the rate of 10.5 kg/ha of N and 13.0 kg/ha of K; urea and potassium 
nitrate were the nutrient sources. Weekly fertilization also included 0.26 and 0.08 kg/
ha of Zn and Fe, respectively, supplied in their EDTA chelate forms, and 0.29 kg/ha 
Mn supplied as DTPA chelate. Insects and weeds were controlled by following the 
recommended cultural practices [10].

9.2.4 CROP PERFORMANCE
The first harvest of fruits was at about six months after transplanting. Fruits were 
harvested at color break when they started to show a tinge of yellow at the apical end 
of the fruit. At each harvest, number and weight of marketable and nonmarketable 
(deformed) fruits were determined. Representative fruits totaling about 25% of those 
harvested were used to determine fruit length. Brix readings were also taken with a 
sugar refractometer when the fruits ripened, about five days after harvest. Analysis of 
variance and best-fit curves were determined by using the ANOVA and GLM proce-
dures, respectively, of the SAS program package [9]. Only coefficients with P≤0.05 
were considered statistically significant.

9.3 RESULTS AND DISCUSSION

Differences among irrigation treatments and years were highly significant (P≤0.01) 
for most of the response variables that were studied (analysis of variance not shown). 
An exception was the brix value, which was not affected by the irrigation treatments. 
The “treatment x year interaction” was not significant; therefore, data were averaged 
over years.

Total Class A pan evaporation was 2.5 times greater than the amount of total rain-
fall recorded during the 25-month experimental period. In 16 of the 25 months, evapo-
ration was twice the amount of rainfall (Fig. 1). This indicates that large soil-water 
deficits would have occurred without irrigation. Overall, less irrigation was required 
during September through November; and more irrigation was needed during January 
through June (Table 1).

Total number of fruits produced was linearly related to the amount of water applied 
(i.e., pan factor). This response was mainly the result of a significant increase in the 
number of marketable fruits with increments in pan factor treatment (Fig. 2). The total 
number of fruits increased from 53,731 to 74,891 kg/ha for pan factor treatments 0.25 
and 1.25, respectively. In both treatment extremes, marketable fruits represented 78% 
of the total fruits produced.

Increments in pan factor treatment significantly increased fruit yield. The highest 
marketable fruit weight of 75,907 kg/ha was obtained with the application of irriga-
tion according to a pan factor of 1.25 (Fig. 3). This weight was 33, 27, 17, and 8% 
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higher than that obtained in plants irrigated with a pan factor of 0.25, 0.50, 0.75, and 
1.0, respectively. The increase in marketable fruit weight with increments in pan factor 
treatment was the result of significant increases in fruit number and fruit length (Figs. 
2 and 4). Similar responses have been obtained with other fruit crops [4, 5]. Fruits 
from plants irrigated with a pan factor treatment of 1.25 were almost 13% longer than 
those irrigated with a pan factor of 0.25. Water deficits occurring during reproductive 
stages are known to cause yield loss.

FIGURE 2 Number of total (TF), marketable (MF) and nonmarketable (NMF) papaya fruits 
as influenced by irrigation based on pan factors of 0.25 to 1.25.

FIGURE 3 Relationship between irrigation based on pan factors and total (TW), marketable 
(MW), and nonmarketable (NMW) fruit weight of papaya.
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In this study, the significantly lower number of marketable fruits and yield in 
plants irrigated with low pan factor treatments may have been the result of inhibition 
of flower development, failure of fertilization or reduction of both vegetative source 
and reproductive sink activity [8, 11].

FIGURE 4 Relationship between irrigation based on pan factors and length of papaya fruits.

Brix (sweetness) values were not significantly different among five irrigation treat-
ments and averaged 11.7. This value is higher than that obtained by Goenaga et al. [6] 
when the same variety was grown in different agro-environments.

The results reported in this study demonstrate that papaya should be irrigated by 
using a pan factor of at least 1.25. The use of a lower pan factor results in significant 
reduction in yield. Profitable papaya yields can be attained in the semiarid agricultural 
zone of Puerto Rico if proper irrigation practices are followed. Assuming that a grower 
can achieve the highest marketable fruit yield in this study and that farm gate prices 
are $9.00 per box of 18.14 kg, then a gross income of $37,660 per hectare can be at-
tained. Updated procedures recommending the use of the Penman-Monteith method 
for calculating crop evapotranspiration were published by FAO after this study was 
completed [1]. Therefore, it is recommended that this method may be used in future 
studies on irrigation requirements of papaya and that, if necessary, refinements be 
made to our recommendation.

9.4 SUMMARY

There is a scarcity of information regarding the optimum water requirement for pa-
paya (Carica papaya) grown under semiarid conditions with drip irrigation in the 
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tropics. A two-year study was conducted to determine water requirement, yield, and 
fruit quality traits of papaya cv Red Lady subjected to five levels of irrigation. The 
irrigation treatments were based on Class A pan factors that ranged from 0.25 to 1.25 
in increments of 0.25. Drip irrigation was supplied three times a week on alternate 
days. Results showed significant effects of irrigation treatments on number of fruits, 
yield and fruit length. Irrigation treatments did not have a significant effect on brix 
(sweetness). Highest marketable fruit weight (75,907 kg/ha) was obtained from plants 
irrigated according to a pan factor of 1.25. It was concluded that papaya grown under 
semiarid conditions should be irrigated according to a pan factor of not less than 1.25.
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10.1 INTRODUCTION

Tanier (Xanthosoma spp.) is a herbaceous perennial root crop that serves 
as an important food staple in some subtropical and virtually all tropical re-
gions. In Puerto Rico, tanier ranks second in economic importance among root 
crops [14]. The major production area is the mountain region where periodic 
droughts often reduce yields. The demand for a year-round supply of high 
quality cormels, high farm-gate prices, and the availability of arable land with 
an irrigation infrastructure has generated interest among farmers and govern-
ment agencies to shift tanier production from the highlands to the fertile but 
semiarid lowlands previously used for sugarcane production. In a normal year, 
evaporation in this agricultural zone may be three times greater than rainfall.

Micro irrigation technology allows efficient use of water and may maxi-
mize the utilization of semiarid land for agricultural production. There is little 
information regarding water requirements for optimum tanier production in 
Puerto Rico or elsewhere in the tropics, particularly under semiarid condi-
tions. It has been suggested that the water needs of tanier are ideally supplied 
by 140 to 200 mm of evenly distributed rainfall throughout the year [13]. The 
importance of adequate soil moisture for tanier growth was demonstrated by 
Lugo et al. [10], who found that tanier marketable yields were significantly 
higher in plots that received frequent irrigation. Under field conditions without 
irrigation, corms and cormels of tanier plants accumulated most of their dry 
matter at 16 to 20 weeks after planting, but maximal leaf area was attained at 
14 weeks after planting and then declined rapidly [9]. Maximum yield poten-
tial was not attained because of the rapid decline in leaf area during the corm 
and cormel bulking period.

Experiments conducted in Puerto Rico have demonstrated that tanier yields 
as high as 34,000 kg/ha can be attained when the crop is grown with micro ir-
rigation and intensive management [5, 6]. Under rainfed conditions in Africa 
and many Caribbean countries, tanier yields are very low, ranging from 1,270 
to 5,440 kg/ha [11]. These results illustrate the importance of tanier irrigation 
and suggest that the potential for commercial production of tanier depends 
on the implementation of management practices that prevent stress conditions 
during tanier growth, particularly if the goal is to increase food production for 
the growing population in the tropics.

In this chapter, the author evaluated the growth, nutrient uptake and yield 
performance of tanier grown in fertile but semiarid lands and subjected to 
various irrigation regimes. The study also formed part of a continued effort 
to collect growth analysis data to develop the SUBSTOR-Aroid model [6, 16].

10.2 MATERIALS AND METHODS

10.2.1 EXPERIMENTAL DESIGN
A field experiment was conducted at the Fortuna Agriculture Experiment Sta-
tion of the University of Puerto Rico at Juana Diaz. The soil is a well-drained 
Mollisol (fine-loamy, mixed, isohyperthermic Cumulic Haplustoll) with pH 
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6.8, bulk density of 1.56 g/cm3, organic carbon of 1.7%; and exchangeable 
bases, 23.2 cmol(+)/kg of soil. Soil nitrate and ammonium at the 0 to 15 cm 
depth were 11.2 and 12.9 µg/g of soil, respectively.

Plants of cultivar Blanca were established in a screenhouse from excised 
corm buds with fresh weights of about 16 g (2.7 g dry weight) and planted in 
plastic trays containing Pro-Mix growing medium. On 11 September 1991, 
plants at the one-leaf stage were transplanted to the field and arranged in a 
split-plot design with five replications. Each replication contained four main 
plots representing different moisture regimes. The main plots were split to ac-
commodate nine biomass harvests. Each subplot contained 20 plants spaced 
0.91 x 0.46 m apart, the inner six of which were sampled for biomass produc-
tion. Twelve plants per plot were harvested from each treatment to calculate 
final yield. An alley of 2.7 m separated the main plots to prevent overlapping 
of water between treatments. The experiment was surrounded by two rows of 
guard plants.

10.2.2 MICRO IRRIGATION MANAGEMENT
The amount of irrigation applied to plants was calculated with the equation by 
Young and Wu [18]. The equation assumes that the evapotranspiration of a tanier 
plant is equal to the evaporation from a body of water with a free surface equal 
to the plant area as determined by a Class A pan evaporimeter. In this study, the 
equation was modified to include a pan coefficient (Kp) value of 0.70 and a crop 
coefficient (Kc) value of 0.87 to obtain a theoretical value of potential evapotrans-
piration [3]. Class A pan factors, which ranged from 0.33 for treatment one (in-
creasing by 0.33 per treatment) to 1.32 for treatment 4, were used to obtain frac-
tions of the potential evapotranspiration. A pan factor of 0.33 means that the 
irrigation applied to the plants would replace 33% of the “water lost through 
evapotranspiration (WLET).”

Plants were subjected to one of the four moisture regimes 7 weeks after 
field planting. The amount of water applied varied weekly depending on Class 
A pan evaporation and rainfall. Evaporation and rainfall data of each week 
were used to determine the irrigation needs for the next week. Irrigation was 
supplied three times per week on alternate days, and no irrigation was pro-
vided when the total rainfall exceeded 20 mm per week.

The water source was a well-fed reservoir. Submain lines equipped with 
volumetric metering valves to monitor the water from the main line were pro-
vided for each treatment. Lateral lines equipped with 8-L emitters spaced 45.7 
cm apart branched out from the submains along each plant row.

10.2.3 FERTIGATION
At planting, each plant received 3.5 g of granular P provided as triple su-
perphosphate. Throughout the experimental period, fertigation was provided 
monthly at the rate of 3.7 and 8.0 kg/ha of N and K, respectively, with potas-
sium nitrate and urea as the nutrient sources. Fertilization also included 0.45 
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and 0.13 kg/ha of Zn and Fe, respectively, supplied in their EDTA chelate 
forms and 0.48 kg/ha of Mn supplied as DTPA chelate.

10.2.4 CROP PERFORMANCE
Samples for plant and biomass measurements were collected at 49, 91, 
133, 181, 223, 278, 322, 364 and 398 days after planting (DAP), except 
for treatments 1 and 2, in which the last biomass harvest was made at 364 
DAP. At each harvest, leaves of plants were cut at the midrib-petiole inter-
section. Plants in the subplots were harvested by digging an area of 0.42 m2 
around each plant to a depth of 30.5 cm. Because of the labor and carefulness 
required during the root sampling operation, only two plants were used for 
that purpose. Plants were then pulled from the soil, washed, and separated into 
petioles, corms, cormels, roots and suckers. Samples were dried to constant 
weight at 70 °C for dry matter determination. The dry samples were ground to 
pass a 1.0-mil mesh screen and analyzed for N, P, K, Ca, Mg and Zn. Nitrogen 
was determined by the micro Kjeldahl procedure [12], P by the molybdova-
nadophosphoric acid method [8] and K, Ca, Mg and Zn by atomic absorption 
spectrophotometry [2].

Analyzes of variance and best fit curves were determined with the ANOVA 
and GLM procedures, respectively, of the SAS program package [15]. Only coef-
ficients significant at P ≤ 0.05 were retained in the models.

10.3 RESULTS AND DISCUSSION

10.3.1 DRY MATTER ACCUMULATION
Total class A pan evaporation was two times greater than the amount of total 
rainfall recorded during the experimental period (Table 1). Under those condi-
tions large soil-water deficits would have existed without irrigation. The aver-
age evaporation and rainfall data collected during the same period for over 
20 years were 2,482 mm and 1,212 mm, respectively [7]. These figures are 
similar to those obtained during the experimental period, which can therefore, 
be considered as a normal one.

TABLE 1 Monthly evaporation and rainfall registered at the Fortuna Substation and the 
amount of water applied to four irrigation treatments throughout the tanier-growing cycle, 
1991–1992.

Month Evaporation mm Rainfall mm Irrigation supplied, liters/plant

Pan factor

0.33 0.66 0.99 1.32

Sep 183.6 55.1 — — — —

Oct 182.6 45.5 18.0 36.0 54.0 72.0

Nov 153.2 82.0 3.4 6.8 10.2 13.6

Dec 134.1 5.1 7.4 14.8 22.2 29.6

Jan 134.6 228.3 4.0 8.0 12.0 16.0

Feb 160.0 20.3 11.1 22.2 33.3 44.4



Month Evaporation mm Rainfall mm Irrigation supplied, liters/plant

Pan factor

0.33 0.66 0.99 1.32

Mar 196.8 18.5 16.2 32.4 48.6 64.8

Apr 184.7 78.0 4.8 9.6 14.4 19.2

May 169.2 471.9 7.8 15.6 23.4 31.2

Jun 202.4 33.5 9.0 18.0 27.0 36.0

Jul 232.2 3.3 20.1 40.2 60.3 80.4

Aug 207.5 85.1 11.3 22.6 33.9 45.2

Sep 177.5 99.1 2.9 5.8 8.7 11.6

Oct 160.3 171.2 0 0 0 0

Total 2478.7 1396.9 116.0 232.0 348.0 464.0

Average 177.0 99.8 8.9 17.8 26.8 35.7

Note: Initiation of irrigation treatments. Previously, the experimental area was irrigated with sprinkler 
irrigation until the establishment of the tanier crop. 

FIGURE 1 Accumulation of total dry matter in tanier as influenced by plant age and irrigated 
with fractions of evapotranspiration. The vertical bars are significant Fisher’s lsd values at P = 
0.05; absence of bars denotes lack of significant differences. 

There were no significant differences in total dry matter production among 
treatments during the first 91 DAP (Fig. 1). This growth period was character-
ized by low rates of total dry matter production with leaves and petioles ac-
counting for over 70% (of the total dry matter produced (Figs. 2A-B). Between 
91 and 223 DAP, plants that received 99 and 132% (i.e., pan factors of 0.99 
and 1.32) of the water lost through evapotranspiration (WLET) exhibited simi-
lar amounts of total dry matter (Fig. 1). During this period, roots and corms 
from most treatments showed high rates of dry matter accumulation whereas 
growth of cormels was severely affected in plants receiving the low irrigation 

TABLE 1 (Continued)
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treatments (Figs. 2C-E). By 223 DAP, the average production of total dry mat-
ter from plants replenished with 99% WLET was 26% greater than that from 
those replenished with 669% WLET; total dry matter from plants replenished 
with 132% WLET was 60% greater than that produced by plants replenished 
with 33% WLET.

FIGURE 2 Accumulation of dry matter in tanier as influenced by plant age and irrigated with 
fractions of evapotranspiration. All symbols in Figs. A to E are same as in Fig. 1-F above. The 
vertical bars are significant Fisher’s lsd values at P = 0.05; absence of bars denotes lack of 
significant differences.

TABLE 2 Average percentage nutrient concentration in leaf laminas of tanier plant with 
fractions of evapotranspiration.

Nutrient Treatment Days after Planting, Dap

49 91 133 181 223 278 322 364 398

Nutrient concentration, %

N 0.33 4.65 4.72 4.75 4.06 3.82 3.80 3.49 3.66 —

0.66 4.50 4.62 4.20 3.67 3.45 3.63 3.35 3.29 —

0.99 4.31 4.62 4.16 3.71 3.37 3.40 3.19 3.26 3.55

1.32 4.57 4.53 4.09 3.40 3.20 3.35 2.97 3.25 3.48

P 0.33 0.35 0.37 0.37 0.38 0.31 0.42 0.39 0.36 —

0.66 0.34 0.38 0.43 0.40 0.35 0.43 0.39 0.35 —

0.99 0.32 0.38 0.41 0.40 0.35 0.41 0.40 0.37 0.46

1.32 0.34 0.37 0.44 0.40 0.35 0.43 0.39 0.44 0.51



Nutrient Treatment Days after Planting, Dap

49 91 133 181 223 278 322 364 398

Nutrient concentration, %

K 0.33 4.55 4.60 4.53 4.55 4.28 4.92 3.84 3.83 —

0.66 5.41 4.66 4.51 4.22 4.24 4.84 4.01 3.78 —

0.99 5.24 4.52 4.61 4.52 4.09 4.85 3.95 3.74 3.96

1.32 4.77 4.52 4.50 4.40 3.99 4.62 4.15 3.84 4.08

Ca 0.33 1.92 1.91 1.52 1.14 1.74 1.77 1.86 1.44 —

0.66 1.97 1.72 1.46 1.24 1.78 1.90 1.76 1.85 —

0.99 2.16 1.91 1.82 1.34 1.88 1.85 1.97 2.06 1.84

1.32 1.95 1.89 1.69 1.39 1.99 1.99 2.07 1.97 1.83

Mn 0.33 0.29 0.30 0.23 0.27 0.28 0.30 0.37 0.27 —

0.66 0.30 0.29 0.22 0.25 0.28 0.32 0.34 0.33 —

0.99 0.31 0.28 0.23 0.22 0.26 0.32 0.36 0.36 0.33

1.32 0.29 0.29 0.22 0.20 0.24 0.30 0.35 0.33 0.36

Zn 0.33 0.35 0.46 0.35 0.38 0.46 0.46 0.53 0.48 —

0.66 0.32 0.48 0.37 0.36 0.47 0.50 0.48 0.49 —

0.99 0.28 0.51 0.36 0.36 0.48 0.48 0.48 0.54 0.64

1.32 0.31 0.04 0.32 0.39 0.37 0.50 0.47 0.52 0.58

Cormel development was initiated at 91 DAP regardless of the irrigation 
treatment imposed on plants. This finding indicates that the initiation of cormel 
development is insensitive to water stress conditions. The importance of prop-
er irrigation during the cormel bulking period was manifested by the low rates 
of dry matter accumulation in cormels from plants replenished with 33 and 
66% WLET (Fig. 2E). By 223 DAP, cormel dry matter in plants receiving 33 
and 66% WLET was 86 and 45% less than in those that received 99% WLET. 
Results published elsewhere [4] showed that leaf area indices were consider-
ably lower in plants subjected to 33 and 66% WLET. As a result, the potential 
contribution of leaf assimilates toward the cormels was reduced, resulting in 
a drastic decline of cormel dry matter in these treatments. Cormel dry mat-
ter production was also influenced by water stress conditions, which caused 
cormel sprouting and consequent sucker development (Fig. 2E). By 364 DAP, 
suckers were more than 20% of the total dry matter in plants replenished with 
33 to 99% WLET, but only 8% in those receiving 132% WLET.

TABLE 2 (Continued)
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FIGURE 3 Nutrient content in tanier cultivars as influenced by plant age and irrigated with 
fractions of evapotranspiration. All symbols in Figs. A, C to F are same as in Fig. 3B.

10.3.2 NUTRIENT UPTAKE
Figure 3A-F shows that nutrient uptake increased steadily during most of the 
growing season. The amount of N, P, K, Ca, Mg and Zn taken up by plants re-
plenished with 99 and 132% WLET was similar, whereas the content of these 
nutrients in plants replenished with 33 and 66% WLET was considerably lower 
(Figs. 3A-F). Plants from the latter treatments exhibited lower nutrient con-
tents because of their lower production of dry matter rather than by a reduced 
concentration of nutrients in the tissue (Figs. 2A-F and Table 2).

Maximum uptake values for plants replenished with 132% WLET were 165 kg/
ha of N, 76 kg/ha of P, 582 kg/ha of K, 114 kg/ha of Ca, 44 kg/ha of Mg and 65 kg/
ha of Zn. Similar studies [5] conducted in an Oxisol showed higher values for N, 
Mg and Zn; similar values for P and Ca and lower values for K. In that study, a to-
tal of 185 of N and 232 of K kg/ha, were supplied from fertilizer sources. The fact 
that only 49.4 of N and 105.8 of K kg/ha of N and K, were provided from fertilizer 
sources in this study indicates that soils in this agricultural zone are highly fertile.



TABLE 3 Effects of irrigation treatments and age of a crop on the marketable cormels [no./ha] 
and marketable yield [Kg/ha] of tanier.

Pan factor treatment Days after planting (DOP), crop age

181 223 278 322 364 398

0.33 Number of 
cormels**, 

No./ha

0 797 1,594 0 0 —

0.66 0 12,753 15,941 10,361 3,985 —

0.99 7,970 38,258 54,996 45,431 33,476 25,505

1.32 11,956 33,476 64,560 70,139 74,124 56,590

LSD* 8,161 12,094 15,288 19,370 11,086 35,407

0.33 Tanier yield** 
Kg/ha

0 114 342 0 0 —

0.66 0 2,083 2,880 1,815 606 —

0.99 1,128 7,160 11,423 10,990 7,773 5,368

1.32 1,790 6,058 14,827 17,885 19,479 12,172

LSD* 1,197 2,540 3,798 4,402 2,943 6,699

* Fisher’s (protected) LSD, significant at P = 0.05.
** Cormels were considered marketable when these attained a weight of 130 grams or more. 

10.3.3 YIELD PERFORMANCE
Large significant differences for cormel yield and number of cormels were ob-
served among irrigation treatments (Table 3). Cormel yield and cormel num-
ber in plants replenished with 33 and 66% WLET were extremely low. The 
yield of plants that received 99% WLET was considerably higher than that of 
plants replenished with 33 and 66% WLET, but significantly lower than that 
from plants that received 132% WLET. Maximum cormel yields of 19,479 kg/
ha were obtained at 364 DAP in plants replenished with 132% WLET. The 
yields obtained in this investigation were higher than those obtained at the 
same location [10] and in other studies conducted in the humid mountain re-
gion of Puerto Rico [1, 17]. However, maximum yields in other studies [5] 
with the same tanier cultivar grown in an Oxisol soil under micro irrigation 
were 16% higher than those obtained in this study.

The results reported in this study demonstrate that profitable tanier 
yields can be attained in the semiarid agricultural zone of Puerto Rico 
if proper irrigation and cultural practices are followed. Assuming that a 
grower can achieve the highest yields obtained in this study and farm gate 
prices are $0.88/Kg of commercial cormels, then gross income of $17,140 
per hectare can be attained.
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This study also supports the concept that the potential for profitable tanier 
production in Puerto Rico depends on the intensive management of the crop 
through the use of modern and efficient agrotechnology. It should be noted, 
however, that for tanier production in Puerto Rico, alternate sites to the semi-
arid zone should also be considered because higher yields have been obtained 
at other agricultural zones with less dependency on irrigation [5].

10.4 SUMMARY

There is little information regarding optimum water requirement for tanier 
grown under semiarid conditions with irrigation. A study was conducted to 
determine the growth, nutrient uptake and yield performance of tanier plants 
irrigated with the equivalent of fractions of evapotranspiration. The irrigation 
regimes were based on class A pan factors ranging from 0.33 to 1.32 with in-
crements of 0.33. Tanier plants grown under field conditions were harvested 
for biomass production about every 6 weeks during the growing season. At 
each harvest, plants were separated into various plant parts to determine dry 
matter accumulation, N, P, K, Ca, Mg, and Zn uptake and yield. During the 
first 278 days after planting, plants replenished with 99 and 132% of the wa-
ter lost through evapotranspiration (WLET) exhibited similar total dry matter 
content; however, their dry matter content was significantly greater than that 
in plants supplied with 33 and 66% WLET. The amount of N, P, K, Ca, Mg, 
and Zn taken up by plants replenished with 99 and 132% WLET was simi-
lar, whereas the content of these nutrients in plants replenished with 33 and 
66% WLET was considerably lower. The yield of plants replenished with 99% 
WLET was considerably greater than that of plants supplied with 33 and 66% 
WLET, but significantly lower than that from plants receiving 132% WLET. 
Maximum cormel yields of 19,479 kg/ha were obtained from plants replen-
ished with 132% WLET.
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11.1 INTRODUCTION

Tanier (Xanthosoma spp.) is a herbaceous perennial root crop that serves as an impor-
tant food staple for inhabitants in some subtropical and virtually all tropical regions. 
Morphologically, the plant is characterized by a subterranean stem or corm enclosed 
by dry, scale like leaves. Secondary corms or cormels represent the edible portion of 
the plant whereas the main corm is used for replanting. The above-ground portion of 
the plant consists of four to five sagittated leaves. Because of the low research priority 
given to this crop in the past, the National Academy of Sciences [10] has classified it 
as a neglected food crop with promizing economic potential.

Not enough information is available on: The water requirements of tanier and how 
soil moisture deficits affect the accumulation and partitioning of dry matter among 
various parts of the plant. Studies with greenhouse lysimeters showed that increasing 
the depth of the water table from 15 to 45 cm resulted in almost a two-fold increase in 
total cormel yield [12]. Under field conditions without irrigation, corms and cormels 
of tanier plants accumulated most of their dry matter at 16 to 20 weeks after plant-
ing, but maximal leaf area was attained at 14 weeks after planting and then declined 
rapidly [7]. The rapid decline in leaf area during the corm and cormel bulking period 
prevented the realization of maximum yield potential.

Under rainfed situations in the Caribbean and Pacific Basins as well as in Af-
rica, yield for aroids (Xanthosoma and Colocasia) is very low, ranging from 1270 to 
5440 kg/ha [8]. Experiments conducted with aroids in Puerto Rico and Hawaii have 
shown potential yields ranging from 34,000 to 45,000 kg/ha when grown with drip 
irrigation under intensive management [3, 5]. These results illustrate that much of the 
potential for aroids lies in commercial rather than subsistence production particularly 
if the goal is to increase food production for the growing population in the tropics.

Although some studies have shown the adverse effects of water stress on tanier 
yield, yet no field studies have been reported on the detailed analysis of growth and dry 
matter accumulation in relation to various levels of supplied irrigation.

This chapter discusses the research results on a continued effort to collect growth 
analysis data to develop the “SUBSTOR  Aroid model” [5, 132], which will serve to 
accelerate transfer of agrotechnologies for aroid production in the tropics. The au-
thor determined the dry matter accumulation and partitioning to various parts of the 
plant during growth and development of tanier plants subjected to various irrigation 
regimes.
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FIGURE 1 Mean monthly class A pan evaporation ( ) and rainfall ( ) during September 1991 
through October 1992, at Fortuna Agricultural Experiment Station, Puerto Rico.

FIGURE 2 Mean monthly maximum ( ) and minimum ( ) temperatures, and mean solar 
radiation ( ) from September 1991 through October 1992 at the Fortuna Agricultural Research 
Station, Puerto Rico.

11.2 MATERIALS AND METHODS

11.2.1 EXPERIMENTAL DESIGN
A field experiment was conducted at the Fortuna Agricultural Research Station of the 
University of Puerto Rico. The soil is a well-drained Mollisol (fine-loamy, mixed, iso-
hyperthermic Cumulic Haplustoll) with pH of 6·8; bulk density of 1·56 g.cm–3; organic 
carbon of 1.7%; and exchangeable bases of 23·2 cmol(+) per kg of soil. Soil nitrate 
and ammonium at the 0–15 cm depth were 11·2 and 12·9 µg/g of soil, respectively. 
Figures 1 and 2 show mean monthly rainfall, Class A pan evaporation, maximum and 
minimum air temperatures, and mean solar radiation during the experimental period.

Plants of cultivar Blanca were established in a screenhouse from excised corm 
buds with fresh weights of about 16 g (2·7 g of dry weight) and planted in plastic trays 
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containing Pro-Mix growing medium. On 11 September 1991, plants at the one-leaf 
stage were transplanted to the field and arranged in a split plot design with five replica-
tions. Each replication contained four main plots representing different moisture re-
gimes. The main plots were split to accommodate nine biomass harvests. Each subplot 
contained 20 plants spaced 0·91 x 0.46 m apart from which the inner six plants were 
sampled. An alley of 2·7 m separated the main plots to prevent overlapping of water 
between treatments. The experiment was surrounded by two rows of guard plants.

11.2.2 WATER MANAGEMENT
The amount of irrigation applied to plants was calculated using the equation of Young 
and Wu [15]. The equation assumes that the evapotranspiration of a tanier plant is 
equal to the plant stand as determined by a Class A pan evaporimeter. In this research, 
their equation was modified to include a pan coefficient (Kp) value of 0·70 and crop 
coefficient (Kc) value of 0·87 [1] to obtain a theoretical value of potential evapotrans-
piration. Class A pan factors ranged from 0·33 for treatment one (increasing by 0·33 
per treatment) to 1·32 for treatment four were used to obtain fractions of the potential 
evapotranspiration. A pan factor of 0·33 means that the water applied to the plants 
would replace 33% of that lost through evapotranspiration.

Plants were subjected to one of the four moisture regimes seven weeks after field 
planting. The amount of water applied varied weekly depending on Class A pan evapo-
ration and rainfall. Evaporation and rainfall data of the previous week were used to 
determine the irrigation needs for the following week. Irrigation was supplied three 
times the following week on alternate days, and no irrigation was provided when the 
total rainfall exceeded 20 mm per week.

The water source was a well-fed reservoir. Each treatment was equipped with Ber-
mad© volumetric metering valves in the submain line to monitor the water from the 
main line. Lateral lines equipped with eight one-Lph emitters spaced 45·7 cm apart 
branched out from the submains along each plant row.

11.2.3 FERTIGATION
At planting, each plant received 3·5 g of granular P provided as triple superphosphate. 
Throughout the experimental period, fertigation was provided monthly @ of 4·0 kg/ha 
of N and 8·2 kg/ha of K, respectively, using potassium nitrate and urea as the nutrient 
sources. Zinc, manganese, and iron were supplied through the drip system at monthly 
rates of 0.45, 0·48, and 0·13 kg/ha, respectively.

11.2.4 CROP PERFORMANCE
Plants and biomass measurements were collected at 49, 91, 133, 181, 223, 278, 322, 
364, and 398 days after planting (DAP) except for treatments 1 and 2 in which the last 
biomass harvest was made on 364 DAP. At each harvest, leaves of plants were cut at 
the midrib-petiole intersection and brought to the laboratory for leaf area determina-
tion using a LI-COR-3000A area meter. Each of the six plants in the subplots was 
harvested by digging an area of 0.42 m2 around each plant and to a depth of 30·5 cm. 
Due to the intensive labor required during the root sampling operation, only two of the 
six plants were used for this purpose. Plants were then pulled from the soil, washed, 
and separated into petioles, corms, cormels, root, and suckers. Samples were dried to 



constant weight at 70oC for dry matter determination. Best-fit curves were determined 
using the General Linear Model (GLM) procedures of the Statistical Analysis System 
(SAS) program package [11]. Only coefficients significant at P ≤0·05 were retained 
in the models.

11.3 RESULTS AND DISCUSSION

11.3.1 DRY MATTER ACCUMULATION
The rate of accumulation of total dry matter indicated the presence of three growth stages 
(GSl, GS2, GS3) in the growth cycle of tanier plants. These stages varied in magnitude 
but were similar in duration regardless of the irrigation treatment (Fig. 3A). GSl was 
characterized by low rates of total dry matter production during the first 90 DAP. No 
significant differences were observed in total dry matter produced among treatments.

Following GSl, a period of rapid growth (GS2) occurred in which total dry matter 
increased almost linearly until about 278 DAP as a result of increased rates in dry mat-
ter accumulation in all plant components (Fig. 3A to 3F). During this stage, plants that 
received 99 and 132% of the water lost through evapotranspiration (WLET) exhibited 
similar total dry matter content, which was significantly greater than that in all other 
treatments (Fig. 3A). During GS2, the dry matter content of leaves, petioles, roots, 
corms, and cormels was not statistically different in plants that were replenished with 
99 and 132% WLET (Fig. 3B to 3F).

Although cormel development was initiated by 90 DAP in all treatments, the rates 
of cormel dry matter accumulation indicated that the duration of the cormel - bulking 
period varied. These rates increased until 223 DAP in plants replenished with 33 and 
66% WLET, whereas they increased until 278 and 322 DAP in plants replenished with 
99 and 132% WLET, respectively.

FIGURE 3 Effects of irrigation treatments and plant age on dry weight of different parts of 
tanier plant. The vertical bars are significant LSD values at P ≤0·05, subjected to: 0·33 WLET 
( ); 0·66 WLET ( ); 0·99 WLET ( ); and 1·32 WLET ( ).
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FIGURE 4 Leaf area index [LAI] of plants throughout their growth cycle, subjected to: 0·33 
WLET ( ); 0·66 WLET ( ); 0·99 WLET ( ); and 1·32 WLET ( ).

Maximum leaf area indices (LAI) were obtained at 278 DAP and then declined 
sharply in all treatments (Fig. 4). Water stress conditions prevented the development 
of higher LAIs in plants replenished with 33 and 66% WLET. As a result, the potential 
contribution of leaf assimilates toward the storage organs (cormels), particularly dur-
ing the cormel   bulking period, was reduced and resulted in a drastic decline of cormel 
dry matter yield in these treatments. These results support previous studies [2] that 
showed positive correlations between LAI and yield of taniers. Although cormels rep-
resented a major sink for assimilates during GS2, it is noteworthy that corm dry matter 
production increased until late in the growing season in all treatments (Fig. 3E). Simi-
lar results with other tanier cultivars grown under optimum soil moisture conditions 
were obtained by Goenaga and Singh [6]. These results are of particular importance 
because, in contrast to other aroids (e.g., Colocasia spp.) tanier corms are usually not 
edible and they may compete for assimilates with the cormels. Spence [14] suggested 
a structural relationship between leaf production and corm growth and proposed that 
a reduction in leaf production might reduce corm growth and benefit cormel yield. 
However, a reduction in the rate of leaf production may only be advantageous if leaf 
longevity could be increased in order to maintain optimum leaf area.

The third growth stage (GS3) commenced after 278 DAP and was characterized 
by a leveling off in total dry matter accumulation and a sharp decline in the dry matter 
content of leaves, petioles, roots, and cormels (Fig. 3A, 3D, and 3F). GS3 was also 
characterized by rapid cormel sprouting and consequent sucker development, which 
renders the cormels unmarketable. At this point, a new biological cycle is initiated at 
GS1 for each sprouted cormel is considered a corm of a new plant.

Shoot (leaves and petioles) development of suckers was initiated at 223 DAP in 
all treatments, however, the rate of dry matter accumulation in sucker shoots var-
ied among treatments. From 223 to 364 DAP, the rate of dry matter accumulation in 



sucker shoots from plants replenished with 33% WLET was 0·20 g/day. From 223 to 
398 DAP, shoots of suckers replenished with 132% WLET accumulated only 0·03 g 
of dry matter per day (data not shown). This difference in dry matter accumulation 
among treatment extremes was the result of a reduced number of suckers in plants that 
received more irrigation.

11.3.2 DRY MATTER PARTITIONING
Ratios of dry matter partitioning to leaves, petioles, roots, corms, cormels, and suck-
ers as a fraction of total plant dry matter are presented in Fig. 5. Up to 91 DAP, leaves 
and petioles accounted for over 70% of the total dry matter in plants. This response 
is expected during early growth as plants become autotrophic and less dependent on 
stored assimilates from the planting material for growth. As plants matured, the par-
titioning ratio decreased significantly in leaves, petioles, and roots but increased in 
corms, cormels, and eventually in suckers (Fig. 5). It is noteworthy that the dry matter 
partitioning to roots remained considerably higher throughout the experimental period 
in plants replenished with 33% WLET (Fig. 5C). This response was the result of sig-
nificantly lower production of dry matter in all parts except roots of plants receiving 
this treatment (Fig. 3A to 3F).

FIGURE 5 Effects of days after planting [DAP] on dry matter partitioning to different parts 
of tanier plant, subjected to various levels of irrigation: 0·33 WLET ( ); 0·66 WLET ( ); 0·99 
WLET ( ); and 1·32 WLET ( ).

Dry matter partitioning to cormels increased linearly between 91 and 223 DAP in 
plants replenished with 99 and 132% WLET (Fig. 5E). At 223 DAP, the partitioning 
ratio in both treatments was about 0·27. This response contrasted with that observed 
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in plants replenished with 33 and 66% WLET in which the partitioning ratios were 
considerably smaller at 223 DAP. The decline in the partitioning ratios in all treat-
ments after 223 DAP was mainly the result of cormel sprouting and consequent sucker 
development.

In contrast to cormels, the partitioning of dry matter to corms increased linearly 
throughout the growing season, and the ratios were very similar within each biomass 
harvest (Fig. 5D). It is noteworthy that partitioning of dry matter to corms from each 
treatment continued after LAIs had peaked (Figs. 4 and 5D). Several investigators [9, 
14] have suggested that bulking of storage organs during periods of declining LAIs 
may occur from assimilates of current photosynthesis moving preferentially into these 
organs or assimilates being translocated from senescing leaves. It is most probable that 
both mechanisms are taking place, with older senescing leaves contributing assimi-
lates to the storage organs (corms and cormels) and products of current photosynthesis 
being translocated to new leaves and petioles as well as storage organs.

The partitioning of dry matter to suckers was greater in plants replenished with 
33 and 66% WLET than in those receiving more heavily irrigated treatments (Fig. 
5F). By 364 DAP, the partitioning ratio ranged from 0·19 to 0·28 in plants supplied 
with WLET values between 33 to 99%, whereas suckers from plants replenished with 
132% WLET accounted for only 9% of the total dry matter. Although leaves and peti-
oles were well developed in suckers after 223 DAP in all treatments, most of their 
dry matter was associated with the sucker corms (previously cormels). Higher parti-
tioning ratios in the less-irrigated treatments (33 and 66% WLET) were the result of 
increased rates of cormel sprouting and, consequently, a greater number of suckers 
being formed. In plants replenished with 33% WLET, the number of suckers per plant 
ranged from 0–4 at 223 DAP to 2–4 at 364 DAP. In plants replenished with 132% 
WLET, this number ranged from 0·03 at 223 DAP to 1·2 at 398 DAP.

This study demonstrated that commercial production of tanier requires abundant 
irrigation, which should replenish at least 100% of the evapotranspirational demand 
of the crop in order to attain proper growth and development. This is in contrast with 
other crops with high water requirements in which acceptable yields can be attained by 
replenishing 75% WLET [4]. Inadequate irrigation management in taniers will cause 
a severe reduction in growth rates and will promote early cormel sprouting, rendering 
the cormels unmarketable and causing a reduction in economic yields.

11.4 SUMMARY

The accumulation and partitioning of dry matter was determined in tanier plants ir-
rigated with fractions of the water lost through evapotranspiration (WLET) in an ef-
fort to establish growth analysis data from which a tanier growth simulation model 
could be developed. The irrigation regimes were based on Class A pan factors ranging 
from 0·33 to 1·32 with increments of 0·33. Tanier plants were planted in the field and 
harvested for biomass production about every 6 weeks during the growing season. 
At each harvest, plants were separated into various plant parts, and their dry matter 
content was determined. The first 90 dafter planting (DAP) were characterized by low 
rates of dry matter accumulation, with only leaves and petioles showing substantial 
growth. A grand growth period followed in which leaves, petioles, and roots rapidly 



accumulated dry matter until 278 DAP. During this period, plants that received 0·99 
and 1·32 WLET exhibited similar total dry matter content, and this was significantly 
greater than in plants supplied with 0·33 and 0·66 WLET. Cormel dry matter content 
peaked at 29% of total plant dry matter by 322 DAP in plants replenished with 1·32 
WLET. Partitioning of dry matter to cormels in other treatments was significantly re-
duced. Partitioning of dry matter to corms increased linearly throughout the growing 
season in all treatments. Dry matter partitioning to suckers and the number of suckers 
formed from plants replenished with 0·33 and 0·66 WLET was greater than in the 
more irrigated treatments.
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12.1 INTRODUCTION

Total world production of banana is estimated at 41.4 billion kg, produced on about 4 
million hectares (ha). In many tropical regions, banana is grown either in wet-and-dry 
climates characterized by erratic rainfall patterns and prolonged dry periods, or in fer-
tile but semiarid lands under irrigation [2, 4, 5]. Depending on the prevailing climatic 
conditions and method of measurement, estimates of the annual evapotranspiration 
(ET) of banana range from 1200 to 2690 mm [8]. The high evaporative demand in 
semiarid environments, combined with the large transpiring surface area and shallow 
root system of banana, makes it susceptible to lodging and water deficits. Consequent-
ly, banana plants require irrigation during dry periods to prevent reductions in yield 
and fruit quality [7].

Semiarid regions comprise a large percentage of the world’s arable land [3]. Drip 
irrigation technology permits the efficient use of water and can help maximize the uti-
lization of semiarid lands for agricultural production. This technology is particularly 
suited to widely spaced crops such as banana. There is little information regarding 
optimum water requirement for banana in the tropics, particularly under semiarid con-
ditions. In addition, most irrigation studies have emphasized the impact of irrigation 
treatments on yield (i.e., bunch weight) but have disregarded the effect of water supply 
on yield components such as fruit size, number of hands (fruit clusters) per bunch, and 
average hand weight.

This study chapter evaluates the optimum water requirement for banana on a Mol-
lisol soil grown under semiarid conditions under drip irrigation and evaluates how 
banana performance is affected by various levels of irrigation.

12.2 MATERIALS AND METHODS

12.2.1 EXPERIMENTAL DESIGN
An experiment was conducted from 1990 to 1993 at the Fortuna Agricultural Re-
search Station of the University of Puerto Rico (18°2’ N, 66°31’ W; elevation 21 m) 
in the semiarid agricultural zone of Puerto Rico. The San Anton soil is a well-drained 
Mollisol (fine-loamy, mixed, isohyperthermic Cumulic Haplustoll) with pH of 7.5, 
bulk density 1.4 g.cm–3, and 1.7% of organic carbon in the first 14 cm of soil. The 28-
year mean annual rainfall is 917 mm and Class A pan evaporation is 2149 mm. Mean 
monthly maximum and minimum temperatures are 31.2 and 20.8 °C. Total monthly 
rainfall and evaporation during the experimental period are shown in Fig. 1, and aver-
age monthly irrigation supplied to plants is in Table 1.
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FIGURE 1 Total monthly rainfall and Class A pan evaporation during the growth cycle of a 
plant crop and two ratoon crops of banana at the Fortuna Agricultural Research Station, PR.

TABLE 1 Three-year average monthly irrigation supplied to banana plants subjected to five 
levels of irrigation based pan factor (proportional to Class A pan evaporation).

Month Pan factor

0.25 0.50 0.75 1.0 1.25

Liters per plant

January 77 154 231 308 385

February 78 156 234 312 390

March 133 266 399 532 665

April 87 174 261 348 435

May 97 194 291 388 485

June 84 168 252 336 420

July 159 318 477 636 795

August 165 330 495 660 825

September 85 170 255 340 425

October 36 72 108 144 180

November 33 66 99 132 165

December 73 146 219 292 365

Total 1107 2214 3321 4428 5535

Average 92.2 184.5 276.7 369.0 461.2
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Corms of Grande Naine banana were planted at a 1.8x1.8 m spacing (equivalent 
to 1990 plants/ha) on 10 May 1990. Five treatments representing different moisture 
regimes were arranged in a randomized complete block design with four replications. 
There were two rows per plot, each with eight experimental plants and surrounded by 
alleys of 3.7 m, with two guard plants at the end of each row to prevent overlapping 
of the irrigation treatments.

12.2.2 FERTILIZATION
At planting, each plant received 11 grams of granular P provided as triple superphos-
phate. Throughout the experimental period, fertigation was provided weekly at the rate 
of 10.2 kg/ha of N and 28.5 kg/ha of K, using urea and potassium nitrate as nutrient 
sources. Weekly fertilizations also included 0.26 and 0.08 kg/ha of Zn and Fe, respec-
tively, supplied in their EDTA chelate forms and 0.29 kg/ha of Mn supplied as DTPA 
chelate. A desuckering program in the plant crop (PC) was implemented ≈5 months 
after planting to allow the development of only one sucker, which represented the first 
ratoon crop (Rl). Similarly, only one sucker was allowed to develop from Rl plants in 
order to establish the second ratoon crop (R2).

12.2.3 MICRO IRRIGATION MANAGEMENT
The equation of Young and Wu [12] was used to calculate the amount of irrigation 
applied to plants. The equation assumes that the ET of a banana plant is equal to 
the evaporation from a body of water with a free surface equal to the plant area as 
determined by a Class A pan evaporimeter. In this study, the equation was modified 
to include a pan coefficient (Kp) of 0.70 and a modified average crop coefficient (Kc) 
of 0.88 [1] to obtain a theoretical value of potential evapotranspiration (PE). Class A 
pan factors ranging from 0.25 for Treatment 1 to 1.25 for Treatment 5 in increments 
of 0.25, were used to obtain fractions of PE. A pan factor of 1.0 means that the water 
applied to the plants of that treatment replaced that lost through calculated evapotrans-
piration. Therefore, this was considered the theoretical optimum.

The plants were subjected to the five moisture treatments starting ≈2.5 months 
after planting. The amount of water applied varied weekly, depending on Class A pan 
evaporation and rainfall. The previous week’s evaporation and rainfall data were used 
to determine the irrigation needs for the following week. Irrigation was supplied three 
times during the following week on alternate days, and no irrigation was provided 
when the total rainfall was>19 mm per week. The water source was a well-fed reser-
voir. Submain lines equipped with volumetric metering valves to monitor the water 
from the main line were provided for each treatment. Lateral lines equipped with built-
in 4 Lph emitters spaced 61 cm apart branched out from the submains along the inner 
side of each plant row and ≈21 cm from the pseudostems.

12.2.4 CROP PERFORMANCE
At flowering, the number of functional leaves was recorded. Two weeks later, the male 
flower bud and the false hands were removed from the immature bunches. Immedi-
ately, the bunches were bagged with blue plastic sleeves. The number of days to flower 
was calculated as the time interval between planting and flowering (bunch-shooting) 
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in the plant crop, and the interval between harvest of the previous crop and flowering 
of the next in the ratoon crops. Banana bunches were harvested when the fruits were 
in the mature-green stage, ≈110 days after flowering.

At harvest, outer length and diameter were measured in three inner and three outer 
fruits from the middle section of the third upper and last hands in the bunch. These 
measurements were pooled to obtain an average for each hand. Values for bunch 
weight and yield per area were obtained after subtracting the rachis weight from the 
total bunch weight. Analyzes of variance and best fit curves were determined using the 
ANOVA and GLM procedures, respectively, of the SAS program package [10]. Only 
coefficients significant at P≤0.05 were retained in the models.

12.3 RESULTS AND DISCUSSION

Differences among irrigation treatments and crops were highly significant (P≤0.01) 
for all the response variables that were studied (analysis of variance not shown). The 
“treatment x crop interaction” was highly significant (P ≤0.01), except for fruit length 
in the bunch last hand and number of leaves at flowering. Therefore, results are re-
ported for each treatment-crop combination.

Total Class A pan evaporation doubled the amount of rainfall recorded during the 
experimental period. In 22 out of 37 months, evaporation/rainfall ratios were ≥3.0 
(Fig. 1). This indicates that large soil-water deficits would have existed without irriga-
tion. Less irrigation was required during the months of October through December and 
more irrigation was required in March, July, and August (Table 1).

Bunch weight was linearly related to the amount of water applied (i.e., pan fac-
tor) in the R1 and R2 crops (Fig. 2). The greatest response to irrigation was obtained 
in the R2 crop, which produced an average maximum bunch weight of 43.3 kg when 
irrigated using a pan factor of 1.25. This bunch weight represents increases of 91 and 
23% over those obtained for PC and R1, respectively, when irrigated using the same 
pan factor. The increase in bunch weight in plants that received irrigation from the two 
highest pan factor treatments can be attributed largely to a greater number of market-
able hands per bunch (Fig. 2). Bunches harvested from PC, Rl, and R2 plants that 
were irrigated with a pan factor of 1.25 had 25, 54, and 40% more hands, respectively, 
than when irrigated with a pan factor of 0.25 (Fig. 2). Similar improvements in PC 
bunch weight and hands per bunch were obtained by Hedge and Srinivas [4] when the 
evaporation replenishment was increased from 20 to 120%. In their study, however, 
bunch weight and number of hands from R1 bunches were considerably smaller than 
obtained in this study. As a result of the increase in the number of hands per bunch with 
increments in pan factor, the number of fruits per bunch also increased. The number of 
fruits per bunch between treatment extremes (pan factors 0.25 and 1.25) ranged from 
109 to 133 fruits in PC, 111 to 193 fruits in Rl, and 133 to 207 in R2 (data not shown).
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FIGURE 2 Effects of irrigation treatments based on pan factors on the banana performance in 
Mollisol soil: (a) Bunch weight (Top); and (b) Hands per bunch (Bottom).

The weight of the third-upper and last hand in the bunch also increased with pan 
factor increments (Fig. 3). This response was more pronounced in R2, where an in-
crease in pan factor from 0.25 to 1.25 resulted in a third-upper hand weight gain of 
2.616 kg, compared with gains of 1.923 kg in R1 and 1.248 kg in PC. The same pan 
factor increment caused a less pronounced effect in the last hand, with weight gains of 
only 582 grams in PC, 634 grams in Rl, and 875 grams in R2.

Increments in pan factor treatment resulted in significant increases in length and 
diameter of fruits of the bunch third-upper and last hands (Fig. 3). Third-hand fruits in 
PC, Rl, and R2 that received irrigation according to a pan factor of 1.25 were 20, 21, 
and 32% longer, respectively, than when the crops were irrigated using a pan factor of 
0.25. Similar trends of smaller magnitude were measured of fruits in the last hand of 
PC, Rl, and R2. Similarly, increasing the amount of irrigation resulted in an increased 
diameter for fruits in the third-upper and last hands (Fig. 3). The greatest increase in 
fruit diameter (8.5 mm) was observed in the third-upper hand of R2 when the pan fac-
tor was incremented from 0.25 to 1.25.
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FIGURE 3 Relationship between five irrigation treatments based on pan factor and hand 
weight (Figs. 3a, 3b), fruit length (Figs. 3c, 3d), and fruit diameter (Figs. 3e, and 3f) in the third-
upper and last hands of the banana bunch.

FIGURE 4 Relationship between irrigation treatments based on pan factors and banana bunch 
yield for plant crop (PC) and first ratoon crop (R1) and second ratoon crop (R2).
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FIGURE 5 Relationship between irrigation treatments based on pan factors and days to flower 
in the banana plant crop (PC) and first ratoon crop (R1) and second ratoon crop (R2).

The number of functional leaves present at flowering is an important physiological 
trait for proper banana fruit filling [11]. Increments in pan factor caused significant (P 
≤ 0.01) increases in the number of functional leaves present at flowering in this study 
(data not shown). The average number of functional leaves present at flowering was 
14.4 and 15.1, respectively, for pan factors 0.25 and 0.50. Robinson et al. [9] indicated 
that retention of eight leaves at flowering is sufficient to avoid significant reductions 
in yield and fruit size. Thus, the smaller fruit length and diameter values obtained from 
PC, Rl, and R2 subjected to the pan factor increments of 0.25 and 0.50 cannot be at-
tributed to a reduced leaf area that might have hindered translocation of photosynthate 
to fruits in these treatments. This suggests that fruit growth in those treatments was 
restricted due to drought stress that reduced the rate of cell expansion.

The highest marketable yield of 86.3 Mg/ha was obtained from R2 and with a pan 
factor of 1.25 (Fig. 4). This yield represented an increase of 41 and 16 Mg/ha over PC 
and Rl, respectively, when they were subjected to the same pan factor treatment. After 
harvest of the plant crop, banana yields tend to increase in successive ratoon crops 
[6]. In this study, the yield average was 36.1 Mg/ha in PC, 48.8 Mg/ha in Rl, and 59.1 
Mg/ha in R2. With each increment in pan factor, marketable yield increased by 10.8 
Mg/ha, in Rl and 13.6 Mg/ha in R2. This linear effect was not observed in PC, where 
a maximum yield gain of 9.3 Mg/ha was obtained when irrigation according to the 
pan factor was increased from 0.25 to 0.50. Thereafter, yield gains were significantly 
reduced with each pan factor increment (Fig. 4).

Increments in pan factor resulted in a significant (P ≤ 0.01) reduction in the num-
ber of days to flower and consequently, the planting-to-harvest cycle was shortened in 
plants that received irrigation corresponding to the higher pan factors (Fig. 5). The Rl 
and R2 plants irrigated according to a pan factor of 1.25 flowered 42 and 79 days ear-
lier, respectively, than those irrigated according to a pan factor of 0.25. Range in days 
to flower between the 0.25 and 1.25 pan factors in PC was only 22 days. This response 
may have been the result of abnormally high rainfall during the period prior to flow-
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ering (Sept. through Oct. 1990; Fig. 1), which probably allowed PC plants irrigated 
according to the lowest pan factor to partially recover from drought stress conditions.

There was a significant (P ≤ 0.05) treatment and crop effect on the number of days 
from flowering to harvest; however, the “treatment x crop interaction” was not signifi-
cant (data not shown). Plant crop, Rl, and R2 plants irrigated according to a pan factor 
of 0.25 required 110, 111, and 113 days from flowering to harvest, respectively. When 
irrigated using a pan factor of 1.25, the number of days from flowering to harvest was 
105 for PC, 104 for Rl, and 110 for R2. Although the pan factor treatment affected the 
number of days to flower (Fig. 5), the flowering-to  harvest period appeared to be fixed, 
regardless of the irrigation treatment.

From this investigation, authors conclude that banana should be irrigated using a 
pan factor of ≥1.0. The use of a lower pan factor results in significant reductions in 
yield and fruit quality, particularly in ratoon crops,

12.4 SUMMARY

There is a scarcity of information regarding the optimum water requirement for ba-
nana (Musa acuminata Colla, AAA group) grown under semiarid conditions with drip 
irrigation in the tropics. A three year study was conducted on a fine-loamy, mixed, 
isohyperthermic Cumulic Haplustoll to determine water requirement, yield, and fruit-
quality traits of the plant crop (PC) and two ratoon crops (Rl and R2) of ‘Grande 
Naine’ banana subjected to five levels of irrigation. The irrigation treatments were 
based on Class A pan factors of 0.25 to 1.25 in increments of 0.25. Drip irrigation 
was supplied three times a week on alternate days. Results showed significant (P ≤ 
0.01) irrigation treatment and crop effects for all yield components, fruit length and 
diameter, days to flower, and days from flowering to harvest. Highest marketable yield 
(86.3 Mg/ha) was obtained from the R2 crop with water application according to a pan 
factor of 1.25. Plant crop and R1 plants irrigated using the same pan factor yielded 
45.3 and 70.3 Mg/ha, respectively. Increasing the pan factor from 0.25 to 1.25 resulted 
in weight gains of the third-upper hand of 70% in PC, 90% in Rl, and 122% in R2. 
Irrigation according to increasing pan factors resulted in significant increases on the 
number of hands per bunch and the length and diameter of fruits in the third-upper and 
last hands in the bunch. It can be concluded that, to attain high yields, banana grown 
under semiarid conditions should be irrigated with a pan factor of not less than 1.0.
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13.1 INTRODUCTION

Total world production of banana in 1998 was estimated at 5.7 x 1010 kg [4]. While 
most of the global banana production is for local consumption, bananas are the world’s 
second most important traded fruit after citrus and, along with rubber, cocoa, sugar and 
coffee, one of the five major tropical products entering into world trade [8].

The banana plant is a tropical herbaceous evergreen, which has no natural dormant 
phase; it has a high leaf area index and a very shallow root system [10]. These factors 
make the crop extremely susceptible to water shortage. Consequently, banana plants 
require irrigation during dry periods to prevent reductions in yield and fruit quality.

Depending on the prevailing climatic conditions, estimates of the annual ET of 
banana plants range from 1200 to 2690 mm [9]. Water requirements of drip-irrigated 
banana grown under semiarid conditions on a Mollisol or on an Ultisol under transient 
dry periods were determined by Goenaga and Irizarry [5, 6]. Using Class A pan fac-
tors of 0.25 to 1.25, they found that all yield components for the plant crop and two 
ratoon crops were significantly improved with an increase in water applied. Young et 
al. [15] reported similar results when banana was irrigated according to pan factor of 
0.2 to 1.8.

Little is known about water requirements of banana grown on an Oxisol or about 
possible differences in water requirements among banana cultivars. A local selection 
of cultivar ‘Johnson’ is thought by some growers to be more tolerant to water deficits 
than ‘Grande Naine,’ the most common cultivar used in Puerto Rico and many other 
tropical regions. In fields planted to ‘Grande Naine’ and ‘Johnson’ authors have ob-
served plants of the latter with more vigorous growth and better fruit quality during 
dry periods.

This chapter evaluates the optimum water requirement for banana cv’s ‘Johnson’ 
and ‘Grande Naine’ grown on an Oxisol; and how yield, fruit size, and other bunch and 
plant traits were affected by various levels of irrigation.

13.2 MATERIALS AND METHODS

13.2.1 EXPERIMENTAL DESIGN
An experiment was conducted from 1995 to 1998 at the research farm of the USDA-
ARS Tropical Agriculture Research Station, Isabela, Puerto Rico. The Coto soil is a 
well-drained Oxisol (very-fine, kaolinitic, isohyperthermic, Typic Hapludox) with pH 
of 6.1, bulk density of 1.4 g cm–3, 2.0% organic carbon, and 8.3 cmolckg–1 of exchange-
able bases in the first 14 cm of soil. The 23-year mean annual rainfall is 1649 mm 
and Class A pan evaporation is 1672 mm. Mean monthly maximum and minimum air 
temperatures are 29.8 and 19.9°C [7]. Total monthly rain and pan evaporation during 
the experimental period are shown in Fig. 1. The average monthly irrigation supplied 
to plants is shown in Table 1.

Sword suckers of ‘Grande Naine’ and ‘Johnson’ banana were planted at a 1.8- by 
1.8-m spacing (equivalent to 1990 plants ha–1) in a split-plot design with four replica-
tions. Each replication contained five irrigation treatments (main plot) that were split 
to accommodate both banana varieties. There were two rows per main plot, each with 
eight experimental plants per variety and surrounded by alleys of 3.7 m, with two 
guard plants at the end of each row to prevent overlapping of the irrigation treatments.
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TABLE 1 Average monthly irrigation applied to banana plants subjected to five levels of 
irrigation as determined by pan factor (proportional to Class A pan evaporation) during a three-
year period, 1995–1998.

13.2.2 FERTILIZATION
At planting, each plant received 11 grams of granular P provided as triple superphos-
phate. Throughout the experimental period, fertilization through the drip system with 
potassium nitrate was provided weekly at the rate of 3.6 kg.ha–1 of N and 12.4 kg.ha–1 
of K.

FIGURE 1 Total monthly rainfall and Class A pan evaporation during the growth cycle of a 
plant crop and two ratoon crops of banana at the USDA-ARS Research Station, Puerto Rico.
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13.2.3 CULTURAL PRACTICES
A desuckering program in the plant crop (PC) was implemented during the fifth month 
after planting to allow the development of only one sucker, which represented the first 
ratoon crop (R1). Similarly, only one sucker was allowed to develop from R1 plants 
in order to establish the second ratoon crop (R2). On 10 September 1996, Hurricane 
Hortense completely destroyed R1 plants, which at the time were almost two months 
away from harvest. Suckers from R1 were not affected by the hurricane. Therefore, a 
new sucker (R2) was selected from R1 plants and the experiment was continued until 
a third ratoon crop (R3) was harvested. Yellow sigatoka, nematodes, soil-borne insects 
and weeds were controlled following recommended cultural practices [1].

13.2.4 MICRO IRRIGATION MANAGEMENT
The equation of Young and Wu [16] was used to determine the amount of irrigation 
applied to plants:

 AI = 10.03 x APE x PA x PF  (1)

where, AI (liters.plant–1.d–1) is applied irrigation, 10.03 is a constant (100,289 L.ha.
cm–1/9996 m2.ha–1), APE (cm.d–1) is the average daily class A pan evaporation, PA (m2) 
is the plant area and PF is pan factor treatments (0.25, 0.50, 0.75, 1.0, 1.25).

However, since evaporimeter data cannot be correlated to crop water use directly 
[14], AI values were multiplied by a pan coefficient (Kp) of 0.70 and an average crop 
coefficient (Kc) of 0.88 [3] to obtain an AI value equivalent to theoretical potential 
evapotranspiration (PE). The use of pan factors in the equation, which ranged from 
0.25 for treatment one to 1.25 for treatment five, in increments of 0.25. Therefore, this 
allowed to replenish plants with fractions of water lost through PE. For example, a pan 
factor of 1.0 means that the water applied to the plants of that treatment replaced that 
lost through PE; this was hence considered the theoretical optimum.

The plants were subjected to the five moisture treatments starting on 14 August 
1995. The amount of water applied varied weekly, depending on Class A pan evapora-
tion and rain which were recorded daily from a weather station located near the experi-
mental site. The previous week’s evaporation and rain data were used to determine the 
irrigation needs for the following week. Following commercial practices, irrigation 
was supplied three times during the following week on alternate days, and no irriga-
tion was provided when the total rain was>19 mm per week. From tensiometer read-
ings, the authors determined that this amount of rain keeps this soil sufficiently wet 
(10–15 kPa) to avoid the need to irrigate for one week (unpublished results).

A surface drip system was used to irrigate the crop. Submain PVC lines equipped 
with volumetric metering valves to monitor the water from the main line were provid-
ed for each treatment. Lateral drip lines (Drip In Irrigation Co., Madera, CA) equipped 
with in-line 4 L.h–1 emitters spaced 0.61 m apart branched out from each treatment 
submain along the inner side of each plant row and about 0.21 m from the pseud-
ostems.
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13.2.5 CROP PERFORMANCE
At flowering and harvest, the number of functional leaves per plant was recorded. 
About two weeks after flowering, the male flower bud and the false hands were re-
moved from the immature bunches. Immediately, the bunches were bagged with blue 
polyethylene sleeves. Banana bunches were harvested when the fruits were about three-
quarters full, about 110 days after flowering. At harvest, the bunches were weighed 
and the number of hands counted and then cut from the rachis. The outer length and 
diameter were measured in three inner and three outer fruits from the middle section 
of the third-upper and last hands in the bunch. These measurements were pooled to 
obtain an average for each hand. The weight of these hands was also recorded. Values 
for bunch weight and yield per area were obtained after subtracting the rachis weight 
from the total bunch weight.

13.2.6 DATA ANALYSIS
Analyzes of variance and best-fit curves were determined using the ANOVA and GLM 
procedures, respectively, of the SAS program package [12]. The GLM Solution Op-
tion was used in cases in which significance was found for treatment and crop effects 
but not for the “treatment x crop interaction” (Victor Chew, personal communication). 
Only coefficients significant at P<0.05 were retained in the models.

FIGURE 2 Bunch weight (a) and hands per bunch (b) of a banana plant crop (PC) and two 
ratoon crops (R2 and R3) as influenced by irrigation based on proportion of pan evaporation 
(pan factor).
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13.3 RESULTS AND DISCUSSION

Cultivar and the ‘treatment x cultivar’ interaction were not significant (P<0.05). 
Therefore, data were averaged over cultivars. Irrigation treatments and crops showed 
significant effects (P<0.01) on bunch weight and yield, number of hands per bunch, 
weight and fruit diameter of the third and last hands, length of fruits in the third hand, 
and, number of functional leaves at flowering and harvest (analysis of variance not 
shown).

Total Class A pan evaporation (5162 mm) was similar to the amount of total rain-
fall (5277 mm) recorded during the 38-month experimental period (Fig. 1). Although 
this may suggest that plants were never exposed to soil-water deficits, yet it is note-
worthy that 30% of the total rain recorded during the experimental period fell during 
the months of June and September of 1995; June 1996; and January, August, and Oc-
tober of 1997. In 20 of 38 months, rain was lessthan Class A pan evaporation indicat-
ing that soil-water deficits would have existed without irrigation. More irrigation was 
required during the months of March, April and May (Table 1). The water requirement 
of banana plants in this study was twice that for plants subjected to similar treatments 
on an Ultisol [6] and about half that for plants grown on a Mollisol in a semiarid en-
vironment [5].

Bunch weight was linearly related to the amount of water applied (i.e., pan fac-
tor) in the plant crop and R2 and R3 crops (Fig. 2). The greatest response to irrigation 
was obtained in the R2 crop, which produced an average maximum bunch weight of 
35.5 kg when irrigated using a pan factor of 1.25. This bunch weight represents in-
creases of 9 and 47% over those obtained for R3 and PC, respectively, when irrigated 
using the same pan factor. Similar experiments [5, 6] have also shown greater bunch 
weight in the R2 crop of banana grown under semiarid conditions with drip irrigation 
or in humid high elevations with supplemental irrigation. Bunches harvested from 
PC, R2, and R3 plants that were irrigated with a pan factor of 1.25 had 12, 22, and 
13% more hands, respectively, than when irrigated with a pan factor of 0.25 (Fig. 2). 
Bunches harvested from R2 plants had fewer hands than those of R3 (Fig. 2). There-
fore, the increase in bunch weight in R2 plants can be attributed to an increase in 
individual fruit size and weight (Fig. 3).

Fruit diameter and length in the third-upper hand and fruit diameter in the last hand 
significantly increased with increments in pan factor treatment (Fig. 3). This response 
was probably responsible for the significant bunch weight increases in plants of R2 
(Fig. 2). Third-hand fruits in PC, R2, and R3 that received irrigation according to a 
pan factor of 1.25 were 5, 10, and 12% thicker, respectively, than when the crops were 
irrigated using a pan factor of 0.25.

Similar trends of smaller magnitude were measured on fruits in the last hand of 
PC, R2, and R3. Increasing the amount of irrigation resulted in an increase in length 
for fruits in the third-upper hand but not in the last hand (Fig. 3). The weight of the 
third-upper and last hand in the bunch also increased with pan factor increments (Fig. 
3). This response was more pronounced in R2 and R3 where an increase in pan fac-
tor from 0.25 to 1.25 resulted in a third-upper hand weight gain of 1284 and 1429 g, 
respectively, compared to only a gain of 594 g in PC. The same pan factor increment 
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caused a less pronounced effect in the last hand, with weight gains of only 190 g in PC, 
356 g in R2, and 596 g in R3.

FIGURE 3 Relationship between irrigation pan factor and hand weight (a,b), fruit diameter 
(c,d), and fruit length (e,f) in the third-upper and last hands of the banana bunch as influenced 
by irrigation based on proportion of pan evaporation (pan factor).

FIGURE 4 Relationship between irrigation based on proportion of pan evaporation (pan 
factor) and bunch yield in the banana plant crop (PC) and two ratoon crops (R2 and R3).
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The number of functional leaves present at flowering and at harvest is an important 
trait for proper banana fruit filling [11, 13]. Increments in pan factor caused significant 
(P<0.01) increases in the number of functional leaves present at flowering in the study 
(data not shown). The average number of functional leaves at flowering was 14, 14.5, 
15.0, 15.3, and 15.5, respectively, for pan factors 0.25 to 1.25. The average number 
of functional leaves at harvest (data not shown) ranged from 8.9 to 9.7 for pan factors 
0.25 to 1.25. There should be a minimum of 12 functional leaves at flowering, and nine 
at harvest to achieve maximum bunch filling in banana [11]. Thus, the smaller fruit 
length and diameter values obtained from PC, R2 and R3 plants subjected to the lower 
pan factor treatments (0.25 and 0.50) cannot be attributed to a reduced leaf area that 
might have hindered translocation of photosynthate to fruits in these treatments. This 
suggests that fruit growth in those treatments was restricted due to drought stress that 
reduced the rate of cell expansion.

Increments in pan factor treatment significantly increased bunch yield in PC, R2 
and R3. The highest marketable yield of 70.7 Mg ha–1 was obtained from R2 and the 
application of irrigation according to a pan factor of 1.25 (Fig. 4). This yield repre-
sented an increase of 23 and 6 Mg.ha–1 over PC and R3, respectively, when they were 
subjected to the same pan factor treatment. Even though rain is an important compo-
nent of the annual water requirement for banana grown in this region, PC, R2, and R3 
plants irrigated with a pan factor of 1.25 had a 29, 53, and 68% higher bunch yield than 
those irrigated with a pan factor of 0.25 (Fig. 4). These results confirm that a banana 
plantation requires large quantities of water for maximum productivity [10, 11].

13.4 CONCLUSIONS

From this investigation, it is concluded that banana grown on an Oxisol should be 
irrigated using a pan factor of 1.0 or more. The use of a lower pan factor may reduce 
bunch yield significantly and affect fruit quality. Similar results were obtained by Goe-
naga and Irizarry [5, 6] with banana grown under semiarid conditions on a Mollisol 
or on an Ultisol under transient drought periods. Updated procedures recommending 
the use of the Penman-Monteith method for calculating crop evapotranspiration were 
published by FAO after this study was completed [2]. Therefore, it is recommended 
that this method is used in future studies on irrigation requirements of banana and 
refinements be made to our recommendation presented in this study if necessary. No 
significant differences in yield and fruit quality traits were observed between the two 
cultivars used in this study. Future studies should be directed to the screening of a larg-
er number of cultivars in an effort to identify materials with some drought tolerance.

13.5 SUMMARY

There is a scarcity of information regarding the optimum water requirement for ba-
nana (Musa acuminata Colla, AAA group) grown with supplemental drip irrigation on 
an Oxisol. A three-year study was conducted on a very-fine, kaolinitic, isohyperther-
mic Typic Hapludox to determine water requirement, yield, and fruit-quality traits of 
the plant crop (PC) and two ratoon crops (R2 and R3) of ‘Grande Naine’ and ‘Johnson’ 
banana subjected to five levels of irrigation. The irrigation treatments were based on 
Class A pan factors of 0.25 to 1.25 in increments of 0.25. Drip irrigation was supplied 
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three times a week on alternate days. Results showed significant (P<0.001) irrigation 
treatment and crop effects for all yield components, fruit length and diameter, number 
of leaves at flowering and harvest and number of hands per bunch. Cultivar and the 
treatment by cultivar interaction were not significant (P<0.05). The highest market-
able yield (70.7 Mg ha–1) was obtained from the R2 crop with water application ac-
cording to a pan factor of 1.25. Plant crop and R3 plants irrigated using the same pan 
factor yielded 48 and 65 Mg.ha–1, respectively. Increasing the pan factors from 0.25 
to 1.25 resulted in weight gains of the third-upper hand of 594 g in PC, 1284 g in R2, 
and 1429 g in R3. It was concluded that banana grown on an Oxisol should be drip 
irrigated with a pan factor of 1.0 or more three times a week.
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14.1 INTRODUCTION

Plantain is a tropical rhizomatous perennial plant closely related to bananas (Musa 
spp.). The starchy fruits are known as “cooking bananas” and are an important staple 
food in Africa, Central and South America, Oceania, South-East Asia, and the Carib-
bean Basin [6]. In Puerto Rico, plantain is an important cash crop with an annual farm 
value of $30.4 million [2]. The main area of production is in the humid mountain 
region where periodic droughts can reduce yields and affect fruit quality. The demand 
for a year-round supply of high quality fruits, high farm prices, and the availability of 
arable land with an irrigation infrastructure have contributed to the shifting of plantain 
production from the highland to the fertile but semiarid lowlands previously used for 
sugar-cane production. In a normal year, evaporation in this agricultural zone may be 
three times greater than rainfall.

Micro irrigation technology allows efficient use of water and can help maximize 
the utilization of semiarid lands for agricultural production. Not enough information is 
available regarding optimum water requirement for plantains either in Puerto Rico or 
elsewhere in the tropics particularly under semiarid conditions. It has been suggested 
that the water needs of plantains are ideally supplied by 100 mm of evenly distributed 
rainfall each month and that a serious shortage is experienced when there are less than 
50 mm in any month [8]. Plantains have a shallow root system and a very large trans-
piring surface [5] making the crop susceptible to lodging and water deficit.

Plantain bunch weight and consequently fruit weight often responds to an increas-
ing amount or frequency of irrigation [1] presumably because transpiration (and thus 
photosynthesis) is sensitive to available soil water. The importance of fruit weight in 
plantain production is critical since in most tropical areas, plantains are marketed by 
fruit units which must weigh 270 g or more to be considered marketable.

In this chapter, authors discuss the research results to determine the optimum water 
requirement for intensively managed plantains grown in semiarid conditions under 
drip irrigation, and to examine the effect of five irrigation regimes on fruit size.

14.2 MATERIALS AND METHODS

14.2.1 EXPERIMENTAL DESIGN
An experiment was conducted at the Fortuna Agricultural Research Station of the Uni-
versity of Puerto Rico (18°2’ N, 66°31’ W; elevation 21 m) in the semiarid agricultural 
zone of Puerto Rico. The mean annual rainfall and Class A pan evaporation were 866 
mm and 2149 mm, respectively. Mean monthly maximum and minimum temperatures 
were 31 and 21 °C. The soil is Mollisol (Cumulic Haplustoll) with pH of 7.5, bulk 
density 1.4 Mg.m–3, 1.7% of organic carbon, and exchangeable bases of 25 cmol(+) 
per kg of soil.

Corms of the horn-type Mari Congo cultivar were planted on 14 January, 
1988 in a randomized complete block design with four replications. Each rep-
lication contained five plots representing different moisture regimes. There 
were two rows of six plants per plot spaced 1.8 x 1.8 m of which eight were 
used to collect data on plant, bunch, and fruit variables. An alley of 3.7 m 
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separated the plots to prevent overlapping of water between treatments. The 
experiment was surrounded by two rows of guard plants.

14.2.2 WATER MANAGEMENT
The equation by Young and Wu [9] was used to calculate the amount of irrigation 
applied to plants. The equation assumes that the ET of a banana plant is equal to the 
evaporation from a body of water with a free surface equal to the plant area as de-
termined by a Class A pan evaporimeter. In this study, the equation was modified to 
include a pan coefficient (Kp) of 0.70 and a modified average crop coefficient (Kc) of 
0.88 [3] to obtain a theoretical value of potential evapotranspiration (PE). Class A pan 
factors ranging from 0.25 for treatment 1 to 1.25 for treatment 5 in increments of 0.25, 
were used to obtain fractions of PE. A pan factor of 1.0 means that the water applied 
to the plants of that treatment replaced that lost through calculated evapotranspiration. 
Therefore, this was considered the theoretical optimum.

The plants were subjected to the five moisture treatments 2.5 months after plant-
ing. The amount of water applied varied weekly, depending on Class A pan evapora-
tion and rainfall. The previous week’s evaporation and rainfall data were used to de-
termine the irrigation needs for the following week. Irrigation was supplied three times 
during the following week on alternate days, and no irrigation was provided when the 
total rainfall was >20 mm per week.

The water source was a well-fed reservoir. Submain lines equipped with volumet-
ric metering valves to monitor the water from the main line were provided for each 
treatment. Lateral lines branched out from the submains along the inner side of each 
of the two rows of plants and 46 cm from the base of the pseudostems. Two in-line 8 
Lph emitters were spaced 61 cm between each end.

14.2.3 FERTIGATION
At planting, each plant received 11 grams of granular P provided as triple superphos-
phate. Throughout the experiment, fertigation was provided weekly at the rate of 
8.6 kg/ha of N and 1.4 kg/ha of K with urea and potassium nitrate serving as sources 
for these nutrients.

14.2.4 CROP PERFORMANCE
Recommended cultural practices were followed regarding sucker control and pesticide 
and herbicide applications. The bunches were harvested when the fruits reached the 
maturity green stage, about 120 days after flowering.

A desuckering program was implemented five months after planting to allow the 
development of only one sucker per stump for the subsequent establishment of the first 
ratoon crop. In contrast to the mother crop, ratoon suckers developed a poor radical 
system, which caused plant lodging halfway through their growth cycle. Consequently 
the experiment was terminated at this point (about six months after harvesting the 
mother crop). Root and corm weevil were not the limiting factors for the problem as 
is usually suggested. Apparently, there are other factors associated with the poor de-
velopment of ratoon crops in plantain, a condition commonly encountered and often 
referred to as “plantain decline” in the tropics.
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Best-fit curves were determined using the General Linear Model (GLM) proce-
dures of Statistical Analysis System (SAS) program package [7]. Only coefficients at 
P ≤ 0.01 were retained in the models.

14.3 RESULTS AND DISCUSSION

Total class A pan evaporation was three times greater than the amount of rainfall re-
corded during the experimental period (Table 1). This indicated that large soil-water 
deficits would have existed without irrigation. The average annual evaporation and 
rainfall data collected for over 20 years at the study location were 2149 mm and 866 
mm, respectively [4]. These figures are similar to those obtained during the experi-
ment and, therefore, 1988 can be considered as representative of a normal year.

Days to flower (bunch-shooting) was one of the crop parameters most affected by 
the irrigation treatments (Fig. 1). Flowering and consequently the planting to harvest 
cycle were substantially delayed in plants that received the lower levels of moisture. 
Plants replenished with 25 and 50% (pan factors of 0.25 and 0.50) of the water lost 
through evapotranspiration flowered at about 318 and 296 days after planting (DAP), 
respectively. Those in the remaining treatments flowered between 277 and 282 DAP.

The number of leaves at harvest ranged between 11.6 and 14.4 for pan factors 
0.25 and 1.25, respectively. Although this parameter was statistically significant, it ex-
ceeded the minimum of 10 leaves required at bunch-shooting to fill the fruits. The total 
number of hands per bunch was linearly related to the pan factor and varied between 
7.1 and 8.1 for the lowest and highest pan factor treatments, respectively. Consequently, 
the number of fruits per bunch was 45 for pan factor of 0.25, and 52 for pan factor of 
1.25 (Fig. 2A). 

TABLE 1 Monthly evaporation and rainfall registered at the Fortuna Agricultural Experiment 
Station in Juana Diaz – Puerto Rico; and the amount of water applied in five treatment throughout 
the plantain growing cycle (1988–1989).

Month Class A pan 
evaporation

Rainfall Irrigation applied, Liters per plant

Pan factor

mm mm 0.25 0.50 0.75 1.00 1.25

Jan 146.3 11.7 — — — —- —

Feb 168.1 4.1 — — — —- —

Mar 191.8 21.8 — — — —- —

Apr1 193 62.0 143 286 429 572 715

May 216.9 26.7 82 164 246 328 410

Jun 195.3 45.0 67 134 201 268 335

Jul 205.7 92.5 69 138 207 276 345

Aug 194.6 316.5 77 154 231 308 385
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Month Class A pan 
evaporation

Rainfall Irrigation applied, Liters per plant

Pan factor

mm mm 0.25 0.50 0.75 1.00 1.25

Sep 164.6 54.6 65 130 195 260 325

Oct 171.7 75.9 124 248 372 496 620

Nov 146.3 116.8 32 64 96 128 160

Dec 140.2 8.9 102 204 306 408 510

Jan 150.1 11.2 107 214 321 428 535

Feb 121.9 9.4 93 186 279 372 465

Total 2406.5 857.1 961 1922 2883 3844 4805

Average — — 87.4 174.7 262.1 349.4 436.4

1 Initiation of irrigation treatment. Previously, the experimental plot as sprinkler-irrigated until the estab-
lishment of the plantain crop. 

Bunch weight was linearly related to the amount of water applied (i.e., pan factor; 
Fig. 2B). The regression analysis for pan factor values and bunch weight showed that the 
maximum bunch weight (17.02 k g  per bunch) was obtained with a of pan factor 1.25. 
This response represents an increase of 70.7, 45.0, 26.1, and 11.5% as compared to 
plants that received pan factor treatments of 0.25, 0.50, 0.75, and 1.0, respectively.

Maximum bunch mean fruit weight (313.2 g) was attained with the application 
of a pan factor between 1.0 and 1.25 (Fig. 2C). Only plants that received a pan factor 
of 0.75 or more (i.e., average monthly irrigation of 262 L) yielded bunches contain-
ing marketable fruits with a mean weight of 270 grams. This mean fruit weight is the 
minimum threshold to qualify the horn-type plantains as marketable.

The weight of the bunch third upper hand increased linearly with pan factor incre-
ments (Fig. 2D). The average fruit weight in this hand was 198, 250, 314, 296, and 
311 grams for pan factors of 0.25, 0.50, 0.75, 1.00 and 1.25, respectively. Since the 
first three upper hands of typical “Mari Congo” bunches contain over 50% of the total 
fruits, any irrigation regime exceeding a pan factor of 0.75 should result in the produc-
tion of high-grade marketable fruits that will surpass the 270-g market criteria.

TABLE 1 (Continued)
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FIGURE 1 Relationship between days to flower and irrigation pan factors. Vertical bars 
represent the SE. 

FIGURE 2 Effects of irrigation pan factor on the: Number of fruits per bunch (Fig. 2A); bunch 
weight (Fig. 2B); bench mean fruit weight (Fig. 2C); and weight of bunch third upper hand (Fig. 
2D).
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FIGURE 3 Effects of irrigation pan factor on fruit diameter (Fig. 3A, Left) and fruit length 
(Fig. 3B, Right) in the third hand of upper plantain bunch. 

FIGURE 4 Effects of irrigation pan factor on the plantain bunch yield (metric tons per ha).

TABLE 2 Effect of pan factor treatments on mean fruit weight and yield of plantains.

Pan factor treatment Average monthly  
Irrigation (Table 1)

Mean fruit weight Number of fruits Fruit yield

Fraction Liters per plant grams per ha Tons per ha

0.25 87.4 205.0 90,464 19.7

0.50 174.7 255.5 93,851 23.3

0.75 262.1 290.2 97,239 26.9

1.00 349.4 309.3 100,626 30.5

1.25 436.8 312.6 104,013 33.9
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Fruit diameter and length in the third upper hand were significantly affected by 
the increments in irrigation regimes (Figs. 3A and 3B). Regression-predicted values 
showed that maximum fruit diameter (4.5 cm) and length (23.8 cm) were attained with 
the use of a pan factor treatment between 1.00 and 1.25.

Highest marketable plantain yields (33.9 tons per ha) were obtained with the ap-
plication of a pan factor treatment of 1.25 (Fig. 4). This represented an increase of 
14.2, 10.6, 7.0 and 3.4 tons per ha for pan factor values of 0.25, 0.50, 0.75, and 1.00, 
respectively. Table 2 summarizes the importance of scheduled irrigation on plantain 
fruit size (mean fruit weight) and yield per ha. Considering the market demand for 
large fruits at premium prices, it is recommended that intensively managed plantains 
grown in the semiarid lowlands of Puerto Rico should be irrigated with not less than a 
pan factor of 0.75. The irrigation based on pan factors between 1.00 and 1.25 is recom-
mended if the farm gate price for premium fruits is sufficiently high as to compensate 
for the additional irrigation costs. These amounts represent an average of 262 to 437 L 
of monthly irrigation per plant (Table 1).

14.4 SUMMARY

An experiment was conducted to determine the optimum water requirement of drip-
irrigated plantains (Musa acuminata x Musa balbisiana AAB) grown under semiarid 
conditions. The irrigation regimes were based on Class A pan factors ranging from 
0.25 to 1.25 with increments of 0.25. Plants with irrigation based on a pan factor of 
0.75 or above averaged 280 days from planting to flowering. Flowering in plants that 
received irrigation based on pan factors of 0.25 and 0.50 was substantially delayed. 
All yield components were significantly affected by the amount of water applied. Only 
fruits from treatments with irrigation based on a pan factor of over 0.75 exceeded the 
average weight of 270 g, the minimum accepted for marketable plantains. Highest 
marketable yield (33.9 tons per ha) was obtained with the application of a pan factor 
treatment of 1.25, an increase of 14.2, 10.6, 7.0, and 3.4 tons per ha over pan factor 
treatments 0.25, 0.50, 0.75, and 1.0, respectively. Over 50% of the fruits harvested in 
pan factor treatments 0.25 and 0.50 were classified as nonmarketable.
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15.1 INTRODUCTION

Plantain ( Musa acuminata x Musa balbisiana, AAB) and banana ( Musa 
acuminata AAA) are important cash crops in Puerto Rico with a combined 
annual farm value of $52.6 million [11]. Both crops are grown mainly in the 
mountain region where cyclical droughts reduce yields and affect fruit qual-
ity. The demand for a year-round supply of high quality fruits, the high farm 
prices, and the availability of arable land with an irrigation infrastructure 
have contributed to shifting plantain and banana production from the high-
lands to the fertile, but semiarid, lowlands previously used for sugar cane pro-
duction. Efficient use of irrigation for plantain and banana production in 
this agricultural zone is imperative because of the combination of high 
evaporation and low rainfall.

Drip irrigation technology allows efficient use of water and can help maxi-
mize the utilization of semiarid lands for agricultural production. There is a 
scarcity of information regarding optimum water requirement for plantain 
and banana in the tropics, particularly under semiarid conditions. Both 
crops are known to require large quantities of well-distributed water in order 
to attain maximum productivity and fruit quality as well as to ensure ad-
equate sucker development [1, 5, 14].

Other investigations [3, 8, 9, 12] have been conducted to examine the yield 
response of plantain and banana subjected to various irrigation regimes. How-
ever, few have reported irrigation recommendations that are readily available 
to growers.

Goyal and Gonzalez [7] used a modified Blaney-Criddle model to estimate 
the drip irrigation requirement for plantain grown in the semiarid zone 
of Puerto Rico. Their results indicated that a total of 149.1 cm/plant of drip 
irrigation would be required yearly for proper growth and development of 
plantains. However, the authors stressed the fact that their results were not 
substantiated by field studies.

Lahav and Kalmar [ 1 0 ]  conducted field studies in the northern coastal 
plain of Israel to study the response of drip-irrigated banana subjected to 
various irrigation regimes based on class A evaporation factors. Their results 
showed higher yields (67.9 t/ha) when plants received irrigation correspond-
ing to a constant evaporation factor of 1.0 throughout the growing season 
and equivalent to 11,630 cubic meters per hectare. However, the authors did 
not present monthly rates of applied irrigation to demonstrate changes due to 
seasonal patterns.

This chapter discusses the research results to determine how marketable 
yield and other crop traits of plantain and banana grown in semiarid condi-
tions under drip irrigation are influenced by five levels of irrigation based 
on “Class A pan evaporation.” To provide practical irrigation recommendations to 
growers, authors made projections on crop productivity, gross sales, and on irri-
gation expenses incurred in the operation of a 20-hectare planting of drip ir-
rigated plantain or banana.



Drip Irrigation Management: Plantain and Banana 305

15.2 MATERIALS AND METHODS

15.2.1 EXPERIMENTAL DESIGN
Field studies with plantain were conducted in 1988–1989 [5] and with bananas 
during 1990–1992 at the Fortuna Agricultural Research Station, latitude 18° 
2’N and longitude 66° 31’ W, in the semiarid agricultural zone of Puerto Rico. 
The soil is a Mollisol (Cumulic Haplustolls) with good drainage, a pH of 7.5, 
a bulk density of 1.4 Mg/m3, 1.7% organic carbon, and 25 cmol(+) per kg of 
exchangeable bases.

Corms of the horn-type Mari Congo plantain cultivar or Grand Nain banana 
were planted in a randomized complete block design with four replications. 
Each replication contained five plots representing different moisture regimes. 
Each plantain plot was 14.6 m long by 1.8 m wide and contained two eight-
plant rows. Banana plots were 21.9 m long by 1.8 m wide, and each of the 
two rows per plot contained 12 plants. Plots were separated by alleys of 3.7 
m to prevent overlapping of the irrigation treatments. The experiments were 
surrounded by two rows of guard plants. The population density was about 
1,990 plants per hectare. Data on bunch and fruit variables were collected 
from 10 of the 16 plantain plants per plot, and on banana from 16 of the 
24 plants per plot. Data collected for plantain are representative of the 
plant crop only. For banana, data were collected for the plant and first ratoon 
crops.

15.2.2 MICRO IRRIGATION MANAGEMENT
In both experiments, the equation used by Young and Wu [15] was used to cal-
culate the amount of irrigation applied to plants. The equation assumes that 
the evapotranspiration of a banana or plantain mat is equal to the evaporation 
from a body of water with a free surface equal to the mat area as determined 
by a class A pan evaporimeter. In this study, the equation was modified to 
include a pan coefficient (Kp) value of 0.70 and a modified average crop 
coefficient (Kc) of 0.88 [4] to obtain a theoretical value of potential evapo-
transpiration. Class A pan factors (proportion of pan evaporation), which 
ranged from 0.25 for treatment one to 1.25 for treatment five in 0.25 incre-
ments, were used to obtain fractions of the potential evapotranspiration. A 
pan factor of 1.0 means that the water applied to the plants of that treatment 
replaced that lost through evapotranspiration and hence was considered the 
theoretical optimum.

The plants were subjected to the five moisture regimes two and a half 
months after planting. The amount of water applied varied weekly depending 
on class A pan evaporation and rainfall. The previous week’s evaporation and 
rainfall data were used to determine the irrigation needs for the following 
week. Irrigation was supplied three times the following week on alternate 
days, and no irrigation was provided when the total rainfall exceeded 19 mm 
per week.

In both experiments, submain lines were equipped with volumetric meter-
ing valves to monitor the water provided to each treatment. Lateral lines 
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branched out from the submains along the inner side of each of the two rows 
of plants and about 46 cm apart from the pseudostem base. Two in-line 8 
L / h  emitters were spaced 21 cm from the pseudostems, and two feeder 
lines with 4 L/h emitters provided a uniform supply of water around each 
plantain plant. In the banana experiment, laterals were equipped with built-
in 4 L/h emitters spaced 61 cm apart along the line and feeder lines were not 
used.

Rainfall and evaporation data collected from 1988 to 1992 were used to 
calculate the amount of applied irrigation during the field plantings. However, 
final drip irrigation recommendations for these crops were calculated by also 
including historical weather data collected at the research station from 1982 
to 1987, and assuming that both crops had been grown at the test site during an 
11-year period (i.e., 1982 to 1992; see Table 1).

15.2.3 FERTIGATION
At planting, each plantain and banana plant received 11 g of granular P 
provided as triple superphosphate. Plantain plants were fertigated weekly 
at the rate of 8.6 and 14.4 kg/ha of N and K, respectively, with urea and 
potassium nitrate serving as sources of these nutrients. Banana plants were 
fertigated weekly at rates of 10.2 kg/ha of N and 28.5 kg/ha of K using potassium 
nitrate. Banana weekly fertigations also included 0.26 and 0.08 kg/ha of Zn and 
Fe supplied in the EDTA chelate forms and 0.29 kg/ha of Mn supplied as DTPA 
chelate. Because of adequate rainfall, when irrigation was not necessary, weekly 
fertigation was postponed and rates were doubled the following week.

15.2.4 CULTURAL PRACTICES
Recommended cultural practices [2] were followed regarding bunch and sucker 
management and pesticide and herbicide applications. Plantain bunches were 
harvested when the fruits reached the mature green stage. The banana bunches 
were harvested when the fruits were three-fourths full, about 120 days after flow-
ering. Collected data were analyzed for an analysis of variance using the ANOVA 
procedure of the SAS program package [13]. All results for differences among 
means were considered to be significant at the 0.05 probability level or lower.

TABLE 1 Average and standard deviation for monthly evaporation and rainfall registered at 
the Fortuna Agricultural Station from 1982 to 1992.

Month Class A pan Evaporation, 
Epan

Rainfall, R Difference, Epan - R

mm mm mm

Jan 150.9 ± 15.9 38.2 ± 65.1 112.7

Feb 154.5 ± 9.3 24.0 ± 15.1 130.5

Mar 192.5 ± 14.2 45.4 ± 51.6 147.1
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Month Class A pan Evaporation, 
Epan

Rainfall, R Difference, Epan - R

mm mm mm

Apr 193.5 ± 13.5 58.4 ± 51.4 135.1

May 179.9 ± 33.4 144.3 ± 151.2 35.6

Jun 195.7 ± 15.6 49.8 ± 56.4 145.9

Jul 207.9 ± 22.9 56.7 ± 37.4 151.2

Aug 209.7 ± 11.5 89.3 ± 83.1 120.4

Sep 175. ± 18.9 109.5 ± 73.9 65.6

Oct 155.0 ± 23.2 192.8 ± 220.0 –(37.8)

Nov 134.1 ± 14.1 148.6 ± 108.0 –(14.5)

Dec 137.6 ± 14.0 16.7 ± 15.5 120.9

Total 2086.4 973.7 —

Average 173.9 ± 31.1 81.1 ± 106.2 —

15.2.5 PROJECTIONS FOR ENERGY COSTS FOR PLANTAIN AND BANANA 
CULTIVATION
Projections for energy costs (Table 4) on a 20-hectare farm were based on the fol-
lowing assumptions:

1. Farm was divided into four 5-ha sections, each of which received irrigation 
separately;

2. Use of a 40 brake horsepower motor pump with an efficiency of 75%;
2. A total dynamic head of 61 m discharges 1,977.7 L/min of water to each 5-ha 

section;
3. Pumping time to each 5-ha section on a given day was: 1.7, 2.3, and 2.8 h for 

pan factors of 0.75, 1.0, and 1.25, respectively;
4. Under the 711 agricultural tariff provided by the Electric Energy Authority, 

the cost per kilowatt-hour is 0.054 cents. Therefore, the total kilowatt-hour 
consumption per year was estimated at 31,619.99; 42,160.08; and 52,699.98 
for pan factors 0.75, 1.0, and 1.25, respectively;

5. Energy costs also included fuel adjustment and minimum charge costs of 0.033 
cents and $120.00, respectively. The cost of well water (Table 4) was based on 
a charge by the Department of Natural Resources of $25.00 per 3,785,000 L 
of water.

Table 5 provides a detailed economic analysis of all the operational costs and 
net income generated in the establishment and management of one hectare of 
bananas. The data were obtained from growers, federal and state government 

TABLE 1 (Continued)
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agencies, private financial institutions, and distributors of agricultural products. 
Projections of operational costs included the following assumptions:

1. Salary of a labor @ of $3.50/hour;
2. A plant population density of 1,990 plants per ha ;
3. Grower participation of the Puerto Rico Department of Agriculture’s incentive 

program for the application of nematicide.
Because of the seasonal and often large market-price fluctuations for plan-

tains, a similar economic analysis for this crop was not made. However, if 
the operational costs involved in the establishment and management of a 
plantain farm are known, the gross sales reported in this manuscript for 
drip-irrigated plantains may be helpful to estimate the net income at prevail-
ing market conditions.

FIGURE 1  Effect of five irrigation treatments on crop performance: (A) Number of days to 
flower; (B) Bunch weight; (C) Hands per bunch; (D) Fruits per bunch; (E) Third hand weight; 
and (F) Bunch yield. (Note: P = Plantain; PCB = Plant crop; FRB = First ratoon bananas. Vertical 
bars represent Waller-Duncan values (P<0.05) to compare differences between irrigation 
treatments within a crop.)

15.3 RESULTS AND DISCUSSION

15.3.1 FIELD STUDIES
For the 11 years of weather data used in this study, total Class A pan evapo-
ration at the Fortuna Agricultural Station was two times greater than the 
amount of total rainfall (Table 1). This ratio is similar to that obtained using 
the available historical data collected for more than 20 years at the same loca-
tion, which _show annual evaporation and rainfall values of 2,149 and 917 mm, 
respectively [7]. This finding indicates that the study period was representa-
tive of the normal climate conditions that prevail in this agricultural zone.
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Increases in pan factor treatments caused a significant reduction in the 
number of days required to flower (bunch shooting), and consequently the 
planting to harvest cycle was shortened in both plantain and banana (Fig. 
lA). Plantain, plant crop banana (PCB) and first ratoon banana (FRB) re-
plenished with 100% of the water lost through evapotranspiration (pan fac-
tor 1.0) flowered at about 277, 193 and 352 days after planting, respective-
ly. As compared to plants replenished with a pan factor of 0.25, plantains, 
PCB and FRB replenished with a pan factor of 1.0 flowered 43, 17 and 36 
days earlier, respectively. Days to flowering in PCB ranged by only 22 days 
in plants subjected to treatment extremes (i.e., pan factors 0.25 and 1.25). 
This response contrasted with that observed for plantain and FRB and was 
probably the result of abnormally high rainfall (totaling 711 mm during the 
last four months of 1990), which probably allowed drought-stressed plants 
from the low pan factor treatments to develop faster.

Maximum plantain and PCB bunch weights (16.5 and 24.5 kg, respec-
tively) were obtained with the use of pan factor 1.25. Although statistical dif-
ferences in plantain and PCB bunch weights were not observed between pan 
factors 1.25 and 1.0, significant differences existed between pan factors 1.25 
and 0.75 (Fig. 1B). The greatest response to irrigation treatments was obtained 
for FRB plants, which produced maximum bunch weights of 37.6 kg, using a 
pan factor of 1.25 (Fig. 1B). This response represented an increase of 172, 80, 
24, and 19% as compared to FRB plants that received pan factor treatments of 
0.25, 0.50, 0.75, and 1.0, respectively.

The total number of hands per bunch ranged from 7.2 to 8.3 in plantains 
subjected to the five irrigation regimes (Fig. 1C). The number of hands per 
bunch in plantain plants irrigated with a pan factor of 1.25 was significantly 
greater than those produced in the remaining irrigation treatments (Fig. 1C). 
The number of hands per bunch in PCB and FRB plants significantly increased 
with increases in pan factor treatments. This response was more evident in 
FRB plants, which produced four more hands per bunch with a pan factor of 
1.25 than with 0.25 (Fig. lC).

As a consequence of the increase in the number of hands per bunch with 
increments in pan factor treatments, the number of fruits per bunch increased 
from 111 to 190 fruits in FRB plants receiving pan factor treatments of 0.25 
and 1.25, respectively (Fig. 1D). The average number of fruits per bunch in 
PCB plants subjected to the higher three pan factor treatments was 128, where-
as it was 155 in FRB plants. In plantain, the number of fruits per bunch signifi-
cantly increased from 45 to 52 in plants irrigated with pan factors of 0.25 and 
1.25, respectively (Fig. 1D). There were no significant differences in the number 
of fruits per bunch in irrigated plantain plants when pan factors ranged from 0.75 
to 1.25.

The first three upper hands of plantain bunches contain about 50% of the total 
fruits and about 40–45% in banana bunches. Therefore, the weight of the third up-
per hand is often used to represent an average weight of all the hands in a bunch. 
Pan factor treatments significantly affected the weight of the bunch’s third upper 
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hand in plantain, PCB, and FRB plants (Fig. 1E). In plantain, however, there were 
no significant differences in the weight of the bunch’s third upper hand from plants 
irrigated with pan factors of 0.75 and 1.0. However, the differences between 0.75 
and 1.25 were significant. This response greatly contrasted with that observed in 
PCB and FRB plants, in which practically each pan factor increment resulted in a 
significant increase in the weight of the third upper hand (Fig. 1E).

The highest yields for plantain, PCB and FRB plants were 33, 49, and 75 t/
ha, respectively, and were obtained with the application of a pan factor treatment 
of 1.25 (Fig. 1F). Although statistical differences in plantain and PCB yields were 
not observed between pan factors 1.25 and 1.0, yet both crops showed that yields 
obtained with a pan factor of 1.25 were significantly greater than those obtained 
with a pan factor of 0.75 (Fig. IF). Yields of FRB plants irrigated with a pan factor 
of 1.25 were significantly greater than those obtained in the remaining pan factors.

15.3.2 IRRIGATION RECOMMENDATIONS AND ECONOMIC 
ANALYSIS
The results presented in this study demonstrate the importance of irrigation to 
obtain adequate yields in plantain and banana grown in the semiarid zone of 
Puerto Rico. On the basis of our field studies and historical weather data, Table 2 
presents the monthly amounts of irrigation that would be applied to plantain and 
banana subjected to five irrigation regimes in the semi arid zone of Puerto Rico.

Less irrigation was required during the months of September through Novem-
ber whereas March, April, July and August demanded higher quantities of irriga-
tion (Table 2). October and November were the only months in which rainfall 
exceeded Class A pan evaporation. In most of the remaining months of the year, 
pan evaporation exceeded rainfall by over 100 mm (Table 1).

TABLE 2 Monthly amount of water applied (Liters per plant) to plantains or bananas subjected 
to five irrigation treatments on the semiarid southern coast of Puerto Rico.

Month Amount of irrigation applied each month, Liters per plant

Pan factor

0.25 0.50 0.75 1.00 1.35

Jan 97 194 291 388 485

Feb 98 195 293 391 489

Mar 120 240 361 481 601

Apr 103 206 309 412 515

May 75 150 225 300 375

Jun 99 199 298 397 497

Jul 118 236 354 473 591

Aug 109 218 328 437 546
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Month Amount of irrigation applied each month, Liters per plant

Pan factor

0.25 0.50 0.75 1.00 1.35

Sep 65 131 197 263 328

Oct 59 118 178 237 296

Nov 39 77 116 154 193

Dec 88 175 263 351 439

Total 1,070 2,139 3,213 4,284 5,355

Average 89 178 268 337 446

Based on plantain and banana irrigation requirements (Table 2), and the 
yield and fruit quality data obtained from our field studies (Figs. 1B–F), we es-
timated the yearly gross sales and irrigation costs incurred by a grower operat-
ing a 20-hectare planting irrigated with pan factors of 1.25, 1.0, 0.75. Irrigation 
with lower pan factors was detrimental to yield and fruit quality; and therefore, 
these were not considered in our analyzes.

Increasing the amount of applied irrigation from pan factor 0.75 to 1.25 
resulted in gross sales increases of $40,482 for PCB and $108,054 for FRB 
(Table 3). However, the increase in the amount of supplied irrigation re-
sulted in an additional energy and water cost of only $2,388.52 (Table 4). 
It is noteworthy that increasing the pan factor from 0.75 to 1.25 increased the 
number of fruit boxes by 6,747 in PCB. However, the same irrigation incre-
ment in FRB resulted in 18,009 additional boxes (Table 3).

There were no significant differences in the number of plantain fruits from 
plants irrigated with pan factors ranging from 0.75 to 1.25 (Fig. 1; Table 3). 
Nevertheless, variables such as bunch weight, weight of the third upper hand, 
number of hands, and total yield were significantly greater in plants irrigated 
with a pan factor of 1.25 than in those irrigated with a pan factor of 0.75 (Fig. 
1). Moreover, the average plantain fruit weight from plants irrigated with a 
pan factor of 0.75 and 1.25 was 290 and 316 g, respectively (data not shown). 
These findings indicate that plantain irrigation with a pan factor of 1.25 results 
in an improvement in fruit quality and probably greater gross sales since plan-
tains are marketed by fruit units, which must weigh 270 grams or more to be 
considered marketable.

TABLE 2 (Continued)
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TABLE 3 Effects of three levels of irrigation based on Class A pan evaporation factors on the 
estimated yield and gross sales of plantain or banana: 20-hectare farm on the southern coast of 
Puerto Rico.

Pan factor Bunch yield1 No. of boxes of fruits2 Gross sales2

Kg No. US $

Plant crop banana

0.75 757,800 41,775 250,650

1.00 828,000 45,645 273,870

1.25 880,200 48,522 291,132

Waller (0.05) 60,010 3,308 —

First ratoon banana

0.75 1,022,400 56,362 338,172

1.00 1,129,950 62,290 373,740

1.25 1,349,100 74,371 446,226

Waller (0.05) 145,524 8,022 —

Plantain

Pan

factor

Fruits1

No./20 ha

Gross sales2

US $

0.75 1,657,458 198,895

1.00 1,712,653 205,521

1.25 1,771,953 212,634

Waller (0.05) 115,097 —

1 Values reflect a 1.5% and 10% yield reduction for plantain and bananas, respectively, due to losses 
caused by wind damage, nonproductive plants, and other factors that may reduce production in a com-
mercial plantation. The mean number of fruits per plantain bunch for the three pan factors was 50.6 
with an average of 304 g per fruit. The average number of hands per bunch was 7.8 for PCB and 9.6 
for FRB, respectively. The average hand weight was 2.9 kg for PCB and 3.4 for FRB.
2 
Sales based on: $120.00 per 1,000 marketable plantain fruits; and

$6.00 per banana box. Each box weighed 18.14 kg.
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TABLE 4 Yearly irrigation (liters/20 ha), energy and water costs (US$) required for plantain 
or banana production under three irrigation regimes in a 20-hectare planting in the semiarid 
southern coast of Puerto Rico1.

Pan factor Yearly supplied irrigation, A Yearly energy 
cost, B

Yearly water

cost, C

Total energy and 
water costs, B + C

Liters/20 ha US$

0.75 125,788,950 2,871.96 830.84 3,702.80

1.00 167,718,096 3,789.28 1,107.78 4,897.06

1.25 209,648,250 4,706.59 1.384.73 6,091.32

1 Irrigation recommendations were based on the following assumptions: A plant population of 
about 39,840 plants/20-ha planted at a distance of 1.8 x 1.8 x 3.7 m; 156 irrigation applications 
per year, which is equivalent to three applications per week. Each plant was provided with drip 
lines equipped with 4 Lph emitters spaced 61 cm apart.

TABLE 5A Approximate costs and income per hectare for the production of a plant crop and 
first ratoon bananas grown under drip irrigation in the semiarid region of Puerto Rico using a 
plant population density of about 1,990 plants per ha.

Item Unit Quantity Cost($)

A. Supplies and materials

1. Fertilizer

 - Urea

 - Potassium Sulfate

 - Phosphoric acid (6 applications)

Kg

Kg

Liters

659

1795

147

266.00

756.00

310.00

2. Nematicide kg 113 560.00

3. Herbicide Liters 14 208.00

4. Fungicide (2 applications of Tilt)1 Liter 1 66.00

5. Polyethylene bunch bags bags 1990 338.00

6. String spools 6.7 80.00

7. Miscellaneous supplies — — 124.00

Total Supplies and Materials — — 2,708.00

B. Other costs

Electricity ha 1 186.00

Irrigation water (pan factor 1.0) ha 1 55.00

Use of land and irrigation equipment ha 1 618.00
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Item Unit Quantity Cost($)

Use of equipment (tractor, cultivator, sprayer, drip system; 
includes repair maintenance and depreciation)

ha 1 370.00

Payroll taxes (Social Security, state,
unemployment, Christmas bonus, vacations)2

ha 1 1,120.00

Financing interests through assignment3 ha 1 529.00

Crop Insurance4 ha 1 332.00

Supervision (other than owner) ha 1 495.00

Fuel and oil ha 1 55.00

Financing interests on equipment (9.75%) ha 1 62.00

Total other costs ha — 3,822.00

 1 Trade names in this publication are used only to provide specific information. Mention of a trade 
name does not constitute a warranty of equipment or materials by the Agricultural Experiment 
Station of the University of Puerto Rico, nor is this mention a statement of preference over 
other equipment or materials.
2 About 24.5% of labor costs.
3 Crop average costs at 10% interest.
4 Insurance covers 75% of the plantation (1,493 plants) at a cost of $4.77 for each $100.00 
insured.

TABLE 5B Approximate costs and income ($ per hectare) for the production of a plant crop 
and first ratoon bananas grown under drip irrigation in the semiarid region of Puerto Rico using 
a plant population density of about 1,990 plants per ha. 

Item Unit Quantity Cost, US$

Labor cost, US$

1. Land preparation1. man/days 3.7 104.00

2. Digging, cleaning and planting of suckers1. man/days 17.3 484.00

3. Post planting cultivation (Twice). man/days 2.5 70.00

4. Herbicide application (Three). man/days 3.7 104.00

5.  Fertigation through drip irrigation. man/days 4.9 137.00

6. Desuckering and removal of dead leaves. man/days 22.2 622.00

7.  Supporting plants with twine. man/days 17.8 498.00

8. Bunch bagging. man/days 8.8 246.00

9.  Spraying against Sigatoka (Two applications). man/days 1.2 34.00

10. Miscellaneous tasks. man/days 5.0 140.00

11. Harvest, transport and packing. man/days 76.2 2,134.00

Total labor cost: Plant crop man/days 163.3 4,573.00

Total labor cost: Ratoon crop man/days 142.3 3,985.00
1 Not considered for ratoon crop.

TABLE 5A (Continued)
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Item Unit Quantity Cost($)

Income2

Sale of high grade fruits7

1. Plant crop Boxes/ha 2,282 13,692.00

2. Ratoon crop Boxes/ha 3,115 18,690.00

 Net income

3. Plant crop ha 1 2,589.00

4. Ratoon crop ha 1 8,175.00
2 Net income may increase by about $1,166.00 for the plant crop and by $1,022.00 for the ratoon 
crop if reimbursements for supplementary salaries at the rate of $7.00 for each man-day is 
considered. Also it is assumed that the buyer supplies the packing boxes. For income taxes, 
only10% of the annual net income will be taxed at rates not exceeding 36%.
7 $6.00/box of 18.14 kg.

On the basis of the economic analysis provided in Table 5 and the yield data 
for banana contained in Table 3, we estimated the net income to be $51,780 in 
the plant crop and $163,500 in the ratoon crop when 20 hectares are irrigated 
with a pan factor of 1.0. The increase in the net income for the ratoon crop was 
the combined result of a 36% yield increase (Table 3) and lower operational 
costs associated with less use of labor and operation of machinery (Table 5) .

These results provide evidence on the importance of proper irrigation 
management for plantain and banana production on the southern coast of 
Puerto Rico and show that the additional costs brought about by the incre-
ments in irrigation are compensated by improved fruit quality and higher 
yields. We therefore, recommend irrigation according to a pan factor of at 
least 0.75 for plantains and 1.0 for bananas to attain optimum growth and 
yields.

15.4 SUMMARY

Plantain and banana production in the semiarid lowlands of the southern coast 
of Puerto Rico has been increasing because of a greater demand for high-
quality fruits, high farm-gate prices and the availability of arable land with an 
irrigation infrastructure. There is, however, a scarcity of information on opti-
mum water requirements and practical irrigation recommendations for grow-
ers of these crops.

Five irrigation regimes, based on class A pan factors ranging from 0.25 to 
1.25, were used to obtain fractions of the potential evapotranspiration and to 
evaluate their influence on yield, the crop parameters, and crop performance. 
Results were extrapolated to make projections on productivity, gross sales, 
and on irrigation costs incurred in the operation of a 20-hectare farm of drip 
irrigated plantains or bananas.

Increasing the amount of applied irrigation in a 20-hectare plantation from 
a pan factor of 0.75 to 1.25 increased the number of banana fruit boxes by 
6,747 in the plant crop, and by 18,009 in the first banana ratoon. This irriga-
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tion increment resulted in gross sales increases of $40,482 for the banana plant 
crop, and $108,054 for the first banana ratoon, with additional water and en-
ergy cost of only $2,388. The net income for the plant crop and first banana ra-
toon irrigated according to a pan factor of 1.0 was estimated to be $51,780.00 
and $163,500.00, respectively in a 20-hectare banana plantation.

There were no significant differences in the number of plantain fruits in ir-
rigated plants when pan factors ranged from 0.75 to 1.25. However, irrigating 
plantains according to a pan factor of 1.25 significantly increased bunch yield 
and fruit weight.
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16.1 INTRODUCTION

Worldwide, agriculture must be more proactive in managing its demand for water 
and improving the performance of both irrigated and rain-fed production. Availability 
of water for irrigation sector is declining because of increasing demand for water in 
domestic and industrial sector at significant rates. Production of more food to feed the 
burgeoning population is the big challenge. It is also vital to control the increasing 
prices of agricultural produce. There is a need to invest in both improved technologies 
and better management in order to achieve “more crops per drop.” Water supply and 
water quality degradation are global concerns that will intensify with increasing water 
demand.

Worldwide, marginal-quality water is becoming increasingly important compo-
nent of agricultural water supplies, particularly in water-scarce countries [18]. One of 
the major water resources having marginal-quality water is the municipal wastewater 
from urban and peri-urban areas. The wastewater has been recycled in agriculture 
for centuries as a means of disposal in cities such as Berlin, London, Milan and Paris 
[1]. However, in the recent years wastewater has gained importance in water-scarce 
regions. Italian legislation states that natural fresh water sources should be used as a 
priority for the municipal water supply, and that the recycling and reuse of water are 
viable alternatives for meeting industrial and agricultural needs. Wastewater reuse in 
agriculture requires best treatment practices, management practices and appropriate 
irrigation technology [8]. Wastewater treatment plants in most cities in developing 
countries are nonexistent or function inadequately [18]. In many cases, the quality 
standards for reclaimed wastewater are the same as for drinking water [7]. Therefore, 
wastewater in partially treated, diluted or untreated form is diverted and used by urban 
and peri-urban farmers to grow a range of crops [10, 15, 16].

In arid and semi arid developing countries, farmers are using municipal wastewa-
ter for irrigation by traditional surface irrigation methods (generally flood or furrow 
method). These methods require more water for irrigation; pose numerous problems of 
soil, water and environmental degradation compared to micro irrigation method. Main 
disadvantage of these methods are supply driven rather than crop demand driven, 
which cause mismatch between the need of crop and the quantity supplied [20]. Micro 
irrigation method may accomplish higher field level application efficiency of 80–90%, 
because surface runoff and deep percolation losses are minimized. Aujla et al. [4] 
observed a 4% higher yield of eggplant with drip irrigation compared to furrow irriga-
tion by saving 50% water. Therefore, micro irrigation can help to give high crop yield 
per unit of applied water, and can allow crop cultivation in an area where available 
wastewater and fresh water is insufficient to irrigate with surface irrigation methods. 
It is prudent to reuse wastewater through subsurface micro irrigation method so that 
limited amount of wastewater can be applied below the ground to reduce contamina-
tion of the crop and environment. In this method, there is no risk of contamination 
through aerosol. Kiziloglu et al. [14], while conducting experiment with flood irriga-
tion, concluded that primary treated wastewater can be used in sustainable agriculture 
in the long-term. Therefore, it is becoming increasingly important to adopt subsurface 
micro irrigation method [22].
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Eggplant (Solanum melongina L.) is an extensively grown vegetable in the out-
skirt of Indian cities. Its annual production is 11.9 million tons that is 27.6% of the 
global production [11]. Al-Nakshabandi et al. [3] observed that average eggplant yield 
under treated effluent was twice the average eggplant production under fresh water 
irrigation using conventional fertilizer application in Jordan. The application of 50% 
water through micro irrigation can produce 4% higher eggplant yield compared to 
furrow irrigation with freshwater [4]. Eggplant yield with wastewater using surface 
irrigation methods has been studied by many researchers [3, 5, 12, 17]. Douh and 
Boujelben [9] and Cirelli [8] used wastewater through drip irrigation system. Most 
of the researchers have given emphasis on heavy metal contamination in the produce 
and much importance has not been given to subsurface micro irrigation. Subsurface 
micro irrigation with wastewater can play vital role in minimizing the contamination 
of the produce. According to the literature review, not enough information is available 
to evaluate the impact of subsurface micro irrigation. This chapter summarizes the 
effects of subsurface micro irrigation with wastewater on the biometric parameters of 
eggplant compared to surface micro irrigation.

16.2 MATERIALS AND METHODS

16.2.1 EXPERIMENTAL SITE
The experiment was conducted at the research farm of Precision Farming Develop-
ment Center, Water Technology Center, Indian Agricultural Research Institute, New 
Delhi, India (Between latitudes 28o37’22”N and 38o39’05”N and longitudes 77o8’45” 
and 77o10’24”E and AMSL 228.61 m) during November 2009 to May, 2010. January 
was the coldest month with a mean temperature of 14oC however; the minimum tem-
perature dips to as low as 1oC. Frost occurs occasionally during month of December 
and January. The average relative humidity was 34.1 to 97.9% and average wind speed 
was 0.45 to 3.96 m/s.

16.2.2 SOIL CHARACTERISTICS
Soil samples were collected up to 60 cm soil depth with 15.0 cm intervals. Hydrometer 
method was used to determine the sand, silt and clay percentage of soil. The soil at 
the experimental site was deep, well-drained sandy loam soil comprizing mean value 
62% sand, 17% silt and 21% clay. The soil bulk density was 1.56 g.cm–3. Field capac-
ity and mean value of saturated hydraulic conductivity were 0.16 and 1.13 cm.h–1, 
respectively.

16.2.3 EGGPLANT SEEDLINGS AND CROP PRACTICES
Seedlings for the eggplant (cv: Supriya) were raised in the plastic trays with the mix-
ture of coco peat, vermiculite and perlite in the ratio of 3:2:1. Seeds were sown in No-
vember 2009 under polyhouse with partial ventilation. Light irrigation was provided 
frequently during warm, dry periods for adequate germination. A hand sprayer was 
used to spray fresh groundwater on the nursery. No wastewater was used during the 
growth period of nursery.

Twenty-five days old seedlings were planted in the field. Crop water requirement 
was met by estimating the reference evapotranspiration (ET0) using the Penman-
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Monteith method and the crop coefficient (Kc) as suggested by Allen et al. [2]. The 
nutritional requirement (120 kg ha–1 N, 160 kg ha–1 P2O5 and 160 kg ha–1K2O) as sug-
gested by Chadha [6] with freshwater has been suggested to decide the amount of the 
fertilizer to wastewater irrigated plots. Availability of nutrients in wastewater (average 
value: 28 mgl–1 N, 16 mgl–1 P, 28 mgl–1 K) was analyzed by taking the water sample 
during crop period. Nutrient application was done by deducting the available of nutri-
ents in wastewater. Therefore, 64 kg ha–1 N, 132 kg ha–1 P2O5 and 96 kg ha–1 K

2O were 
applied through fertigation system.

The following treatments with different types of filter arrangement for micro irri-
gation systems were considered for irrigation with wastewater (WW) in this research:

W1D1: WW through media filter and placement of drip laterals at soil surface;
W1D2: WW through media filter and placement of drip laterals at 15 cm depth 

below ground surface;
W1D3: WW through media filter and placement of drip laterals at 30 cm depth 

below ground surface;
W2D1: WW through disk filter and placement of drip laterals at soil surface;
W2D2: WW through disk filter and placement of drip laterals at 15 cm depth be-

low ground surface;
W2D3: WW through disk filter and placement of drip laterals at 30 cm depth be-

low ground surface;
W3D1: WW through media and disk filters and placement of drip laterals at soil 

surface;
W3D2: WW through media and disk filters and placement of drip laterals at 15 cm 

depth below ground surface; and
W3D3: WW through media and disk filters and placement of drip laterals at 30 cm 

depth below ground surface.

16.2.4 BIOMETRIC PARAMETERS OF EGGPLANT
The biometric parameters were leaf area index, root length, root density, yield and 
dry matter content were measured. All observations were made from center rows after 
border rows were discarded to avoid edge effects.

16.2.4.1 LEAF AREA INDEX
Leaf area index (LAI) estimation included both assimilating area and growth. Obser-
vations for LAI were recorded during the crop season starting at 25 days after trans-
planting with an interval of 15 days in all treatments. LAI was determined by Canopy 
Analyzer (model: LAI-2000) in the experimental field. For crop production, leaf area 
per unit land area is more important than the leaf area of individual plants. Therefore, 
Leaf area index was calculated as follows:

 LALAI
LLA

=  (1)

where, LAI = Leaf area index, LA = Leaf area, and LAA = Land area.
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16.2.4.2 ROOT LENGTH DENSITY
Root sampling for determination of root length density was carried out during crop 
season starting at 25 days after transplanting with an interval of 15 days. It was done 
with an auger having an internal diameter 0.15 m to collect soil cores. Samples were 
collected at each treatment up to a depth of 45 cm. The samples were steeped and 
flushed prior to measure root length and root density. It was measured using root scan-
ner (Epson Expression model LC 1600) of make (WinRHIZO 2002c). RHIZO system 
measured the root length by scanning the length of the root skeleton.

16.2.4.3 YIELD AND DRY MATTER
Matured eggplant fruits were harvested manually in three stages at the interval 6–7 
days as per availability of proper size. Weight of fruits was recorded for each treat-
ment separately. Dry matter content is a measure of the quantity of total solids in fruit. 
It was determined by removing all the moisture from the fruit. Judgment of moisture 
removal was done by weighing the remaining solids with the help of digital electronic 
balance. Samples were kept in electric oven till it attained the constant weight. This 
was reported as a percentage weight of fresh fruit.

16.2.5 STATISTICAL ANALYSIS
The experimental design was split plot randomized block design, where main plot was 
irrigation water at three levels and sub plot was irrigation systems, that is, placement 
of micro irrigation laterals at three levels (three depths). Each treatment was replicated 
thrice. Transformed data were analyzed by the General Linear Model (GLM) proce-
dure of the SAS statistical software [19]. The Kolmogorov-Smirnov (K-S) statistics 
were used to test the goodness-of-fit of the data to normal distribution. To ensure that 
data came from a normal distribution, standardized skewness and kurtosis values were 
checked. All main-effects were compared by pair wise t-tests, equivalent to Fisher’s 
least significant difference (LSD) test using the MEANS statement under GLM pro-
cedure with mean at α=0.05.

16.3 RESULTS AND DISCUSSIONS

16.3.1 LEAF AREA INDEX
LAI was determined by leaf area meter and mean value of 20 plant sample are pre-
sented in Fig. 1. During initial 40–50 days after transplanting, LAI was higher under 
surface placed lateral treatments (W1D1, W2D1 and W3D1) in comparison to sub-
surface placed lateral treatments. After 25 days of transplanting, LAI under treatment 
W1D1 was significantly (P<0.01) different from W1D2 and W1D3, however, W1D2 
and W1D3 were not significantly different (P<0.05). Similar trend was observed for 
water treatments (W2 and W3). After 60 days of transplanting increase rate of LAI for 
subsurface irrigated treatments (W1D2, W1D3, W2D2, W2D3, W3D2, and W3D3) 
was higher in comparison to surface irrigated treatments (W1D1, W2D1 and W3D1). 
After 100 days of transplanting, highest LAI of 4.23 was observed in treatment W3D2 
but the lowest 3.12 was under treatment W1D1. After 115 days, almost constant val-
ue of LAI was observed in all the treatments showing no crop growth. It was also 
observed physically. At this stage, LAI of the surface irrigated treatments (W1D1, 
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W2D1, W3D1) were significantly different at P<0.01 with subsurface irrigated treat-
ments (W1D2, W1D3, W2D2, W2D3, W3D2 and W3D3).

Subsurface treatments (W1D2, W2D2, and W3D2) at 15 cm were significantly dif-
ferent at P<0.05 compared to subsurface treatments (W1D3, W2D3, and W3D3) at 30 
cm. Overall, higher LAI was observed with subsurface (15 cm) irrigated treatments. 
This may be due to more volume of soil under wet condition as compared with surface 
placed laterals.

FIGURE 1 Temporal variation in leaf area index in different treatments of eggplant.
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FIGURE 2 Increase in root length density of eggplant due to impact of lateral placement.

16.3.2 ROOT LENGTH DENSITY (RLD)
Measurements of RLD and LAI were done on the same days i.e., starting from 25 
days after transplanting till the last harvesting at an interval of 15 days (Fig. 2). 
During initial 40 days after transplanting, similar values of RLD were observed in 
all the treatments. Afterward the growth rate of roots was faster in the sequence of 
W1D3>W1D2>W1D1. Similar trend was observed with all the treatments with water, 
W2 and W3. This trend was continued till the last harvest of the crop in all the treat-
ments. Highest RLD value of 3.6 cm cm–3 was observed in treatment W3D3. Under 
same depth of lateral placement, RLD values of 3.34 and 3.45 cm.cm–3 were observed 
in treatments W1D3 and W2D3, respectively. Minimum RLD value of 1.4 cm cm–3 

was observed in treatment W1D1.
Higher root volume with subsurface placement of drip lateral at 30 cm (W1D3, 

W2D3, and W3D3) and lowest with surface place lateral (W1D1, W2D1, and W3D1) 
were observed visually. Based on RLD values, the treatments were significantly different 
(P<0.01) as per Student’s t-Test. Good relation between RLD and LAI was observed 
with the value of correlation coefficient 0.72. This may be due to lower flow rate in 
surface place lateral and smaller soil volume wetting. Yavuz et al. [23] also observed 
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more pronounced emission uniformity reduction in surface placed laterals due to their 
exposure to higher temperatures in comparison with subsurface placed laterals, which 
achieved the best system performance in terms of emission uniformity and flow rate 
reduction.

16.3.3 EGGPLANT YIELD
In all the treatments, eggplant yield was higher than the national average yield of 
20–25 Mgha–1. Treatment wise average fruit yield was estimated by adding the weight 
of harvested fruit obtained in all three stages. Yield of 44.65, 45.96 and 45.32 Mgha–1 

was recorded in treatments W1D2, W2D2, and W3D2 by subsurface placement of drip 
lateral at 15 cm depth, respectively. It was higher than the yield obtained in surface 
irrigated plots (Table 1). Minimum crop yield of 38.95 Mgha–1 was observed in the 
treatment W1D1 by surface placement of drip lateral. It may be due to lower flow rate 
in emitters causing water stress. These results agree with those obtained by Kirnak 
et al. [13] who demonstrated that water stress resulted in a reduction of fresh fruit 
yield and fruit size of eggplants. Moderate crop yield was observed in the treatments 
(W1D3, W2D3 and W3D3) by subsurface placement of drip lateral at 30 cm depth. 
The decline in crop yield for subsurface irrigation (30 cm) may be due to the fact that 
higher BOD5 and COD values for WW reduce oxygen availability in deeper layer soil 
for respiration of roots. 50% decrease in soil respiration rate was observed by Singh et 
al. [21] in sewage water irrigated plots without drip system.

16.3.4 DRY MATTER (DM)
Average dry matter content for all the treatments was estimated and presented in Table 
1. Maximum DM of 8.76% was recorded in treatment W2D1 and minimum of 7.04% 
with W3D3. DM in treatments with surface placed laterals was higher and signifi-
cantly different than the subsurface irrigated treatments. Variation in the DM values 
for subsurface (30 cm) was in the range of 7.04 to 7.92% but for surface it was in 
the range of 8.51 to 8.76%. Lower wetting volume of soil with surface placed lateral 
treatments may lead to water stress. This may cause higher DM content. Kirnak et al. 
[13] demonstrated that water stress resulted in a reduction of fresh fruit yield and fruit 
size of eggplants, while it caused increases in the fruit dry matter content. An induced 
water shortage leads high dry matter percentages for the eggplants [8].

TABLE 1 Impact of drip lateral placement on yield and dry matter content of eggplant.

Treatments Average yield, Mg ha–1 Average dry matter content, %

W1D1 38.95 8.68

W1D2 44.65 7.37

W1D3 43.26 7.92

W2D1 41.11 8.76

W2D2 45.96 7.14

W2D3 43.99 7.29



Biometric Response of Eggplant Under Sustainable Micro Irrigation 327

Treatments Average yield, Mg ha–1 Average dry matter content, %

W3D1 41.46 8.51

W3D2 45.32 7.30

W3D3 44.57 7.04

LSD

P=0.05)

Water (W) 1.19 0.46

System (D) 0.82 0.27

W×S 1.64 0.55

TABLE 2 Significance level (P-value) of the statistical model (split plot) and of each factor 
(main plot water and lateral depth subplot) and interaction for fruit yield and dry matter content.

Parameter Model Main and interaction 
effect

t-grouping

Water (W) Lateral depth (D)

W D W×D W1 W2 W3 D1 D2 D3

Fruit yield *** (R2=0.86) * *** n.s. B A A B A A

Dry matter *** (R2=0.94) *** *** *** B A A A B C

 n.s. : not significant, P> 0.05.

* :P<0.05 ** :P<0.01 *** :P<0.001.

Statistical analysis with split plot design for fruit yield and DM content by ANO-
VA are presented in Table 2. ANOVA model for fruit yield and DM was valid with 
higher value of R2 (0.86 for fruit yield and 0.94 for DM). Effect of water on yield was 
significant at P<0.05 but effect of lateral depth on yield was significant at P<0.001. 
Interaction effect was not significant on fruit yield. Higher least significant difference 
(LSD) values for the effect of water and lateral depth interaction can also be seen from 
Table 1. Subsurface depths D2 and D3 are in same group as per t-grouping. It may 
be explained that higher wetting volume of soil due to subsurface placement of lat-
eral makes more availability of accumulated nutrients in the root zone. Individual and 
combined effect of water and lateral depth on DM content was significant (P<0.001) 
Different filtration system have significant role because emitter flow rate was varied 
with respect to time. As per t-grouping, DM was grouped separately for lateral place-
ment depth. This shows subsurface drip can play a vital role for utilization of waste-
water for irrigation.

16.4 CONCLUSIONS

The field study was conducted to evaluate eggplant performance through surface and 
subsurface micro irrigation system by using municipal wastewater. Higher LAI and 

TABLE 1 (Continued)
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RLD were observed in subsurface irrigated plots. Good correlation was also observed 
among LAI and RLD. Higher dry matter content was recorded in surface irrigated 
plots but higher fruit yield was recorded with subsurface irrigated plots by placing drip 
lateral at 15 cm depth. Irrigation with wastewater partially contributed (47%, 18%, 
and 40% of N, P2O5, and K2O respectively) nutritional requirement of eggplant crop. 
With this field experiment, it can be concluded that subsurface micro irrigation might 
be a good alternative to use wastewater for production of eggplant. The only difficulty 
for subsurface micro irrigation is involvement of cost for placing drip lateral at ap-
propriate depth. It increases the cost of cultivation. Basic information obtained about 
biometric response of eggplant may be used for future research.

16.5 SUMMARY

Utilization of municipal wastewater through subsurface micro irrigation reduces the 
environmental contamination. However, the impact of subsurface drip on biometric 
parameters of eggplant is a researchable issue. This study was conducted with waste-
water. It was treated though three different types of filtration processes viz., media 
type, disk type and combined media and disk type filters. Eggplants were grown with 
wastewater. The root length density (RLD), leaf area index (LAI), fruit yield with their 
dry matter was recorded.

The data revealed that leaf area index was lower for subsurface drip during initial 
55 days after transplanting but it was significantly higher in latter stage. Highest root 
length density 3.6 cm cm–3 was recorded under subsurface placement of drip lateral 
at 30 cm depth. Good relation between RLD and LAI was observed with the value of 
correlation coefficient 0.69. Highest dry matter content (8.76%) was recorded with 
surface placed lateral but highest fruit yield was recorded with the subsurface placed 
drip lateral at 15 cm depth. Subsurface micro irrigation through laterals placed at 15 
cm and 30 cm depths resulted in 12% and 8.5% higher yield, respectively, in compari-
son to surface placed lateral. Utilization of wastewater gave the saving of 47%, 18%, 
and 40% of N, P2O5, and K2O nutrients, respectively. Statistically the effect of filtered 
wastewater on the yield was significant. The findings of present study can be used for 
using wastewater through subsurface micro irrigation for protection of community 
living nearby wastewater-irrigated field.
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(Modified and reprinted with permission from: Goyal, Megh R., 2012. Appendices. 
Pages 317–332. In: Management of Drip/Trickle or Micro Irrigation edited by Megh 
R. Goyal. New Jersey, USA: Apple Academic Press Inc.)

APPENDIX A

CONVERSION SI AND NON-SI UNITS

To convert the 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

WEIGHT

2.20 × 10–3 ---- gram, g (10–3 kg) pound, -------------------- 454
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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 kilogram square centimeter per gram ------------ 0.1
103 ------- square meter per kilogram square millimeter per gram ------------ 10–3

PRESSURE

9.90 ---------- megapascal, MPa atmosphere --------------------- 0.101
10 --------- megapascal bar -------------------------------- 0.1
1.0 ---------- megagram per cubic meter gram per cubic 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    

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
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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 per100 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

 (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
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Conversion Equivalent

Column A Column B A to B B to A

 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

 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 = 0.622λ, 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

3.0 0.758 15.0 1.705 27.0 3.565 39.0 6.991
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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	TEMPERA-
TURES (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

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
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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

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
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Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

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

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
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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, specific 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:
 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, specific 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)
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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 calcu-

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

0.125–[112–0.1Twet]

8. Short Wave Radiation on a Clear-Sky Day (Rso)
The calculation of Rso is required for computing net long wave radiation and for check-
ing calibration of pyranometers and integrity of Rso data. A good approximation 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 significantly less than 50° so that the path length of radia-
tion through the atmosphere is increased, an adoption of Beer’s law can be employed 
where P is used to represent atmospheric mass:
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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
KD = 0.18 + 0.82 KB for KB < 0.15
Ra, extraterrestrial radiation [MJ m–2 d–1]
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]
W, perceptible water in the atmosphere [mm] = 0.14 ea P + 2.1
ea, actual vapor pressure [kPa]
P, atmospheric pressure [kPa]
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APPENDIX J

PSYCHROMETRIC CHART AT SEA LEVEL.
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