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PREFACE

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

An article was published on the importance of micro irrigation in India, on the we-
blink: http://newIndianexpress.com/cities/bangalore/Micro-irrigation-to-be-promot-
ed/2013/08/17/. Every day, similar news appears all around the world, indicating that 
government agencies at central/state/local levels, research and educational institutions, 
industry, sellers and others are aware of the urgent need to adopt micro irrigation tech-
nology that can have an irrigation effi ciency up to 90%, compared to 30-40% for the 
conventional irrigation systems. I share with the readers comments on “Scaling-up Mi-
cro-irrigation Systems in Madagascar (SCAMPIS)” by Andriamalina R. Fenomanantsoa 
(Project Coordinator at Agriculturalists and Veterinaries without Frontiers in Madagas-
car) at the “International Annual UN-Water Zaragoza Conference 8-10 January 2013, 
Water Cooperation: Making it Happen!” The full version of his interview appears at 
http://www.un.org/waterforlifedecade/water_cooperation_2013/madagascar.shtml.

Andriamalina mentions, “Madagascar is a dominantly rural population (70%) and 
a high-potential agricultural country that knows a situation of poverty and extreme food 
insecurity due to a lack of policies frameworks for the agricultural sector. This rural 
poverty may be amplifi ed by the chronic decrease of water reserve, which is further ag-
gravated by the models of water use practiced by the most of farmers (manual watering, 
crop fl ooding and irrigation line). The strategy of SCAMPIS has been the creation and 
strengthening of the supply chain of materials adapted to the local context. This strat-
egy has mobilized several actors from the public and private sectors. Indeed, near to 
the marketing actions, some measures have been implemented in order to facilitate the 
access for producers to the materials. Approximately 9,500 families had access to the 
technologies through the supply chain (3 small manufacturers, and 60 resellers of equip-
ments) and other stakeholders (NGOs, projects, economical operators).”

Micro irrigation is sustainable and is one of the best management practices. I at-
tended the 17th Punjab Science Congress on February 14–16, 2014 at Punjab Technical 
University in Jalandhar. I was shocked to know that the underground water table has 
lowered to a critical level in Punjab. My father-in-law in Dhuri told me that his “fam-
ily bought the 0.10 acres of land in the city for US$100.00 in 1942 AD because the 
water table was at 2 feet depth. In 2012, it was sold for US$200,000 because the water 
table had dropped to greater than 100 feet. This has been due to luxury use of water by 
wheat-paddy farmers.” The water crisis is similar in other countries, including Puerto 



Rico, where I live. We can therefore conclude that the problem of water scarcity is 
rampant globally, creating the urgent need for water conservation. The use of micro 
irrigation systems is expected to result in water savings and increased crop yields in 
terms of volume and quality. The other important benefi ts of using micro irrigation 
systems include expansion in the area under irrigation, water conservation, optimum 
use of fertilizers and chemicals through water, and decreased labor costs, among oth-
ers. The worldwide population is increasing at a rapid rate, and it is imperative that the 
food supply keeps pace with this increasing population.

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 custom-
izable 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 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 reference manual for graduate and 
undergraduate students of agricultural, biological, and civil engineering and horticulture, 
soil science, crop science, and agronomy. I hope that it will be a valuable reference for 
professionals who work with micro irrigation and water management; for professional 
training institutes, technical agricultural centers, irrigation centers, agricultural extension 
service; and other agencies that work with micro irrigation programs.

After my fi rst textbook Drip/Trickle or Micro Irrigation Management by Apple 
Academic Press Inc., was published, and response from international readers, I was mo-
tivated to bring out for the world community this multi-volume series, Research Ad-
vances 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 any one of these. This book series is unique because it is complete and simple, 
a one-stop collection, with worldwide applicability to irrigation management in agricul-
ture. Its coverage of the fi eld of micro irrigation includes historical review; current status 
and potential; basic principles and applications; research results for vegetable/row/tree 
crops; research studies from Chile, Colombia, Egypt, India, Mexico, Puerto Rico, Saudi 
Arabia, South Africa, Spain, Sweden, Turkey, 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 agro-
nomical crops in arid, humid, semiarid, and tropical climates; and methods and tech-
niques 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 evaluat-
ing an agricultural irrigation management system. This book is a must for those interested 
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in irrigation planning and management, namely, researchers, scientists, educators, and 
students.

Volume 1 in this book series is titled Sustainable Micro Irrigation: Principles and 
Practices, and includes 16 chapters. Volume 2 is titled Research Advances and Appli-
cations in Subsurface Micro Irrigation and Surface Micro Irrigation, and includes 16 
chapters. Volume 3 is titled Sustainable Micro Irrigation Management for Trees and 
Vines, and that includes 14 chapters. 

The contributions by the authors of this book series have been most valuable in the 
compilation of this multi-volume compendium. Their names are mentioned in each 
chapter and in the list of contributors. These books would not have been written with-
out the valuable cooperation of these investigators, many of whom are renowned sci-
entists who have worked in the fi eld of micro irrigation throughout their professional 
careers.

I will 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/contact.html) for making every effort to publish the book 
when the diminishing water resources is a major issue worldwide. Special thanks are 
due to the AAP Production Staff for the quality production 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 http://appleacademicpress.com.

I express my deep admiration to my family for their understanding and collabora-
tion during the preparation of this multi-volume book series. With my whole heart and 
best affection, I dedicate this book series to Jack Keller, who has been my master since 
1979. He helped me to trickle on to add my drop to the ocean of service to the world 
of humanity. Without his advice and patience, I would not have been a “Father of Ir-
rigation Engineering of 20th Century in Puerto Rico,” with zeal for service to others. 
My salutes to him for his irrigation legacy. As an educator, I offer 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
June 30, 2014

Paul Polak (outofpovertyteam@gmail.com) sent me an email on December 19, 2013 
indicating that “I have sad news. My close friend and soul brother, Jack Keller, died 
suddenly in the middle of an animated political discussion at a social gathering before 
an IDE board meeting. Jack was a deeply spiritual person (Bahai’s Faith). He was a 
world-class irrigation engineer who was not afraid of getting his shoes dirty. Our col-
laboration on SunWater to create a radically affordable solar pump system represents 
the way he lived all his life: dream big, make it happen, and die trying.”

Rick Allan at the University of Idaho adds, “Jack always impressed me by his 
ability (and desire) to take a visual snapshot of the world around him and ‘parse’ it 
into recognizable and solvable components. For example, his decoupling of irrigation 
effi ciency into three or four component terms, or the balancing of costs for pipe size 
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with costs for energy and distribution uniformity (economic pipe sizing). Through all 
of this, Jack could easily crack his famous grin and smile, showing his substantial en-
joyment of ‘playing in the water’ (or playing in the mathematics) and fi guring out solu-
tions that benefi ted many, many people. I was most impressed when, in his seventies, 
Jack launched on his 15-year journey to bring small scale, economic drip, sprinkler, 
and treadle pumping systems into the hands of small farmers in Asia and Africa, thus 
enabling them to produce higher value crops, put cash into their pockets, and sending 
their children to school. I believe that Jack, alone, is responsible for tens of thousands 
of children being in school and advancing their educations, who otherwise would have 
been trapped in subsistence agriculture. Jack has left a huge, memorable irrigation 
legacy. The World will not be the same.”

—Megh R. Goyal, PhD, PE, Senior Editor-in-Chief
June 30, 2014
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FOREWORD

With only a small portion of cultivated area under irrigation and with the scope to the 
additional area, which 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 
defi ned appropriately by N.D Gulati: “In many countries irrigation is an old art, as 
much as the civilization, but for humanity it is a science, the one to survive.” The 
need for additional food for the world’s population has spurred rapid 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 effi ciency of water application.

The main objective of irrigation is to provide plants with suffi cient 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 



losses through seepage, runoff, and evaporation. Water rather than land is one of the 
limiting factors in our goal for self-suffi ciency in agriculture. Intelligent use of water 
will avoid problem of sea water seeping into aquifers. Introduction of new irriga-
tion methods has encouraged marginal farmers to adopt these methods without taking 
into consideration economic benefi ts of conventional, overhead, and drip irrigation 
systems. What is important is “net in the pocket” under limited available resources. 
Irrigation of crops in tropics requires appropriately tailored working principles for 
the effective use of all resources peculiar to the local 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 specifi ed time interval. The 
application of water is by means of drippers, which are located at desired spacing on 
a lateral line. The emitted water moves due to an unsaturated soil. Thus, favorable 
conditions of soil moisture in the root zone are maintained. This causes an optimum 
development of the crop. Drip/micro or trickle irrigation is convenient for vineyards, 
tree orchards, and row crops. The principal limitation is the high initial cost of the 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 fi ne textured soils, the intensity of water application can cause 
problems of aeration. In heavy soils, the lateral movement of the water is limited, thus 
more emitters per plant are needed to wet the desired area. With adequate design, use 
of pressure 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, is rendering an important service to the farmers, and above 
all to the poor marginal farmers. Dr. Goyal, Father of Irrigation Engineering in Puerto 
Rico, has done an unselfi sh job in the presentation of this compendium that is simple 
and thorough. I have known Megh Raj since 1973 when we were working together at 
Haryana Agricultural University on an ICAR research project in “Cotton Mechaniza-
tion in India.”
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2 Management, Performance, and Applications of Micro Irrigation Systems

1.1 INTRODUCTION

Water is becoming increasingly scarce resource that is limiting agricultural develop-
ment in many developing and developed economies across the world. A study by the 
International Water Management Institute (IWMI) shows that around 50% of the in-
crease in demand for water by the year 2025 can be met by increasing the effective-
ness of irrigation [18]. In India, almost all the easily possible and economically viable 
irrigation water potential has already been developed, but the demand for water for 
different sectors has been growing continuously [17, 22]. Moreover, the water use ef-
ficiency in the agricultural sector, which still consumes over 80% of water, is only in 
the range of 30–40% in India, indicating that there is considerable scope for improving 
the water use efficiency.

The review of past studies lucidly shows that the solution to the problem of grow-
ing groundwater scarcity and persistent groundwater resource degradation across 
regions are two folds: Firstly, the supply side management practices like watershed 
development, water resources development through major, medium and minor irriga-
tion projects. The second is thorough the demand management by effi cient use of the 
available water both in the short-run and long-run perspectives. This includes drip ir-
rigation and other improved water management practices. Recognizing the importance 
of sustainable water use effi ciency in agriculture, a number of demand management 
strategies (like water pricing, water users association, turnover system, etc.) have been 
introduced since the late seventies to increase the water use effi ciency especially in the 
use of surface irrigation water.

One of the demand management mechanisms is the adoption of micro irrigation 
such as drip and sprinkler method of irrigation. Evidences show that many research-
ers attempted to study the impact of drip irrigation [1, 2, 4, 8, 11, 14–16]. The water 
use effi ciency increases up to 100% in a properly designed and managed drip irriga-
tion system [3, 19]. Drip method of irrigation helps to reduce the over exploitation of 
groundwater that partly occurs because of ineffi cient use of water under surface meth-
od of irrigation. Environmental problems associated with the surface method of irriga-
tion like water logging and salinity are also completely absent under drip method of 
irrigation [14]. In addition, drip method helps in achieving saving in irrigation water, 
increased water use effi ciency, decreased tillage requirement, higher quality products, 
increased crop yields and higher fertilizer use effi ciency [11, 16, 20].

Though the potential benefi ts generated by the drip irrigation methods are appar-
ent, the adoption of drip irrigation is yet to be widely promoted across regions, states 
and elsewhere. Kumar [5] found that the most ideal policy environment for promotion 
of micro irrigation technologies in well-irrigated areas would be pro-rata pricing of 
electricity, while this would create direct incentive for effi cient water use. Adoption of 
micro irrigation systems is likely to pick up fast in arid and semi arid, well-irrigated 
areas, where farmers have independent irrigation sources, and where groundwater 
is scarce. Further, high average land holdings, large size of individual plots, and a 
cropping system dominated by widely spaced row crops, which are also high-valued, 
would provide the ideal environment for the same [6].
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The huge initial investment, small size of holding, lack of technical support, crop-
ping pattern, access to water and socioeconomic conditions of farmers, etc., [11] are 
major factors infl uencing adoption of drip irrigation. In some cases, even after the 
adoption of drip irrigation, the farmers, particularly, the small farmers found to discon-
tinue drip irrigation for several reasons such as lack of maintenance, irrelevant cultural 
background, and unreliable water supply [4]. Though there are many studies attempted 
to identify factors limiting the adoption of drip irrigation, still, it is not clear where 
should we promote micro irrigation.

In this context, the drip irrigation has received much attention from policy makers 
and others for its perceived ability to contribute signifi cantly to groundwater resources 
development, agricultural productivity, economic growth, and environmental sustain-
ability. Yet in many parts of the country and elsewhere, they have yet to be widely 
adopted. Also, it is crucial to determine/locate the areas where the micro irrigation 
should be encouraged and promoted.

Keeping these issues in view, this chapter addresses following important issues:
(i) What changes the drip irrigation brings to the farming system?
(ii) Whether the adoption of drip irrigation is motivated by the cropping pattern or 

the cropping pattern is followed by drip adoption?
(iii) What factors limit/enhance the adoption of drip irrigation systems? and
(iv) What policy action must be taken at different levels to speed up the adoption 

of drip irrigation and groundwater development?

1.2 METHODOLOGY

1.2.1 THE LOCATION AND DATA
The study was conducted in the Coimbatore district of Tamil Nadu, India where 
groundwater resource degradation is alarming. Two blocks were selected so as to rep-
resent drip adoption and control. From the selected blocks, two revenue villages were 
selected purposively where the adoption of drip irrigation is widespread. Farm house-
holds in the selected villages constituted the sample units. To examine the adoption 
and impact of drip irrigation on resource use, agricultural production and farm income, 
25 drip-adopting farmers were selected in each village and correspondingly 25 nond-
rip adopters were selected in control villages.

To select the drip adopters, the list of farmers from the Department of Agricultural 
Engineering was collected. Also, we enumerated the list of farmers adopting drip ir-
rigation after discussions with the villagers and private fi rms dealing drip irrigation 
systems. Thus, a sample of 100 farmers was studied. For the purpose of the study, 
interview schedules were formulated and pretested. The needed information from the 
respondent group was gathered personally administering the interview schedule. The 
primary information collected from the farm households included details on well in-
vestment, groundwater use, extraction and management, crop production including 
input use and output realized, farm income, adoption of drip irrigation, and investment 
on drip irrigation. This also included asset position, education and other socioeco-
nomic conditions.
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1.2.2 QUANTIFICATION OF BENEFITS AND DOUBLE-DIFFERENCE 
METHODOLOGY
Farm level data were collected for both drip adopters and nonadopters before and after 
drip irrigation technology. This enables the use of the double-difference method to 
study the impacts due to adoption of drip irrigation. The framework was adopted from 
the program evaluation by Maluccio and Flores [9].

In Table 1, the columns distinguish between the groups between drip adopters and 
nondrip adopters and the rows distinguish between before and after the drip adoption. 
This is best explained in the Fig. 1.

TABLE 1 Double-difference method.

Particulars Drip Adopters Non-adopters Difference across groups
After drip adoption D1 C1 D1-C1
Before drip adoption D0 C0 D0-CO
Difference across time D1-D0 C1-C0 Double difference

(D1-C1)-(D0-C0)

FIGURE 1 Illustration of impact of drip adoption by double difference method.

1.2.3 ADOPTION OF DRIP IRRIGATION
A key concern for policy makers is making the farm households adopting micro ir-
rigation technologies in order to manage the growing groundwater scarcity. Thus, an 
important research question is what factors influence the decision of farm households 
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to adopt drip irrigation. For this purpose, area under drip irrigation installed by the 
farm households was considered as the dependent variable. It is expected that the 
adoption of drip irrigation by the farm households influenced by different physical, 
socioeconomic, institutional and household specific factors.

The dependent variable adoption of drip irrigation would be zero for those house-
holds who do not adopt drip irrigation. If the dependent variable is censored, values in 
a certain range may all be recorded as single value. Given that our dependent variable 
is censored at zero, a Tobit estimation rather than OLS is appropriate [7, 21]. In such a 
case, Tobit estimators may be used. Thus, the functional form of the model specifi ed in 
the present study with a Tobit model, with an error term (Ui) which is independently, 
normally distributed with zero mean and constant covariance, is given by Eq. (1).

 DA*i = Xi b + Ui For i = 1.n

 DAi = T*i if Xi b + Ui > 0

 = 0 if Xi b + Ui <= 0  (1)

In Eq. (1): DAi = Area under drip irrigation in hectares; Xi = Vector of independent 
variables; b = Vector of unknown coefficients; and n = Number of observations. In the 
functional relationship defined by Eq. (1), the DAi is the endogenous variable which 
is expected to influence by other exogenous variables viz., age of the farmer in years 
(AGE), educational level of the farmer in years of schooling (EDUCATION), farm 
size in hectares (FSIZE), proportion of wider spaced crop (WIDERCROP), participa-
tion in nonfarm income activities (NONFARM) and percentage of area irrigated by 
wells (AWELLS).

Economic implications can be drawn by using the results of the empirical model. 
Following a Tobit decomposition framework suggested by McDonald and Moffi tt 
[10], the effects of the changes in the explanatory variables on the probability of adop-
tion of drip irrigation and intensity of adoption could be obtained.

The basic relationship between the expected value of all observations, E(DA), the 
expected value conditional upon being above the limit, E(DA*), and the probability of 
being above the limit, F(z), is defi ned by Eq. (2).

 *( ) ( ). ( )E DA E DA F z=  (2)

The effect of a given change in the level of the explanatory variables on the dependent 
variables (the Eq. (3)) can be obtained by decomposing the Eq. (2).

 
*

*( ) ( ) ( )( ) ( )
i i i

E DA E DA F zF z E DA
X X X

⎛ ⎞ ⎛ ⎞∂ ∂ ∂= +⎜ ⎟ ⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠  (3)

Thus, the total elasticity of change in the level of the explanatory variable consists of 
two effects: (i) change in DA of those above the limit (i.e., elasticity of intensity of 
drip adoption, for those households who already an adopter) and (ii) the change in the 
probability of being above the limit (i.e., probability of drip adoption).
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1.3 STATUS OF MICRO IRRIGATION IN TAMIL NADU

Tamil Nadu state ranks seventh in India in terms of area under micro irrigation. During 
2008, a total area of 158,521 ha was practiced under micro irrigation in the Tamil Nadu 
state. Of the total area under micro irrigation, the drip accounted for 82.85% (131,335 
ha) and sprinkler for 17.15% (27,186 ha). In all India, the area under drip irrigation 
was 36.82% and under sprinkler was 63.18%. It is clear that the drip method of irriga-
tion is more popular among the farmers in Tamil Nadu when compared to sprinkler 
method of irrigation. It is seen that the Tamil Nadu state has only 9.2% of the total 
drip area in India, where as the sprinkler irrigation accounts for only 1.1% of total area 
in the country. The area under micro irrigation accounts 4.1% of the total area under 
irrigation in the country. The area under micro irrigation is very low in Tamil Nadu 
when compared to the national level area. The net sown area of the state is 5,126,000 
ha, whereas the gross cropped area is 5,842,000 ha. The area under micro irrigation 
accounts for only 3.1% of the net sown area of the state, whereas it accounts for 5.49% 
of the net irrigated area and 4.79% of the gross irrigated area. Thus, there is a huge 
potential to increase the area under micro irrigation in the state.

1.3.1 THE STUDY AREA (THE COIMBATORE DISTRICT OF TAMIL NADU 
STATE)
In the study area, that is, the Coimbatore district of Tamil Nadu state, agriculture de-
pends largely on minor irrigation projects and other sources such as wells, rain-fed 
tanks, etc. The chief source of irrigation in the district is through wells. The average 
well-failure rate is 47% for open-wells and 9% for bore-wells. There are six different 
soil types viz., red calcareous soil, black soil, red noncalcareous soil, alluvial and col-
luvial soil, brown soil and forest soil. The mean annual rainfall for the 45 years (be-
tween 1961 and 2005) is worked out to be 687.1 mm and the coefficient of variation 
is worked out to be 28.21%. The distribution of rainfall across seasons indicates that 
the mean rainfall ranged from 16 mm during winter to 348 mm during northeast mon-
soons. The groundwater potential in January 2003 indicated that the total groundwater 
recharge was 880.97 million cubic meter (MCM), net groundwater availability (90% 
of total groundwater recharge) was 792.87 MCM, domestic and industrial draft was 
40.57 MCM, irrigation draft was 779.13 MCM and the stage of groundwater develop-
ment was 103%.

The level of groundwater development exceeds 100% of the utilizable groundwater 
recharge in 11 blocks, between 90 and 100% in four blocks and between 70 and 90% 
in another four blocks. The stages of groundwater development in the study blocks, 
viz. Anamalai and Madathukulam blocks was 51% and 56%, respectively. Increasing 
private investment on wells is visualized over the years as groundwater irrigation as-
sumes importance. Farmers in this district rely heavily on groundwater for irrigation.

Dependence on groundwater for irrigation is a common phenomenon in both the 
study blocks. The source wise area irrigated indicates that the groundwater irriga-
tion accounts 52.29% in Annamalai block and 35.85% in Madathukulam block. The 
increasing trend in groundwater irrigation further confi rms that heavy dependence on 
this for irrigation. This confi rms the importance of groundwater for agricultural crop 
production, that is, the area irrigated by different abstraction structures is much more 
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than that of the surface water sources. The irrigation system often suffers due to inad-
equate supply of surface water and depends upon groundwater sources as an alterna-
tive to supplement to surface water to stabilize the irrigation.

1.4 RESULTS FROM FIELD STUDIES

1.4.1 GENERAL CHARACTERISTICS OF THE FARM HOUSEHOLDS
The general characteristics of the sample farm households were analyzed to observe 
any significant changes in land holdings, cropped area, irrigated area due to the in-
troduction of drip irrigation. For this purpose, the drip adopters were compared with 
the control households. It was observed that the average size of holding among the 
drip adopters was significantly larger than the nonadopters in control village. Since 
drip method of irrigation involves huge initial investment, large farmers adopt widely 
when compared to small and marginal farmers (Table 2).

It is argued that drip irrigation increases cropped area and area under irrigation as 
it is a viable water saving technology. Our study confi rms the earlier fi ndings that the 
drip irrigation technology increased the net sown area, net irrigated area and there-by 
helps in achieving higher cropping intensity and irrigation intensity. For instance, the 
net sown area is increased from 13.27 hectares to 14.49 hectares whereas the gross 
cropped area increased from 13.71 hectares to 14.91 hectares (Table 2). Similarly the 
net irrigated area and gross irrigated area also increased after drip adoption. During 
the survey, we found that drip irrigation technology resulted in signifi cant impacts. 
Being an effi cient water saving technology, it helps in expanding the irrigated area and 
saving water.

The details regarding before drip adoption was collected based on the recall basis. 
For control villages, the reference period for the preadoption was considered to be 10 
years before, that is, 1995.

TABLE 2 General Characteristics of sample households, 2007–2008.

Particulars Drip adopters Non-adopters
Before After Before After 

Number of farm households 50 50
Number of workers in the household (Number) 2.0 2.0 2.52 2.52
Farm size (Hectares) 16.54*** 16.54 5.06 5.06
Net sown area (Hectares) 13.27*** 14.49 4.66 4.66
Gross cropped area (Hectares) 13.71*** 14.91 4.66 4.66
Cropping intensity (%)a 102.04** 101.82 100.00 100.00
Net irrigated area (Hectares) 13.17*** 14.41 4.57 4.57
Gross irrigated area (Hectares) 13.67*** 14.85 4.57 4.57
Irrigation intensity (%)b 102.30 101.88 100.00 100.00
Percentage of area irrigated by wells to the total 
cropped area (%)

99.82 99.74 97.53 97.53
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Particulars Drip adopters Non-adopters
Before After Before After 

Percentage of area irrigated under drip to gross 
irrigated area (%)

96.94

***, ** and * indicate values are significantly different at 1%, 5% and 10% levels from the 
corresponding values of control village.
aCropping intensity is defined as the ratio of gross cropped area to net sown area and ex-
pressed as percentage.
bIrrigation intensity is the ratio of gross irrigated area to net irrigated area and expressed as 
percentage.

1.4.2 CROPPING PATTERN
An attempt was made to find whether drip irrigation had induced a certain new crop-
ping system or the crops had followed drip technology as a response to the growing 
water scarcity? The cropping pattern, that is, proportion of area under different crops, 
is a good indicator of the development of resource endowments and agricultural pro-
duction. It is expected that drip method of irrigation helps in the development of water 
resource potential and also helps the farmers to get more crop and income per drop of 
water.

The longitudinal analysis of cropping pattern across farm households and villages 
revealed that the adoption of drip irrigation is motivated my many factors. The two 
major constraints limiting agricultural production are human labor and water scarcity. 
These made the farmers to alter their cropping pattern towards less labor and water in-
tensive crops. Resource poor farmers go in for rainfed crops. However, the big farmers 
who have capital access adopt various water management and coping strategies. One 
of the important coping strategies or rather effi cient water management technologies 
is adoption of drip irrigation. Thus, in regions where there is severe water and labor 
scarcity, fi rst there is a shift from labor and water intensive crops such as vegetables, 
sugarcane, cotton, paddy to less labor intensive crops such as coconut, takes place 
and followed by drip adoption. As drip irrigation saves human labor substantially by 
reduction in operations such as irrigation and weeding, water-loving crops such as 
banana and grapes are planted followed by drip irrigation. Signifi cant changes in crop-
ping pattern are observed. It is evident that over a period of time, the water and labor 
intensive crops like paddy, sugarcane and vegetables area were signifi cantly reduced 
in drip village. However, the area under coconut has increased from 45% to 88% over 
time (Table 3). Increase in area under coconut is also seen among the nonadopters in 
the control village implying changes in the cropping pattern. Thus, the micro irrigation 
could be promoted in regions with high water and labor scarcity. As cropping pattern 
decides the adoption and suitability of drip irrigation, widespread adoption of micro 
irrigation could be promoted in the regions where shift towards crops like coconut, 
banana are common.

TABLE 2 (Continued)
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TABLE 3 Drip irrigation and cropping pattern changes (percent), 2007–2008.

Crops Drip adopters Non-adopters
Before After Before After 

Banana 9.54 1.89 34.24 —
Coconut 45.04 88.63 — 64.2
Cotton — — 2.67 —
Maize — 0.87 3.82 2.2
Paddy 6.47 1.02 35.41 13.5
Sugarcane 5.7 — 22.08 17.85
Turmeric 6.71 0.21 — 1.67
Vegetables including tomato 26.54 7.38 1.78 0.58

1.4.3 IRRIGATION INVESTMENTS AND DISTRIBUTION OF PUMP HORSE 
POWER
Growing groundwater scarcity coupled with cheaper power supply resulted in further 
degradation of the groundwater resource in the water scarce regions like Coimbatore.

Pro-rata system (PR) has been commonly used in most of the Indian states till 
last seventies. In this method, farmers have to pay electricity cost based on the con-
sumption of electricity in kWh. Tariff rate sometime vary with farmers’ category and 
horsepower of pump-sets. In this method, farmers who use more electricity will have 
to pay more cost for electricity and vice-versa.

After eighties, many Indian states started to introduce fl at rate system (FR) for 
agriculture. In this FR, tariff charges will be fi xed based on the HP of pump-sets and 
not by the quantity of electricity consumption. Pump-set owning farmers can consume 
electricity as much as they need. Farmers need not pay tariff for every month. Nor-
mally it will be remitted once in three months/six months. Studies found that fl at rate 
tariff policy has strong equity and poverty alleviation benefi ts. It reduces the working 
costs of State Electricity Boards that spend considerable amount of money for meter 
reading, etc. It also allows the bore well owning farmers to sell water in a low price for 
the poor nonbore well farmers.

It is argued that cheaper pricing policies of electricity and shifting of tariff from 
pro-rata to fl at rate have reduced the marginal costs of water as well as electricity to 
zero. As a result farmers use both groundwater and electricity ineffi ciently. The effect 
of such cheaper electricity has resulted in negative externalities such as over pumping, 
changes in crop pattern towards more water intensive crops, well deepening, increase 
in well investments, pumping costs, well failure and abandonment and out migration 
which are increasing at a much faster rate. To cope up with the degradation of ground-
water resource, farmers make huge investments on groundwater extraction. They in-
clude investment on drilling new bore wells or dug wells, deepening of existing wells, 
construction of intermediate storage structures and micro irrigation technologies like 
drip irrigation, sprinkler irrigation and so on. Thus, the investment on irrigation struc-
tures assumes crucial to study. The total amortized cost of irrigation investment is 
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worked out as the sum of amortized cost on wells, electric motor and equipments, 
surface storage tanks and drip irrigation equipments.

The amortization of irrigation structures is calculated using Eqs. (4) and (5). The 
discount rate of 5% is used in amortization refl ecting long-term sustainable rate. Simi-
larly investment on conveyance, pump-set, electrical installation, and surface storage 
tanks and drip irrigation structures were amortized, where AL is average life of wells 
and it is assumed to be 30 years based on the average life of well life in the study area. 
Similarly, the average life of bore-wells is assumed as 20 years, electrical motors 15 
years, surface storage tanks 25 years and drip irrigation equipments 10 years.

Amortized cost of well = [(Compounded cost of well)×(1+i) AL × i] ÷[(1 +i) AL–1]  (4)
where: AL = Average life of wells; and
Compounded cost of well = (Initial investment on well) × (1+i) (2008–year of con-
struction)   (5)

The analysis on well and irrigation investments revealed that the total fixed cost on 
wells and other irrigation structures is worked out to high among the drip adopters 
than the nonadopters in the control village. For instance, the total amortized cost is 
worked out to Rs. 9,325.91 per hectare for drip adopters and Rs. 5,788 per hectare for 
the control village. It is 61% higher than the control village (Table 4). The increased 
investment on fixed irrigation investments is mainly due to additional investment on 
drip equipments.

TABLE 4 Details of well and irrigation investment (Rupees/hectare of GCA) in the sample 
farms, 2007–2008.

 Investment Drip adopters Non-adopters
Investment on wells 3672.75***

(39.38)

3324.99

(57.44)
Investment on electric motors 2271.60

(24.36)

2306.65

(39.85)
Investment on surface storage tanks 54.73***

(0.59)

157.07

(2.71)
Investment on drip irrigation equipments 3326.83

(35.67)
Total investment on irrigation structures 9325.91***

(100.00)

5788.71

(100.00)
Distribution of horse power of pump
HP/pump 5.23 6.29
HP/GCA 4.45 4.50
HP/GIA 4.45 4.65
Note: Figures in parentheses indicate percentage to total.
***, ** and * indicate values are significantly different at 1%, 5% and 10% levels from the corresponding 
values of control village.
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Of the total fi xed investments, the investment on wells assumes major share. The 
percent share of wells to the total cost is 39.38% for drip adopters and 57.44% for 
control farmers. It is evident that the investment on wells is higher among the control 
farmers. The percent share of drip investments is worked out to 35.67% implying huge 
investment on drip irrigation.

Growing water scarcity coupled with low discharge rate forced the farmers to con-
struct an intermediate water storage structures. These farm surface storage tanks help 
the farmers to store water and irrigate when and where needed. The water is pumped 
from very deep borewell and stored in these tanks and then used for irrigating crops. 
These storage structures are constructed by both the drip adopters and non-adopters. 
As the cost of construction of surface storage tank is very low (Rs. 30 to 42/M3), it is 
becoming popular among the farmers. These structures account 0.6% to 2.71%.

1.4.4 CROP YIELD AND PRODUCTIVITY GAINS
Micro irrigation in general drip irrigation method in particular, primarily followed for 
increasing the water use efficiency. The yield of important crops grown in the sample 
farms is presented in Table 5. In the study area, the drip method of irrigation is fol-
lowed widely in banana, coconut, and in few cases, drip adoption is followed in maize 
and turmeric. As the focus of this study is impact of drip irrigation, the yield of drip-
adopted crops is compared with the flood method.

TABLE 5 Yield of selected crops (100 Kg/ha) in the study farms, 2007–2008.

 Crops Drip adopters Non-adopters
Banana 605.6*** 591.5
CoconutY 23012.8*** 19213.5
Maize 33.4
Paddy 54.5 55.7
Sugarcane 110.7
Turmeric 50.3
Y = Number of nuts per hectare of coconut garden.

***, ** and * indicate values are significantly different at 1%, 5% and 10% levels from the 
corresponding values of control village.

The yield of banana is worked out to 60,500 Kg/ha when compared to 59,100 Kg/
ha in the control farmers, accounting 2.38% increase in yield under drip method over 
fl ood method of irrigation. Similarly, the coconut registered an increase in yield of 
19.8% under drip over fl ood method of irrigation. The fi ndings of the research in this 
chapter further confi rm increased productivity could be achieved through drip method 
of irrigation and on line with the earlier studies [3, 12, 13]. This higher crop productiv-
ity under drip method of irrigation occurs mainly through higher water use effi ciency. 
The drip method of irrigation, unlike fl ood method, supplies water continuously at 
regular intervals, and the crops cultivated under drip method does not face moisture 
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stress, the major factor negatively affecting crop yield [19]. Thus, drip method of ir-
rigation suffi ciently contributing for achieving higher yield.

1.4.5 IMPACT OF DRIP IRRIGATION TECHNOLOGY ON AGRICULTURAL 
PRODUCTION
The economics of banana cultivation revealed that the cost of labor significantly re-
duced under drip method (Rs. 11,123/ha), which is 55.6% less than the control village 
(Rs. 25,075/ha). The drip method of irrigation saves significantly the human labor in-
volved in crop production activities. It saves irrigation labor and weeding labor. On an 
average the human labor days used for weeding banana is 17 labor days/ha under drip 
method of irrigation where as it is 60 labor days/ha under flood method of irrigation. 
Thus, the drip method saves nearly 71% of weeding labor when compared to flood 
method of irrigation. Similarly, the drip method saves considerable labor for irrigation. 
The irrigation labor is worked out to 168 labor days/ha under flood method of irriga-
tion where as it is 18 labor days under drip method of irrigation. As the drip method 
saves considerable human labor, the cost of cultivation is significantly less under drip 
method over the flood method (Table 6).

The reduction in cost towards human labor has signifi cant bearing on the cost of 
cultivation. Though, the cost of installation of drip equipments and maintenance is 
incurred by the drip farms, the reduced cost of cultivation is observed by 25%. The 
gross margin per hectare is worked out to Rs. 189,259/ha in drip farms where as it 
is Rs. 159,478/ha in control village. It clearly shows that drip method of irrigation 
resulted in an increase of 18.67%. As the adoption of drip irrigation saves consider-
able water and energy, the water and energy productivity is signifi cantly more in drip 
farms than the control village where the fl ood irrigation is followed. For instance, the 
water productivity is worked out to 7.1 kg/M3 of water in drip farms and 2.8 kg/M3 of 
water in control village. Signifi cant difference in energy productivity is also noticed. 
The returns per unit of water and energy used show that drip farms have signifi cantly 
higher returns over the control village. Thus one could conclude that the drip adoption 
would be a viable technology and generate signifi cant bearing on the private profi ts.

TABLE 6 Economics of crop production (Rs. per ha) for Banana in sample farms, 2007–2008.

Particulars Drip adopters Non-adopters
Quantity of water pumped (M3) 8506.3 21316.9
Quantity of energy consumed (kwh) 2670.9 7313.9
Cost of labor (Rs.) 11123.4*** 25075.4
Capital (Rs.) 70678.3*** 94752.2
Yield (quintals) 605.6 591.5
Gross income (Rs.) 259937.5 254230.8
Gross margin (Rs.)

189259.2***

159478.5
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Particulars Drip adopters Non-adopters
Yield per unit of water (Kg/M3) 7.1*** 2.8
Yield per unit of energy (Kg/kwh) 22.5*** 8.3
Returns per unit of water (Rs/M3) 21.8*** 7.6
Returns per unit of energy (Rs/kwh) 68.1*** 22.9
***, ** and * indicate values are significantly different at 1%, 5% and 10% levels from the 
corresponding values of control village.

The economics of coconut cultivation in drip and control village revealed that the 
cost saving due to reduction in labor is 63% (Table 7). Similarly, the cost of cultiva-
tion has considerably reduced under drip method registering a reduction of 9.1%. It is 
interesting to note that the drip method resulted in high water and energy productivity.

TABLE 7 Economics of crop production (Rs. per ha) for Coconut in sample farms, 2007–2008.

Particulars Drip adopters Non-adopters

Quantity of water pumped (M3) 13185.5 21584.7

Quantity of energy consumed (kwh) 905.2 5774.9

Cost of labor (Rs.) 4670.1*** 12463.5

Capital (Rs.) 29814.4*** 32798.3

Yield (‘00 nuts) 231.8*** 199.4

Gross income (Rs.) 113737.3 85084.2

Gross margin (Rs.) 83922.8 66145.8

Yield per unit of water (nuts/M3) 1.8*** 1.0

Yield per unit of energy (nuts/kwh) 25.9*** 3.8

Returns per unit of water (Rs/M3) 6.5*** 3.4

Returns per unit of energy (Rs/kwh) 95.5*** 12.6

***, ** and * indicate values are significantly different at 1%, 5% and 10% levels from the 
corresponding values of control village.

The analysis of economics of crop cultivation under drip and fl ood methods re-
vealed that the drip method of irrigation has signifi cant impact on resources saving, 
cost of cultivation, yield of crops and farm profi tability. The physical water and energy 
productivity is signifi cantly high in drip method of irrigation over the fl ood method 
of irritation.

TABLE 6 (Continued)
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1.4.6 THE FACTORS THAT INFLUENCE THE ADOPTION OF DRIP 
IRRIGATION TECHNOLOGY?
In this section, the factors that influence the adoption of drip irrigation are identified. 
Estimation of the factors that determine adoption of drip irrigation is presented in 
Table 8. The sample includes 100 farmers both the drip adopters and nonadopters in 
the drip and control village, respectively. Given the significance of the coefficients 
obtained for the different variables hypothesized to determine adoption of drip method 
of irrigation, we have greater confidence in our results.

TABLE 8 Factors influencing adoption of drip irrigation technology, 2007–2008.

Variables Regression Coef-
ficient

Elasticity of Intensity 
of adoption

Elasticity of adop-
tion

CONSTANT –38.909
(–0.984)

AGE 0.179* 1.5817 1.6015
(1.967)

EDUCATION –0.0427
(–0.247)

FISIZE 0.779*** 1.4461 1.4642
(7.636)

WIDERCROP 0.179** 2.6576 2.6910
(2.428)

NONFARM 4.838*** 0.4323 0.4377
(2.840)
AWELLS 0.242

(0.612)
Log-likelihood func-
tion

–185.00

Number of observa-
tions

100

Dependent variable DAREA
Model TOBIT
Note: *** significance at 1% level; ** significance at 5% level; * significance at 10% level.

Figures in parentheses indicate estimated ‘t’ ratios.

It can be observed that the variables AGE, FSIZE, WIDERCROP and NONFARM 
are found to be signifi cant determinants of adoption of drip irrigation on the expected 
positive line in both the water scarce and surplus regions. These variables are robust in 
determining the adoption and extent of drip adoption across regions.
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Age of head of the household or decision-making farmer infl uences the adoption 
of drip irrigation positively. The age, which refl ects the experience in farming, has 
signifi cant bearing on adoption of various agricultural crop production technologies. 
Experience improves awareness about the positive externalities generated by drip ir-
rigation and motivates farmers to initiate action. Apparently, experience matters for 
adoption of drip technology. Our results confi rm that the experience in farming signifi -
cantly infl uences the drip adoption.

The size of the farm refl ects the wealth status of the farmers, which is expected to 
infl uence drip irrigation positively as drip involves huge initial investment. We found 
that size of the farm exerts a signifi cant and positive infl uence on adoption of drip irri-
gation. The reason for this may have to do with the fact that the wealthier people have 
adequate capital, which enables them to adopt any technology, particularly the drip 
technology. However, few small and marginal farmers also show inclination towards 
adoption of drip irrigation. But for want of initial investment they do not opt for drip 
irrigation.

Cropping pattern in any region has signifi cant bearing on the adoption of drip 
technology. It is known that drip technology is more suitable when the cropping pat-
tern is dominated by wider spaced crops such as banana, coconut, grapes and so on. 
Though we recommend the drip technology for the annual crops like vegetables, tur-
meric, sugarcane, maize, etc., drip method of irrigation is quickly adopted in regions 
where cropping pattern is dominated by horticultural crops like banana, grapes, etc. It 
is clear from the analysis that the proportion of wider spaced crop is found to signifi -
cantly infl uence the drip adoption. In our study area, the farmers prefer to grow less 
labor-intensive crops like coconut and banana. This change in cropping pattern again 
motivates the farm households to adopt drip technology.

One can expect that participation in nonfarm income activities enable the house-
holds to generate addition income to manage both their households and make adequate 
investments on farm development. It is evident that the variable NONFARM is found 
to be signifi cantly and positively infl uence the drip adoption.

The proportion of area under wider space crops has the highest impact on both 
the adoption and intensity of adoption followed by AGE, FSIZE and NONFARM. 
The total elasticity for the variable WIDERCROP is estimated to be 5.3486, which is 
divided into 2.6910 for adoption, and 2.6576 for intensity of adoption. This suggests 
that a 10% increase in area under wider spaced crop is expected to result in about 53% 
increase in adoption of drip technology and extent of drip irrigation. Thus alternative-
cropping pattern would facilitate promoting drip irrigation in larger scale.

1.5 CONCLUSIONS AND POLICY SUGGESTIONS

This research has revealed that adoption of drip irrigation technology has increased 
the net sown area, net irrigated area and thereby has helped in achieving higher crop-
ping intensity and irrigation intensity. It has been found that there is a significant shift 
towards crops such as coconut and banana from annual crops like vegetables, paddy, 
sugarcane and the like. The main reasons have been found as scarcity of human labor 
and water. As the cropping pattern decides the adoption and suitability of drip irriga-
tion, widespread adoption of micro irrigation could be promoted in the regions where 
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shift towards crops like coconut, banana are common. The analysis of economics of 
crop cultivation under drip and control has revealed that the drip method of irrigation 
has a significant impact on resources saving, cost of cultivation, yield of crops and 
farm profitability. The physical water and energy productivity is significantly high 
in drip over the flood method of irrigation. The adoption of drip irrigation is signifi-
cantly influenced by experience, farm size, proportion of wider spaced crops and par-
ticipation in nonfarm income activities. Thus, our policy focus may be tilted towards 
the promotion of drip irrigation in those regions where scarcity of water and labor is 
alarming and where shift towards wider- spaced crops is taking place.

1.6 SUMMARY

Recognizing the importance of drip irrigation, this chapter has addressed the important 
issues such as (i) what factors limit/enhance the adoption of drip irrigation systems? 
and (ii) what policy action must be taken at different levels to speed up the adoption 
of drip irrigation and groundwater development?. The drip method of irrigation has 
been found to have a significant impact on resources saving, cost of cultivation, yield 
of crops and farm profitability. The adoption of drip irrigation is significantly influ-
enced by experience, farm size, proportion of wider spaced crops and participation in 
nonfarm income activities. Hence, the policy should be focused on promotion of drip 
irrigation in those regions where scarcity of water and labor is alarming and where 
shift towards wider-spaced crops is taking place.
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2.1 INTRODUCTION

Developing infrastructure for the water resources and their management have been the 
common policy agenda in many developing economies, particularly in the arid and 
semiarid tropical countries like India. A study by the International Water Management 
Institute (IWMI) has shown that around 50% of the increase in demand for water by 
the year 2025 can be met by increasing the effectiveness of irrigation [16].

The review of past studies lucidly shows that the solution to the problem of grow-
ing groundwater scarcity and persistent groundwater resource degradation across re-
gions is two fold. The fi rst is the supply side management practices like watershed de-
velopment, water resources development through major, medium and minor irrigation 
projects, etc. The second is thorough the demand management by effi cient use of the 
available water both in the short-run and long-run perspectives. This includes drip ir-
rigation and other improved water management practices. Recognizing the importance 
of sustainable water-use effi ciency in agriculture, a number of demand management 
strategies (like water pricing, water users association, turnover system, etc.) have been 
introduced since the late-1970s to increase the water-use effi ciency, especially in the 
use of surface irrigation water. One of the demand management mechanisms is the 
adoption of micro irrigation such as drip and sprinkler methods of irrigation. Evi-
dences show that the water-use effi ciency increases up to 100% in a properly designed 
and managed drip irrigation system [4, 17]. Drip method of irrigation helps to reduce 
the overexploitation of groundwater that partly occurs because of ineffi cient use of 
water under surface method of irrigation. Environmental problems associated with 
the surface method of irrigation like waterlogging and salinity are also completely 
absent under drip method of irrigation [11]. Drip method helps in achieving saving in 
irrigation water, increased water-use effi ciency, decreased tillage requirement, higher 
quality products, increased crop yields and higher fertilizer-use effi ciency [10, 15, 18].

Though the potential benefi ts generated by the drip irrigation methods are appar-
ent, the adoption of drip irrigation is yet to be widely promoted across regions, states 
and elsewhere. It is found that the most ideal policy environment for promotion of 
micro irrigation technologies in the well-irrigated areas would be pro-rata pricing of 
electricity, which would create direct incentive for effi cient water use [7]. Adoption 
of micro irrigation systems is likely to pick up fast in the arid and semi arid, well-
irrigated areas, where farmers have independent irrigation sources, and where ground-
water is scarce. Further, large size of farm and individual plots, and a cropping system 
dominated by widely spaced row crops, which are also high-valued, would provide 
the ideal environment for the same [6]. Evidences show that many researchers have 
attempted to study the impact of drip irrigation [2, 5, 9, 10, 12, 15] and have found 
that drip irrigation produces the desired positive impacts. It is evidenced that the drip 
irrigation technology is technically feasible, particularly when the farmers depend on 
groundwater sources [3]. Still, the studies on impacts of drip irrigation on the farming 
system as a whole are scanty and yet to be explored much.

In this context, the drip irrigation has received much attention from policy makers 
and others for its perceived ability to contribute signifi cantly to groundwater resourc-
es development, agricultural productivity, economic growth, and environmental 
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sustainability. Yet in many parts of the country and elsewhere, these have yet to be 
adopted widely. Keeping these issues in view, this chapter focuses on issues, such as: 

(i)  What changes the drip irrigation brings to the farming system? 
(ii)  Whether the adoption of drip irrigation is motivated by the cropping pattern or 

the cropping pattern is followed by drip adoption? and 
(iii)  What policy action must be taken at different levels to speed up the adoption 

of drip irrigation?

2.2 METHODOLOGY

2.2.1 SAMPLING FRAMEWORK
The study was conducted in the Coimbatore district of Tamil Nadu state where ground-
water resource degradation is alarming. Two blocks were selected so as to represent 
drip adoption and control. From the selected blocks, two revenue villages were selected 
purposively where the adoption of drip irrigation is widespread. Farm households in 
the selected villages constituted the sample units. To examine the adoption and impact 
of drip irrigation on resource use, agricultural production and farm income, 25 drip-
adopting farmers were selected in each village and correspondingly 25 nondrip adopt-
ers were selected in control villages. To select the drip adopters, the list of farmers from 
the Department of Agricultural Engineering was collected. Also, we enumerated the list 
of farmers adopting drip irrigation after discussions with the villagers and private firms 
dealing drip irrigation systems. Thus, a sample of 100 farmers was studied.

2.2.2 SAMPLING DATA
For the purpose of the study, both secondary and primary information was collected 
from different sources. The secondary information included trend in rainfall, growth 
in the number of wells, number of wells functioning and wells defunct, cropping pat-
tern, crop yields, occupational structure and area irrigated. The general particulars of 
the area were collected from the Assistant Director of Statistics and Assistant Direc-
tor of Agriculture of the respective regions. Interview schedules were formulated and 
pretested. The needed information from the respondent group was gathered person-
ally administering the interview schedule. The primary information collected from the 
farm households included details on well investment, groundwater use, extraction and 
management, crop production including input use and output realized, farm income, 
adoption of drip irrigation, and investment on drip irrigation. This also included asset 
position, education and other socioeconomic conditions.

2.2.3 MARKOV CHAIN ANALYSIS
Our objective here was to study the changes that have occurred in the farming system, 
particularly through cropping pattern as a result of adoption of drip irrigation. In order 
to examine the changes in the cropping pattern, Markov chain analysis was performed.

Markov chain models are concerned with the problems of movement, both in terms 
of movement from one location to another and in terms of movement from one “state” 
to another. These models are used for describing and analyzing the nature of changes 
generated by the movement of such variables, in some cases these models may also be 
used to forecast future changes [1].
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The changing cropping pattern was worked out assuming that it follows a fi rst 
order Markov chain [8], as explained below.

A fi rst order Markov chain is characterized by the transition probability matrix 
[Eq. (1)].
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where: pij is the probability that an area under the classification ‘i’ during the current 
year changes into the classification ‘j’ next year and ‘n’ is the number of states. There-
fore, pij is defined by Eq. (2).
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The transition probability matrix for the study was 9 × 9 matrix resulting in 81 un-
known probabilities pij, i, j = 1, 2, …, 9, which were estimated using farm level data. 
In this study, the structural change in cropping pattern after introduction of drip irri-
gation system was examined by using the Markov chain approach. The estimation of 
the transitional probability matrix (P) was central to this analysis. The element Pij of 
the matrix indicated the probability that the area would switch from the ith crop to jth 
crop over a period of time, that is, after the introduction of drip irrigation system. The 
diagonal elements (Pij) indicated the probability that the area share of a crop would be 
retained in the successive time periods.

2.3 THE STUDY AREA

2.3.1 DRIP IRRIGATION IN TAMIL NADU
Tamil Nadu state stands seventh in the country in terms of area under micro irrigation. 
During 2008, a total area of 158,521 hectares was practiced under micro irrigation in 
the Tamil Nadu state. Of the total area under micro irrigation, the drip accounted for 
82.85% (131,335 ha) and sprinkler for 17.15% (27,186 ha). At the national level, the 
area under drip irrigation was 36.82% and under sprinkler was 63.18% (Fig. 1). It is 
clear that the drip method of irrigation is more popular among the farmers in Tamil 
Nadu when compared to sprinkler method of irrigation. It is seen that the Tamil Nadu 
state has only 9.2 per of the total drip area in the country where as the sprinkler irriga-
tion accounts for only 1.1% of total area in the country. The area under micro irrigation 
accounts 4.1% of the total area under irrigation in the country.
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FIGURE 1 Proportion of area under different micro irrigation systems in India and Tamil 
Nadu.

The area under micro irrigation is very low in Tamil Nadu compared to the na-
tional level area. The net sown area in Tamil Nadu is 5,126,000 ha, whereas the gross 
cropped area is 5,842,000 ha. The area under micro irrigation accounts for only 3.1% 
of the net sown area in Tamil Nadu, whereas it accounts for 5.49% of the net irrigated 
area and 4.79% of the gross irrigated area. Thus, there is a huge potential to increase 
the area under micro irrigation in Tamil Nadu.

2.3.2 COIMBATORE DISTRICT OF TAMIL NADU STATE
The study area included the Coimbatore district of Tamil Nadu state, where the agri-
culture depends largely on minor irrigation projects and other sources such as wells, 
rain-fed tanks, etc. The chief source of irrigation in this district is through wells. The 
average well-failure rate is 47% for open-wells and 9% for bore-wells [14]. There are 
six different soil types viz.: red calcareous soil, black soil, red noncalcareous soil, al-
luvial and colluvial soil, brown soil and forest soil. The mean annual rainfall for the 
45 years (between 1961 and 2005) is 687.1 mm and the with a coefficient of varia-
tion of 28.21%. The distribution of rainfall across the seasons indicates that the mean 
rainfall ranged from 16 mm during winter to 348 mm during north-east monsoons. 
The groundwater potential as on January 2003 indicated that the total groundwater 
recharge was 880.97 million cubic meter (MCM), net groundwater availability (90% 
of total groundwater recharge) was 792.87 MCM, domestic and industrial draft was 
40.57 MCM, irrigation draft was 779.13 MCM and the stage of groundwater develop-
ment was 103%.

The level of groundwater development exceeds 100% of the utilizable ground-
water recharge in 11 blocks, between 90 and 100% in four blocks and between 70 
and 90% in another four blocks. The stages of groundwater development in the study 
blocks was 169% for Thondamuthur block and 173% for Annur block, respectively. 
This indicates the problem of groundwater in the region. Increasing private investment 
on wells is visualized over the years, as groundwater irrigation assumes importance. 
Farmers in this district rely heavily on groundwater for irrigation. The source-wise 
area irrigated indicates that the groundwater accounts for 88.7% and 52% of the total 
area irrigated in the Thondamuthur and Annur blocks, respectively. The increasing 
trend in groundwater irrigation further confi rms a heavy dependence on it for irriga-
tion.



24 Management, Performance, and Applications of Micro Irrigation Systems

2.4 RESULTS AND DISCUSSION

2.4.1 FARM LEVEL IMPACTS OF DRIP IRRIGATION
In this section, our aim was to observe the significant changes in landholdings, cropped 
area, and irrigated area due to the introduction of drip irrigation. For this purpose, 
the drip-adopters were compared with control households. The average size of hold-
ing among the drip-adopters was significantly large as compared to control villages. 
Since drip method of irrigation involves huge initial investment, large farmers adopt 
it widely as compared to small and marginal farmers (Table 1). The details before the 
drip adoption were collected based on the recall basis. For the control villages, the ref-
erence period for the preadoption was considered to be 10 years before, that is, 1995.

TABLE 1 General characteristics of sample households in Tamil Nadu, 2007–2008.

General characteristics for

cropping system

Drip villages Control villages

Before After Before After

Number of workers in the household (No.) 2.7 2.7 1.92 1.92

Farm size (ha) 5.52 5.41 2.23 2.28

Net sown area (ha) 4.51 5.31 1.41 1.35

Gross cropped area (ha) 4.77 6.36 1.46 1.39

Cropping intensity (%)a 105.57 124.34 103.54 102.96

Net irrigated area (ha) 3.65 4.97 1.27 1.22

Gross irrigated area (ha) 3.84 6.26 1.28 1.22

Irrigation intensity (%)b 104.88 130.16 100.18 100.00

Percentage of area irrigated by wells to the total 
cropped area (%)

82.0 98.03 94.65 94.26

Percentage of area irrigated under drip to gross 
cropped area (%)

67.14 — —

Percentage of area irrigated under drip to gross 
irrigated area (%)

68.57 — —

Notes:

***, ** and * indicate values are significantly different at 1%, 5% and 10% levels from the corresponding 
values of control village.
aCropping intensity is defined as the ratio of gross cropped area to net sown area and is expressed as a 
percentage.
bIrrigation intensity is the ratio of gross irrigated area to net irrigated area and is expressed as a percentage.

It is argued that drip irrigation increases cropped area and area under irrigation 
as it is a viable water-saving technology. Our study confi rms the earlier fi ndings that 
the drip irrigation technology increases the net sown area and net irrigated area and 
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thereby helps in achieving higher cropping intensity and irrigation intensity. For in-
stance, in the villages with drip irrigation, the net sown area has increased from 4.51 
ha to 5.31 ha, whereas the gross cropped area has increased from 4.77 ha to 6.36 ha. A 
similar positive trend was seen in the net irrigated area and gross irrigated area. Dur-
ing the survey, it was found that drip irrigation technology has resulted in signifi cant 
impacts. Being an effi cient water-saving technology, it has helped in expanding the 
irrigated area and saving of water.

The percentage of area irrigated by wells to the total cropped area has signifi cantly 
increased in the drip villages among drip adopters. It is concluded that the percentage 
of area irrigated by wells to gross cropped area has increased from 82.0% to 98.03% 
due to the intervention of drip irrigation. It is lucid from the analysis that drip irrigation 
technology has resulted signifi cant positive impacts in the farming system.

2.4.2 CROPPING PATTERN
An attempt was made to investigate whether drip irrigation had induced a certain new 
cropping system or the crops had followed drip technology as a response to the grow-
ing water scarcity? The cropping pattern, that is, proportion of area under different 
crops, is a good indicator of the development of resource endowments and agricul-
tural production. It is expected that drip irrigation helps in the development of water 
resource potential and also helps the farmers to get more crop and income per drop of 
water.

The longitudinal analysis of cropping pattern across farm households and villages 
has revealed that the adoption of drip irrigation is motivated by many factors. The two 
major constraints limiting agricultural production are: human labor and water scarcity. 
These two factors had compelled the farmers to alter their cropping pattern towards 
less labor and water- intensive crops. The resource poor farmers were going in for 
rain-fed crops like sorghum, maize, etc. However, the big farmers with access to capi-
tal were adopting various water management and cropping strategies. Drip irrigation 
being one of the important water management technologies, was being adopted. Thus, 
in regions where there was severe water and labor scarcity, fi rst there was a shift from 
labor and water-intensive crops such as vegetables, sugarcane, cotton, paddy, etc. to 
less labor-intensive crops such as coconut, and it was being followed by drip adoption. 
As drip irrigation saves human labor substantially by reduction in operations such 
as irrigation and weeding, water-loving crops such as banana and grapes were being 
planted following drip irrigation.

TABLE 2 Drip irrigation and cropping pattern changes (%) in study farms in Tamil Nadu, 
2007–2008.

 Crops Drip villages Control villages
Before After Before After

Banana 15.13 16.31 24.91 24.45
Coconut 4.68 22.52 8.25 8.02
Cotton 3.19 0.0 . . 
Grapes 18.82 24.05 . . 
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 Crops Drip villages Control villages
Before After Before After

Ragi 4.19 0.0 . . 
Sorghum 14.78 2.5 20.36 19.77
Sugarcane . . 11.85 11.17
Turmeric 0.0 7.1  2.47
Vegetables including tomato 30.73 21.52 27.74 27.74

A signifi cant shift towards crops such as coconut, grapes was commonly observed 
in the drip villages (Table 2). The main reasons were scarcity human labor and water. 
For this reason, a reduction in area under vegetables was also observed. Thus, the 
micro irrigation could be promoted in the regions with high scarcity of water and 
labor. As a cropping pattern decides the adoption and suitability of drip irrigation, 
widespread adoption of micro irrigation could be promoted in the regions where shift 
towards crops like coconut and banana is common.

2.4.3 TRANSITION PROBABILITY AND STEADY STATE PROBABILITY OF 
CHANGES IN CROPPING PATTERN
Significant changes in the cropping pattern were observed in the study area. As the 
changes in cropping pattern favor the adoption of drip irrigation technologies, we were 
also interested in studying the type of transition that has taken place in the cropping 
pattern. For this, employing Markov chain analysis, the transition and steady state 
probabilities were computed and have been presented in Table 3. Markov analysis is 
a way of analyzing the current movement of variable in an effort to predict its future 
movement. In the transition probability matrix, the rows identify the current state of 
the cropping pattern being studied and the columns identify the alternatives to which 
the cropping pattern could move. Here, the row probabilities are associated with crops 
retention and move to other crops (i.e., shift to other crops), while the column prob-
abilities are associated with crops retention and move towards the crop (i.e., shift 
towards the crops, gain to the particular crop). The transition probability presented in 
the Table 3 depicts the cropping pattern changes over time.

The diagonal elements represent probability of retaining the same crop in future. 
For instance, the probability of retaining banana crop was worked out to be 57%. 
Similarly, for coconut the probability of retention was 75%. The analysis shows that 
the probability of shifting of the area under maize to banana was 18%, to coconut was 
18%, to tomato was 15%, to grapes was 13% and to other crops was 4%. The probabil-
ity of retention of maize crop was 29%. Similarly, the vegetables have shown retention 
probability of only 24%. The probability of shifting area of vegetables to banana was 
12%, to coconut was 20%, and to grapes was 12%. What will happen in the future if 
this pattern of changes in the cropping pattern occurs? If this kind of transition contin-
ues, around 32% of the cropped area will assume area under coconut and grapes will 
assume 44% of the total cropped area. This ensures better scope for a wider adoption 

TABLE 2 (Continued)
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of drip irrigation in the region. The Markov analysis has lucidly shown that the exist-
ing trend in cropping pattern changes will result in a new cropping pattern, which will 
favor wider adoption of drip method of irrigation in the future.

TABLE 3 Transition probability and steady state probability of changes in cropping pattern in 
Tamil Nadu.

Crops
Sor-
ghum

Ba-
nana

Coco-
nut Maize

To-
mato Grapes

Veg-
etables Others

Sorghum 0.03 0.17 0.24 0.06 0.19 0.23 0.02 0.06

Banana 0.01 0.57 0.22 0.02 0.06 0.06 0.02 0.04

Coconut 0.04 0.07 0.75 0.01 0.04 0.09 0.00 0.00

Maize 0.04 0.18 0.18 0.29 0.15 0.13 0.00 0.04

Tomato 0.05 0.09 0.21 0.02 0.42 0.11 0.06 0.05

Grapes 0.01 0.01 0.07 0.00 0.02 0.87 0.01 0.01

Vegetables 0.03 0.12 0.20 0.06 0.18 0.12 0.24 0.05

Others 0.00 0.20 0.12 0.08 0.08 0.19 0.05 0.29

Fallow 0.06 0.14 0.26 0.08 0.20 0.14 0.04 0.08

Steady state 
probabilities 0.02 0.10 0.32 0.01 0.07 0.44 0.01 0.02

2.4.4 IMPACT OF DRIP IRRIGATION ON AGRICULTURAL PRODUCTION
To assess the impact of drip irrigation on agricultural production, the economics of 
drip irrigation were worked out for the major crops. The adoption of drip irrigation has 
significant positive impact on the cost of cultivation and cost of production and returns 
of the farmers. The economics of banana cultivation revealed that the cost of labor was 
significantly lower under the drip method (Rs 9,761/ha), which was 69% less than in 
the control villages (Rs 31,487/ha). The drip method significantly saves the human 
labor involved in crop production activities. It also saves irrigation labor and weeding 
labor. On an average, the human labor days used for weeding banana were 17 labor 
days/ha under drip method and 60 labor days/ha under flood method of irrigation. The 
drip method saved nearly 71% of weeding labor when compared to flood method of ir-
rigation. The irrigation labor has been worked out to be 168 labor days/ha under flood 
method and 18 labor days/ha under drip method of irrigation. Due to this, the cost of 
cultivation was significantly less under drip over the flood method.

The reduction in cost on human labor has a signifi cant bearing on the cost of culti-
vation. Though, the cost of installation of drip irrigation equipments and maintenance 
is incurred by the farmers, the cost of cultivation per hectare has been worked out to be 
Rs. 80,396/ha in drip farms, which is around 23% less than in the control villages (Rs. 
109,685/ha). The gross margin per hectare has been found as Rs. 200,232/ha in drip 
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and Rs. 163,048/ha in control farms. It clearly shows that drip method of irrigation has 
resulted in an increase of 22% of gross margin over the control. As the adoption of 
drip irrigation saves considerable water and energy, the water and energy productivity 
is signifi cantly more in drip farms than the control villages where the fl ood irrigation 
is followed (Table 4 ). For instance, the water productivity has been worked out to be 
7.4 kg/M3 of water in drip farms and 4.9 kg/M3 of water in control villages. Signifi cant 
difference in energy productivity has also been noticed. The returns per unit of wa-
ter and energy have shown that drip farms have signifi cantly higher returns over the 
control. Thus, one could conclude that the drip adoption would be a viable technology 
with signifi cant bearing on the private profi ts.

TABLE 4 Economics of crop production (per ha) for banana in sample farms in Tamil Nadu, 
2007–2008.

 Particulars Drip villages Control villages

Quantity of water applied (M3) 8,979*** 12,669

Quantity of energy consumed (kWh) 2,219*** 8,294

Cost of labor (Rs.) 9,761*** 31,487

Capital (Rs.) 80,369*** 104,351

Yield (tons) 60.34*** 57.79

Gross income (Rs.) 280,602*** 267,400

Gross margin (Rs.) 200,232*** 163,048

Yield per unit of water (kg/M3) 7.4*** 4.9

Yield per unit of energy (kg/kWh) 28.6*** 7.2

Returns per unit of water (Rs/M3) 23.8*** 13.3

Returns per unit of energy (Rs/kWh) 92.3*** 19.8

Notes: 
***, ** and * indicate that values are significantly different at 1%, 5% and 10% levels, re-
spectively, from the corresponding values of control village.

The economics of coconut cultivation in drip and control villages has revealed 
that the cost saving due to reduction in labor was 69% (Table 5) Similarly, the cost of 
cultivation was considerably lower under the drip method, registering a reduction of 
15.5%.
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TABLE 5 Economics of crop production (per ha) for coconut and grapes in sample farms in 
Tamil Nadu, 2007–2008.

Particulars Coconut Grapes

Drip villages Control 
villages

Drip villages Control 
villages

Quantity of water applied (M3) 3096*** 10855 5195*** 6757

Quantity of energy consumed 
(kWh)

917*** 7423 550*** 3124

Cost of labor (Rs.) 3733*** 12024 17324*** 29433

Capital (Rs.) 27510*** 32560 50690*** 60124

Yield (‘00 nuts in coconut and 
tones in grapes)

227*** 201 22.84*** 19.45

Gross income (Rs.) 105443*** 86419 246668*** 233454

Gross margin (Rs.) 77933*** 53859 195978*** 173330

Yield per unit of water (nuts/
M3or kg/M3)

7.3*** 1.9 4.7*** 3.1

Yield per unit of energy (nuts/
kWh of kg/kWh)

28.6*** 2.6 43.7*** 6.2

Returns per unit of water (Rs/M3) 25*** 5 41*** 27

Returns per unit of energy (Rs/kWh)

98***

7

378*** 55

***, ** and * indicate that the values are significantly different at 1%, 5% and 10% levels 
from the corresponding values of control village.

The impact of drip irrigation on resource saving and productivity enhancing was 
highly signifi cant in grapes. Since grape cultivation is sensitive to water stress and in-
volves huge labor for irrigation, weeding, training and pruning, the drip could resulted 
in signifi cant savings in water and labor, leading to reduction in cost of cultivation 
(Table 5).

In grape cultivation, the cost incurred on human labor was Rs. 17,324/ha in drip 
farms and Rs. 29,433/ha in control farms with an average reduction of 41% (Table 
5). Also, there was a reduction in the cost of cultivation by 15.6% in drip farms over 
control farms. The gross margin across farms indicated that the drip farms achieved 
relatively higher returns with a given price of output when compared to control farms 
mainly due to difference in yield. The physical productivity of water and energy was 
signifi cantly higher in drip than control farms.
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The analysis of economics of crop cultivation under drip and fl ood methods of 
irrigation has revealed that the former has a signifi cant impact on resources saving, 
cost of cultivation, yield of crops and farm profi tability. The physical water and energy 
productivity was signifi cantly high in drip than fl ood method of irrigation. One could 
conclude that the drip has a signifi cant bearing on the private costs and hence on profi t 
of farmers.

2.5 CONCLUSIONS

The study has revealed that adoption of drip irrigation technology has increased the 
net sown area, net irrigated area and thereby has helped in achieving higher cropping 
intensity and irrigation intensity. It has been found that there is a significant shift to-
wards crops such as coconut, grapes and banana from annual crops like vegetables, 
sugarcane and the like. The main reasons have been found as scarcity of human labor 
and water. As the cropping pattern decides the adoption and suitability of drip irriga-
tion, widespread adoption of micro irrigation could be promoted in the regions where 
shift towards crops like coconut, banana and grapes are common. The analysis of 
economics of crop cultivation under drip and control has revealed that the drip method 
of irrigation has a significant impact on resources saving, cost of cultivation, yield of 
crops and farm profitability. The physical water and energy productivity is signifi-
cantly high in drip over the flood method of irrigation. One could conclude that the 
drip has a significant bearing on the private costs and benefits and hence on profit of 
farmers. Thus, our policy focus may be tilted towards the promotion of drip irrigation 
in those regions where scarcity of water and labor is alarming and where shift towards 
wider- spaced crops is taking place.

2.6 SUMMARY

The micro irrigation in general and drip irrigation in particular has received consid-
erable attention from policy makers, researchers, economists, etc., for its perceived 
ability to contribute significantly to groundwater resources development, agricultural 
productivity, economic growth, and environmental sustainability. In this paper, the 
impact of drip irrigation has been studied on farming system in terms of cropping 
pattern, resources use and yield. The drip method of irrigation has been found to have 
a significant impact on resources saving, cost of cultivation, yield of crops and farm 
profitability. Hence, the policy should be focused on promotion of drip irrigation in 
those regions where scarcity of water and labor is alarming and where shift towards 
wider-spaced crops is taking place.
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3.1 INTRODUCTION

Land and water are the basic needs of agriculture and economic development of any 
country. The demands for these resources are continuously increasing. It is possible 
to increase the intensity of cultivation up to 200–300% or more provided water is 
available as India is having sunshine throughout the year. Further large areas of waste/
fallow lands are available and hence optimum use of the available water is very critical 
at this juncture.

Water is a vital resource for life, human/societal development and environmental 
sustainability. We must treat the water economic and socially good and that water 
management must aim for the most worthwhile use ensuring equity, concerns, ad-
equate, effi ciency and environmental sustainability. Water planners, managers, users 
and generally policy makers face many challenges: The need to meet the basic water 
requirements of present and future generations; maintain the renewable fresh water 
resources and develop public and private institutions capable of managing supply and 
demand resolving confl icts; and protecting watersheds and allocating scarce water re-
sources.

Though water resources in India are good, but the utilizable water is about 110 
M.H.M. (70 M.H.M from surface and 40 M.H.M from ground water). This utilizable 
water can irrigate about 130−140 M-ha. This is only about 50−60% of the gross culti-
vable area in the country. Further, agriculture draws about 85% of the total water used 
at present. It is estimated that the allocation will be reduced to 71% in the next 20−25 
years, since the demand of water for industries and municipal purposes is expected to 
increase. Therefore, we must fi nd ways and means to increase the area of irrigation and 
production to feed the growing population.

The investment per hectare for irrigation projects has been increasing enormous-
ly from Rs. 1500 during 1951–1956 to about Rs. 100,000 during 9th plan and Rs. 
150,000 during 12th plan. Though we have increased the production by fi ve fold in the 
last 60 years (from 50 million tons in 1951 to about 250 million tons at present),still 
the average production per Ha is less compared to many countries in the world, such 
as: Egypt. China, Taiwan, Japan, etc. The main reason for this is due to inadequate 
irrigation management, and not introducing pressure irrigation (Sprinkler and Drip ir-
rigation)on a large scale. Therefore, it is necessary to economize the use of water and 
at the same time increase the productivity per unit area and per unit quantity of water.

The production of fruits/vegetables in India ranks 2nd in the world, but it is not 
suffi cient for the minimum requirement of the population. Further, there is a good po-
tential of exporting these products to get suffi cient income to the farmers and foreign 
exchange to the country. We get highest rainfall in the world, that is, 12,000 mm at 
Chirapunji – India and at the same time less than 100 mm in Rajasthan and some other 
parts of the country. Further the rain falls only in 3 or 4 months times during the year. 
Even Chirapunji is facing drinking water problem before monsoon starts. Therefore, 
there is a need to harvest, conserve and use the water effi ciently.

The food requirement in India will increase from 220 MT in 2000 A.D.to 450−500 
M-tons in 2050 A.D. The present average production is about 2.2 tons per ha in ir-
rigated areas and about 0.75 tons/ha in rain-fed areas. These values can be easily in-
creased to 3.5 to 4.0 tons/ha and 1.5 to 2.0 tons/ha for irrigated and rain-fed lands, 
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respectively. Also, the gross irrigated area can be increased to 150–160 M-ha for the 
required food production in 2050 A.D. The targets can be achieved by better water 
management, introducing controlled irrigation systems on a large scale in India in the 
coming years, by using micro irrigation system and use the sewage and effl uent water 
(reuse) after reclamation.

3.2 MICRO IRRIGATION

Micro-irrigation is a new technology in the country compared to sprinkler irrigation 
but farmers are showing keen interest in introducing this water saving technology. 
Drip irrigation was introduced on large scale in Israel during the sixties and at present 
the entire area for all crops, micro irrigation is the only irrigation method practiced. 
The Israeli farmers grow flowers, fruits and vegetables using drip system. But the 
important factor is that the Government is helping the farmers by way of extension 
and marketing of the products. The flowers plucked in the morning can reach the 
markets in London, Paris, Stockholm in the noon or evening. In this way, the farm-
ers are encouraged to go for this system of irrigation. It is estimated that about 6 to 7 
M-ha is under Drip irrigation in the world. At present, the countries using this system 
are: U.S.A., Israel, France, Spain, Italy, Cyprus, Australia, South Africa, Egypt, India, 
China, Taiwan, Thailand, Brazil, Puerto Rico, etc., for about 60 different crops. In Is-
rael, sewage water after reclamation is used to irrigate cotton crop by this method. The 
entire sugarcane crop is irrigated by drip (Biwall in Hawaii, U.S.A.) system. There 
are various methods of drip irrigation such as: Drip, Micro Sprayer, Micro sprinkler, 
Typhon, Bi-wall, Leakage pipes, etc.

In India, though Drip system is familiar with the farmers, the drip irrigated area 
is about 2.0 M-ha, which is very meager compared to the total irrigated area in the 
country (>100 M-ha). About 60 wide spaced crops are irrigated by this method. In the 
beginning, it was introduced in water scarcity areas for wide spaced crops like coco-
nut, pomegranate, orange, grapes, etc. But now, farmers use this method even in places 
where suffi cient water is available for irrigation and also for closely spaced row crops. 
If one asks a banana farmer in Jalgaon district of Maharashtra state – India, why he has 
gone for drip irrigation, his answer, is: Increased yield; Less inputs (Labor, fertilizers, 
chemicals, etc.); High quality of products; and fi nally saving of water.

Therefore, the farmers in India are also aware of the importance of this system just 
like any farmer in U.S.A. or in Israel, but the problem of introducing on large scale in 
India is the high investment cost of this system. The cost is Rs. 70,000–80,000 per ha 
for closely spaced crops: Vegetables, cotton, sugarcane, mulberry, etc. and this cost is 
prohibitive to small farmers in the country, though the economics will prove that this 
system is economically viable.

When National Commission on the use of Plastic in Agriculture (NCPA) requested 
me to prepare a perspective plan for drip and sprinkler irrigation during 1989–1990, 
I suggested about an area of one M-ha under drip irrigation by 2000 A.D. But the top 
offi cials in the Government of India were septic about the suggestion and informed 
that it is too ambitious, but I was able to convince them that the projection is very less 
taking into consideration the advantages of the system and the different crops grown 
and the large irrigated area in the country.
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India has 37% of the total irrigated area of the world, compared to 25 to 30% for 
the drip irrigated area. The main reason for slow progress is due to high initial cost of 
installation. If the cost is brought down to Rs. 10,000 per acre (maximum, Rs. 25,000/
hectare), it is possible that many farmers including small farmers will go for drip irri-
gation without waiting for subsidy from the Government of India. Many organizations 
in India are now doing research trails to bring down the cost in the farmers fi eld in the 
country.

Micro-irrigation can be practiced for all row crops and in all soils. In this method, 
the required quantity of water is given to each plant at the root zone through the net-
work of pipes. Hence, the losses are minimum due to water conveyance and water 
distribution. Since the water based on evapotranspiration (ET) is delivered daily to 
the plants, soil moisture will be always available more or less near the fi eld capacity. 
This implies that the roots can take moisture from the soil without any crop stress. This 
results in the uniform and optimum of a crop. In addition, crop fertilizer requirements 
can be met by fertigation, thus resulting in 30% savings of the nutrients without af-
fecting the yield.

Micro-irrigation system is suited for undulated terrain, shallow soils and water 
scarcity areas. Saline/brackish water areas can also be used to some extent, since wa-
ter is applied daily, which keeps the salt stress at minimum. These salts are pushed to 
the periphery of the moisture regime, which is away from the root zone of the crop. 
Therefore, crop growth is not affected due to salinity. The main advantages of micro 
irrigation compared to gravity irrigation system are: Increased water use effi ciency 
(90–95%); Higher yield (40–100%); Decreased tillage requirements; High quality 
products; Higher fertilizer use effi ciency (30% saving); Less weed growth (labor sav-
ing); All operations can be done at all times; and Less labor requirements.

3.3 RESEARCH STATUS OF MICRO IRRIGATION IN INDIA

Micro-irrigation is used extensively in many countries and its development in India is 
very slow compared to the other countries. Experiments and farm trials using micro ir-
rigation research have been conducted in the last 35 to 40 years by various universities 
and institutions in India. Progressive farmers in Maharashtra, Andhra Pradesh, Tamil 
Nadu, Karnataka, and Kerala states in India started using micro irrigation in the late 
seventies and early eighties. Due to the sustained efforts taken by the Central and State 
Governments and manufacturers of the drip irrigation equipments in India, the use of 
this system started spreading in the southern and western states of India.

The studies conducted by various institutions have revealed that the water saving 
in this method compared to surface irrigation is about 40 to 70% and the increased 
yield is up to 100% for various crops.

3.4 SCOPE OF MICRO IRRIGATION

The experience of numerous farmers in this new method has revealed many interest-
ing results. The old coconut farms are not possible to irrigate as the water availability 
in the wells has reduced and water table is depleting every year. Numerous farmers in 
Coimbatore district in Tamil Nadu – India have taken up this irrigation for the coco-
nut trees and it has proved successful. The development of micro irrigation has been 
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very spectacular in Maharashtra state since 1987. This is due to the encouragement 
provided by the Government and manufacturers. The farmers are also forced to adopt 
since water has become scarce and expensive commodity in many districts. In Kerala, 
the coconut and other plantation crops needed water during the dry period of January 
to May and the farmers are installing micro irrigation to manage the shortage of water. 
It is picking up very well in Andhra Pradesh, Karnataka, Madhya Pradesh, Gujarat and 
Rajasthan. The farmers are now convinced that this system helps them to get more 
yield, with less inputs apart from saving of water.

The constraints experienced in bringing large area under this method are: High ini-
tial cost, clogging of drippers and cracking of pipes, lack of adequate technical inputs, 
damages due to rats and rodents, high cost of spare parts and components, and lack 
of advice and technical help to the farmers by the extension offi cers. To exploit the 
full potential of this system, the constraints must be overcome by appropriate policy 
instruments, fi nancial supports and technical guidance. This calls for an integrated ap-
proach and endeavor on the part of the central and state governments, implementing 
agencies, manufacturing companies and the farmers. The technology is to be perfected 
and hence more fi eld oriented research must be taken up by the universities to reduce 
the cost and constraints. Training should be imparted to the offi cials and farmers to 
learn about the system and its maintenance. Seminars and workshops can be organized 
at the block and district levels to popularize the system to understand the problems and 
socioeconomic factors. The main policy should be to encourage and to motivate all 
categories of farmers, since the critical issue is water saving and augment productiv-
ity. The state governments can prepare time bound action plan for the coming years to 
bring more area under drip irrigation.

3.5 ECONOMICS OF MICRO IRRIGATION

The installation cost of drip irrigation varies from Rs. 20,000 to 25,000 per hectare for 
wide spaced crops like coconut, mango, etc. and from Rs. 70,000 to 80,000 per hectare 
for closely spaced crops like sugarcane, cotton, vegetables, etc. The cost depends upon 
the crop, row spacing, crop water needs, distance from water source, etc. The econom-
ics of micro irrigation has been calculated, and payback period has been worked out 
after interviewing more than 50 farmers for different crops. It was observed that the 
payback period is about one year for most of the crops and the benefit cost ratio varies 
from 2 to 5.

3.6 NEED FOR AFFORDABLE DRIP IRRIGATION SYSTEM

The drip system is capital intensive and has sophisticated technology. Therefore, it 
is beyond the reach of the majority of farmers in India. Therefore, if the drip system 
is made affordable and within the reach of small and marginal farmers (about 80%) 
in India, it will go a long way in increasing productivity and income of the farmers 
and conserve the water in the country. Further, this will also improve the capability 
of the farmers to manage and manipulate the soil, water and crop to obtain maximum 
yields, since it is suitable for all topographical and agroclimatic conditions, and dif-
ferent crops and soils.
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To make this advanced technology accessible to small and marginal farmers, In-
ternational Development Enterprises (IDE) – USA, has developed a low cost system 
and is being extensively fi eld tested in the farmers’ fi eld. Cost of this system is being 
reduced by eliminating the use of sophisticated parts, replacing with low cost substi-
tutes without sacrifi cing the quality and performance. The IDE has reduced the cost by 
80% by making the system portable (by shifting the lateral lines) and doing away with 
emitters/drippers but using holes and sockets or by providing microtubes in the lateral 
line to deliver water and also by using low cost fi lters. In case the system cannot be 
portable, due to the height or coverage of the crop, the reduction is about 50–60% by 
irrigating 4 or 6 rows of crop from each lateral line, which is affordable by the farmers 
even without subsidies. It is very diffi cult and cumbersome to the small and marginal 
farmers to get the Government subsidy and that too it is not available throughout the 
year. This technology was used in the early 70’s by the author in Coimbatore District 
of Tamil Nadu, when there were no drip irrigation manufacturers in the Country and 
most of the research work was done using the material available in the market. The 
system will catch up very well if the required drip irrigation quality material and ac-
cessories are available in the local market. Furthermore research is going on in the 
country to reduce the thickness of the lateral pipes to bring down the cost and to opti-
mize the lateral lengths to have uniformity of water application for low head systems.

3.7 FUTURE PROSPECTS OF MICRO IRRIGATION

The studies conducted and information gathered from various sources has revealed 
that drip irrigation is technically feasible, economically viable and socially acceptable. 
Drip irrigation can be implemented in most of the areas irrigated by open/tube wells, 
which make about 35% of the total irrigated area in the country. The drip irrigation 
can be extended to the waste lands after planting tree crops including fruit trees; hilly 
areas; semiarid zones; coastal sandy belts; water scarcity areas; and command of the 
community wells

At present, on an average Rs. 100,000 to 150,000 per hectare is being invested for 
the new irrigation projects. As water is becoming increasingly scarcer, adoption of 
micro irrigation system offers potential for bringing nearly double the area under irri-
gation with the same quantity of water without any expenditure. It has been considered 
as a boon for wide spaced perennial crop namely Mango, Coconut, Oilpalm, Banana, 
Grapes, Pomegranate, Ber, Citrus, Tea, Coffee, and Cardamom. It is also suited for 
vegetables, fl owers and other commercial crops cotton, banana tobacco and sugarcane.

The area under micro irrigation at present is about two M-ha. The potential area 
is estimated as 27 M-ha by the Indian Task Force on Drip Irrigation. Hence, there is 
a great future for the rapid expansion of micro irrigation in India in the coming years. 
It is expected that the projected area of 20 M-ha (20% of the irrigated area) will be 
brought under micro irrigation in the next 15 to 20 years.

3.8 PERSPECTIVE PLAN FOR MICRO IRRIGATION RESEARCH

Drip irrigation in the world is under varying degrees of development. In Israel, the en-
tire area is irrigated through drip. In USA, large areas under citrus, grapes, sugarcane, 
cotton, etc., are irrigated through drip. Similar pattern is noticed in Australia, Southern 
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Europe and other countries at a faster rate due to the water scarcity and the need to 
enhance the yield and quality of the farm produce.

In the Indian context, water scarcity has compelled the farmers to go in for this 
advanced method of irrigation to use the water more effi ciently for high value crops. It 
is reported that farmers using drip irrigation in Maharashtra state are able to get a net 
profi t of Rs. 125,000–250,000 per ha by growing grapes, orange, pomegranate, tomato 
and other fruit and vegetables crops. In spite of this, the area under drip irrigation is 
only 2.0 M-ha out of about 100 M-ha under irrigation potential created in India, which 
is considered a meager achievement. Therefore, it must be emphasized that planning 
and implementation of drip irrigation programs in future years should be such as to 
achieve a target of 15–20 M-ha by the year 2025.

To achieve the target, more research is needed on the thrust areas, such as: 
• To reduce the cost of the system and problem free systems; 
• Package of practices for various crops with drip irrigation; 
• Improve the performance of drip components especially clogging; 
• The minimum thickness of lateral pipe to withstand pressure and to reduce the 

cost; 
• Design and evaluation of standard micro irrigation system for horticultural, 

plantation and row crops in different agro ecological regions; 
• Evaluating cost effective adaption of drip irrigation systems under various farm-

ing situations; 
• Development and evaluation of fertigation technology for field and horticultural 

crops to reduce the fertilizer use; 
• Design and evaluation of pressurized irrigation systems as an adjunct with canal 

irrigation systems; and 
• Development of technology for using poor quality water through micro irriga-

tion systems. 
Above all, all the state governments should give subsidy and liberalized credit fa-

cilities from commercial banks, since water is going to be the constraint in agricultural 
production in the future

3.9 SUMMARY

Micro-irrigation is having tremendous potential and prospects in India to solve water 
scarcity conditions in many locations and to increase the production of agriculture and 
tree crops. The area under this system is only 2 M-ha in India compared to the total 
irrigated area of more than 100 M-ha in the country. Farmers are convinced about the 
advantages of the system.

The Central and State Governments are keen in bringing more area under drip ir-
rigation. The research institutions are undertaking more research programs to provide 
required information about the application of water in different stages of crop growth, 
reducing the cost of the system, fertigation studies, etc. We have along way to go to fi nd 
out the solutions on regional basis to implement micro irrigation for various crops on 
large scale in the country. However, this requires detailed action plan in a phased man-
ner. The country should aim to bring about 20 M-ha under this system in another 15–20 
years. Therefore, more and intensive research is very essential to achieve the objectives.
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4.1 INTRODUCTION

Irrigated agriculture plays a major role in the livelihoods of nations all over the world 
and South Africa is no exception. With irrigated agriculture being the largest user of 
runoff water in South Africa, there have been increased expectations from govern-
ment that the sector should increase efficiency and reduce consumption in order to 
increase the amount of water available for other uses, in particular for human domes-
tic consumption. Irrigation in South Africa is currently practiced on 1.6 × 106 ha. In 
2000, it used 62% of the runoff water that was used by all sectors, or 39.5% of the 
exploitable runoff water [6]. Studies and research over 40 years, on flood-, mobile- 
and micro irrigation techniques contributed to the knowledge base of applying irri-
gation methods correctly to improve the efficient application of water. The different 
irrigation systems vary in terms of individual components, cost and performance and 
generally they can be classified into three groups:

• Flood-irrigation systems by which water that flows under gravity over soil 
while infiltrating is applied to the farm lands. This includes basin, border, fur-
row and short furrow.

• Mobile irrigation systems, which move over the farm land under their own 
power while irrigating. These include center-pivot, linear and traveling-gun 
systems.

• Static systems include all systems that remain stationary while water is ap-
plied. We distinguish between two types: 1) Sprinkler by which water is sup-
plied above ground by means of sprinklers or sprayers. This includes perma-
nent or portable like quick-coupling, drag-line, hop- along, big-gun, side-roll 
and boom irrigation systems; 2) Micro-systems, which include microsprayers, 
mini- sprinklers and drip-irrigation systems.

Aspects that have been addressed in the research were layout, design, selection, 
management and a number of other factors that can improve the effi ciency of the ir-
rigation system. However, great emphasis has been placed lately on how an increase 
in effi ciency will lead to reduced water consumption by agricultural users and thereby 
‘release’ some of the annual water yield for use by the domestic sector. Recommended 
actions to improve effi ciency include measurement of the quantity of water distributed 
and applied at specifi c times; preparation of water-use effi ciency and risk-management 
plans; and a reduction of the quantity of water used for irrigation by existing farmers 
through investment in appropriate technology.

Various research projects funded to date by the Water Research Commission 
(WRC) demonstrate how improvements can be made to effi ciently manage water in 
South Africa.

4.2 IMPROVED FLOOD-IRRIGATION APPROACH

Increasing the efficiency of flood irrigation has been intensively researched in South 
Africa since 1972 by engineers of the Department of Agriculture – Division of Agri-
cultural Engineering and implemented as such. It was only in the late 80s and early 90s 
that, through a WRC-supported project, aspects such as the upgrading of the layout, the 
management and design of the systems were addressed and a model was developed 
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to simulate the hydraulics of flood irrigation more accurately [5]. In a WRC-sponsored 
project, Russell [12] studied infiltration under flood-irrigation conditions on a typical 
crusting soil of the Eastern Cape. He found that infiltration under dynamic (flood) 
conditions on this soil was very high and remained so over the medium term, in sharp 
contrast to the quick surface sealing and very low infiltration under static conditions.

4.3 COMPUTERIZED IRRIGATION DESIGN

An Israeli computerized irrigation design package was introduced in South Africa in 
1983. The International Commission on Irrigation and Drainage (ICID) predicted in 
1985 that an integrated computer process will be the norm for the future and indeed 
since then a number of computer-aided design routines have been developed and re-
ported on. In 1987, MBB Inc. completed a WRC-supported project titled, ‘The devel-
opment of procedures for design and evaluation of irrigation systems’ [8]. Irrigation 
design principles and procedures were studied in depth and evaluated critically. Dif-
ferent design algorithms were developed that were based on the well-known prin-
ciples of the PolyPlot software. The research eventually resulted in the development 
of the IDES irrigation design and evaluation program, which was the front-runner for 
the popular design program ModelMaker that was only introduced towards the end of 
the century. Today a range of excellent computer programs are available for modern-
day design of efficient irrigation systems.

4.4 CONTAINING LOSSES DURING CENTER-PIVOT IRRIGATION

During the period 1970–1982, the efficiency of center pivot systems were estimated at 
80%. A research project was supported by the WRC to investigate, identify and quan-
tify the spray losses between the emitters on a center pivot and the plant canopy [14]. 
Apart from technical measurements, meteorological and other factors influencing ir-
rigation losses were identified. It was found that the average losses rarely exceed 10% 
of the pumped water if the emitter package is properly designed and the wind speed is 
less than 6 m/s. From the results obtained with single nozzles it was clear that droplet 
size has an important effect on spray losses. This research provided valuable guidelines 
in terms of emitter selection, application depth and management of center pivots. 
The WRC also sponsored a project aimed at deriving criteria for the adaptation of 
overhead irrigation systems, including center pivots, to the infiltrability of different 
soils, so as to minimize water losses through runoff and/or evaporation due to pond-
ing (1 to 4). The energy flux (or kinetic energy), given by a combined effect of drop 
size, falling height and application rate was found to be a key factor. Equations were 
derived for predicting the maximum allowable kinetic energy (MAKE) for different 
scenarios [2].

4.5 PERFORMANCE OF TWO TYPES OF SPRINKLER IRRIGATION 
EMITTERS

In a WRC-supported project, two types of sprinklers operating on a dragline and a 
floppy sprinkler (Floppy Sprinkler Pvt. Ltd.) on a permanent layout were evaluated 
[13]. The individual sprinklers were evaluated on the sprinkler test bench of the ARC 
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Institute for Agricultural Engineering, and the installed systems were evaluated in-
field. The performance of the coefficient of uniformity (CU), distribution uniformity 
(DU) and the scheduling coefficient (SC) were determined. The importance of this 
is that high CU values and DU values in-field have a direct influence on the potential 
yield of the crop. In this research it was illustrated that layout, pressure variation, 
droplet size and maintenance of sprinkler systems have a significant impact on the 
irrigation system’s performance.

4.6 MANAGEMENT OF SURFACE- AND SUBSURFACE-DRIP IRRIGATION 
SYSTEMS

Drip irrigation is considered to be one of the most efficient irrigation systems avail-
able, but through a WRC-supported research project evidence was obtained from the 
literature as well as from on-farm and in-field testing that even this system can be 
inefficient, as a result of poor water quality, mismanagement and maintenance problems 
[10]. Apart from the research on the performance of various types and ages of drip-
pers [7] and filters under different water quality and typical farming conditions [15], 
guidelines were developed to make the correct dripper and filter choice. Through this 
research excellent guidelines were provided for proper choice, maintenance schedules 
and management of filters and drip-irrigation systems.

4.7 THE WATER-BALANCE APPROACH

In a recently completed WRC research project on irrigation efficiency [11], the se-
lected approach is that irrigation efficiency should be assessed by applying a water 
balance to a specific situation, rather than by the calculation of various performance 
indicators, based on once- off measurements of samples. The purpose of an irriga-
tion system is to apply the desired amount of water, at the correct application rate 
and uniformly to the entire field, at the right time, with the least amount of nonben-
eficial water consumption (losses), and as economically as possible. When applying 
water to crops, it should be considered both as a scarce and valuable resource and 
an agricultural input to be used optimally. Not all the water that is abstracted from a 
source for the purpose of irrigation reaches the intended destination (the root zone) 
where the plant can make best use of it. The fraction of the water abstracted from the 
source that is used by a planted crop is called the beneficial water-use component. 
Optimized irrigation water supply is therefore aimed at maximizing this component 
and implies that water must be delivered from the source to the field both efficiently 
(with the least volume for production along the supply system) and effectively (at 
the right time, in the right quantity and at the right quality). Optimizing water use 
at farm level requires careful consideration of the implications of decisions made 
during both development (planning and design), and management (operation and 
maintenance), taking into account technical, economic and environmental issues.

Perry [9] presented a newly developed framework for irrigation effi ciency as ap-
proved by the ICID (Fig. 1). He describes in detail the history and subsequent confu-
sion surrounding the calculation and interpretation of so-called irrigation or water use 
‘effi ciency’ indicators. The framework and proposed terminology are scientifi cally 
sound, being based on the principle of continuity of mass, and promote the analysis of 
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irrigation water-use situations or scenarios in order to expose underlying issues that 
can be addressed to improve water management, rather than simply using the calcula-
tion of input-output ratios as done in the past.

FIGURE 1 ICID water-balance framework for irrigation water management [9].

The basis of the framework is that any water withdrawn from a catchment for 
irrigation use contributes either to storage change, to the consumed fraction, or to 
the nonconsumed fraction at a point downstream of the point of abstraction. The wa-
ter that is consumed will either be to the benefi t of the intended purpose (benefi cial 
consumption) or not (nonbenefi cial consumption). Water that is not consumed but 
remains in the system will either be recoverable (for reuse) or nonrecoverable (lost to 
further use).

In order to improve water availability in a catchment, the relevant authority needs 
to focus its attention on reducing nonbenefi cial consumption and nonrecoverable frac-
tions; the activities undertaken to achieve this result can be called best management 
practices. The ICID water-balance framework, based on Perry’s model [9], is shown 
schematically in Fig. 1.
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FIGURE 2 Root zone application.

FIGURE 3 Dam wall for release of water.

FIGURE 4 "Mobile unit", Mobile irrigation laboratory of ARC-Institute for Agricultural 
Engineering, South Africa.
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In order to apply this framework to irrigation areas, typical components of the 
water-infrastructure system are defi ned wherein different scenarios may occur. In 
South Africa, most irrigation areas make use of a dam or weir in a river from which 
water is released for the users to abstract, either directly from the river or in some 
cases via a canal (Figs. 2–4). Water users can also abstract water directly from a 
shared source, such as a river or dam/reservoir, or the scheme-level water source 
could be a groundwater aquifer. Once the water enters the farm, it can either contrib-
ute to storage change (in farm dams), enter an on-farm water distribution system or 
be directly applied to the crop with a specifi c type of irrigation system. The South 
African framework covers four levels of water-management infrastructure as shown 
below (Table 1):

1. The water source;
2. The bulk conveyance system;
3. The irrigation scheme and the irrigation far; and
4. The relevant water-management infrastructure.

TABLE 1 Four levels of water management infrastructure [11].

Water management level Infrastructure system component

Water Source Dam/Reservoir Aquifer

Bulk conveyance system River Canal

Irrigation scheme On-scheme dam

On-scheme canal

On-scheme pipe

Irrigation farm On-farm dam

On-farm pipe/ canal

In-field irrigation system

 The different components of the water-balance framework system and their clas-
sifi cation according to the ICID framework, for whichever agricultural water-man-
agement system, have been developed as a guide to identify the different areas were 
water losses can occur. In order to improve water-use effi ciency in the irrigation sec-
tor, actions should be taken to reduce the nonbenefi cial consumption (NBC) and non-
recoverable fraction (NRF). Desired ranges for the NBC and NRF components have 
been developed to assist the practitioner in evaluating the results obtained when fi rst 
constructing a water balance.

Finally, it is recommended that the water user’s lawful allocation is assessed at the 
farm edge, in order to encourage on-farm effi ciency. At scheme level, conveyance, 
distribution and surface storage losses need to be monitored by the water user asso-
ciation (WUA) or other responsible organization.
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TABLE 2 Irrigation schemes where fieldwork took place and system components were 
assessed [11].

Irrigation 
scheme

Bulk con-
veyance

On-scheme 
distribution

On-scheme 
return flow

Irrigation
system (ap-
plication)

Irrigation 
management
(Soil storage)

Breede River X X X X

Dzindi X X

Gamtoos X X X

Hartbeespoort X X

Hex River X

KZN scheme X X X X

Loskop X X

Nkwalini X X

ORWUA X X X X X

Steenkoppies X

Vaalharts X X X

Worcester East X

Acceptable ranges need to be set, and agreement obtained with the Department of 
Water Affairs (DWA) as to where in the system provision should be made to cover 
losses. The fieldwork undertaken in the course of the WRC project, ‘Water Use Ef-
ficiency from Dam Wall Release to Root Zone Application’ [11], comprised various 
approaches and strategies applied at each of the irrigation schemes that were investi-
gated (Table 2) aimed at quantifying some of the water-use components mentioned. 
As the application of water-balance approach was an outcome of the research rather 
than anticipated solution at the outset, the fieldwork was not initially designed to pro-
duce results to which the water- balance approach could be readily applied. However, 
at many of the schemes where fieldwork was undertaken, at least some of the system 
components could be assessed using the water- balance approach. The research activi-
ties undertaken and the outcomes implemented were done in four phases:

1. Baseline study phase: The various performance indicators previously avail-
able were reviewed, and irrigation systems evaluated to obtain information 
on the current status of irrigation schemes and systems. The outcome of this 
phase was a decision to introduce the water-balance approach in which the 
frame- work components have to be defined and quantified for the boundary 
conditions selected, using standardized measurements rather than the perfor-
mance-indicator approach.

2. Assessment phase: During this phase, existing best management practices 
were used to assess the current status of irrigation schemes and systems and 
to identify which components of the water- balance framework improvements 
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can be made. This may be at water management area (WMA) scheme or farm 
level where different sources of information are available for assessment.

3. Scenario development phase: During this phase, alternative scenarios were 
developed for the components requiring change, and the feasibility of imple-
menting the changes was assessed from technical, environmental and eco-
nomic perspectives. Models were used for feasibility assessment, making use 
of available computer programs and datasets.

4. Implementation phase: In this phase recommendations were made for imple-
menting feasible changes, and guidelines were developed.

These guidelines should be promoted among all levels of stakeholders (WMA, 
scheme and farm), as a means of infl uencing the way in which water-use effi ciency is 
reported at the different management levels, for example, in water-use effi ciency ac-
counting reports, water-management plans and water-conservation plans.

Within this phase, the main outcome was developed, viz. ‘Standards and Guide-
lines for Improved Effi ciency of Irrigation Water Use from Dam Wall Release to Root 
Zone Application’ [11]. The structure and con- tent of the Guidelines are based on 
the lessons learnt locally and internationally during the course of the project. Hence, 
the conventional set of performance indicators with benchmarks was moved away 
from and a water-balance approach is instead being promoted as a more meaningful 
and sustain- able approach to improving water-use effi ciency in irrigation.

These Guidelines are aimed at assisting both water users and authorities to achieve 
a better understanding of how irrigation water management can be improved, thereby 
building human capacity and allowing targeted investments to be made with fewer 
social and environmental costs. The guidelines comprise of four modules:

• Module 1: Fundamental concepts.
• Module 2: In-field irrigation systems.
• Module 3: On-farm conveyance systems.
• Module 4: Irrigation schemes.
The guidelines developed as part of this project contain information on aspects of 

irrigation water-use effi ciency that is either new or supplements previously available 
information:

• The ICID framework was applied to reassess the system efficiency indicators 
typically used by irrigation designers when making provision for losses in a 
system and converting net to gross irrigation requirement. A new set of system 
efficiency (SE) values for design purposes has been developed. These values 
are illustrated in Table 3 and are considerably more stringent than previous 
system-design norms.

• System efficiency defines the ratio between net and gross irrigation require-
ments (NIR and GIR). NIR is therefore the amount of water that should be 
available to the crop as a result of the planned irrigation system and GIR is 
the amount of water supplied to the irrigation system that will be subject to the 
envisaged in-field losses.

• The new application efficiency values are shown in the ‘Norms’ column of 
Table 3, while the different water-use components and their losses at the point 
of application within a specific irrigation system have each been incorporated 
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in the default system efficiency value. The approach makes provision for the 
occurrence of nonbeneficial spray evaporation and wind-drift, in-field convey-
ance, filter and other minor losses.

• When an irrigation system is evaluated, the system efficiency value can be com-
pared with these default values, and possible significant water loss components 
identified as areas for improvement. The approach is therefore more flexible 
and easier to apply than the original efficiency framework where definitions 
limited the applications.

It should always be kept in mind that a system’s water-application effi ciency will 
vary from irrigation event to irrigation event, as the climatic, soil and other infl uenc-
ing conditions are never exactly the same. Care should therefore be taken when ap-
plying the SE indicator as a benchmark, as it does not make provision for irrigation 
management practices.

TABLE 3 New default system efficiency values [11].

Irrigation system

Losses New 
default 

system effi-
ciency (net 

to gross 
ratio)
(%)

Non-beneficial 
spray evapo-
ration and 
wind drift

(%)

In-field 
convey-

ance 
losses
(%)

Filter 
and 

minor 
losses 
(%)

Total
Losses

(%)

Drip (surface and sub-
surface) 0 0 5 5 95

Microspray 10 0 5 15 85

Centre Pivot, Linear 
move 8 0 2 10 90

Centre Pivot LEPA 3 0 2 5 95

Flood: Piped supply 0 3 2 5 95

Flood: Lined canal sup-
plied 0 5 2 7 93

Flood: Earth canal sup-
plied 0 12 2 14 86

Sprinkler permanent 8 0 2 10 90

Sprinkler movable 10 5 2 17 83

Traveling gun 15 5 2 22 78

It is recommended that system effi ciency be assessed in terms of the losses that 
occur in the fi eld. This can be determined as the ratio between the volume of water 
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lost to nonbenefi cial spray evaporation and wind-drift, in-fi eld conveyance, fi lter and 
other minor losses, and the volume of water entering the irrigation system, for a spe-
cifi c period of time. The losses can also be expressed as a depth of water per unit area, 
rather than a volume.

Irrigation uniformity is a characteristic of the type of irrigation system used, to-
gether with the standard to which a given system has been designed, is operated and 
is maintained. It can also be affected by soil infi ltration characteristics and by land 
preparation. The traditional approach to accounting for the distribution uniformity 
of the lower quarter (DUlq) has most likely resulted in the default irrigation effi cien-
cies customarily referred to, for example, that furrow irrigation is assumed to be 65% 
effi cient and center-pivot irrigation is assumed to be 85% effi cient. Unfortunately, the 
rationale for these assumed effi ciencies, that is, the typical or assumed nonuniformity, 
is seldom well considered, and water is often thought to just ‘disappear’ with the 
assumed low effi ciencies. However, once the water-balance approach is applied, it 
is realized that the water does not ‘disappear’ but could contribute to increased deep 
percolation, which may eventually appear as return fl ow further along the drain- age 
system.

The bottom line is that assuring high irrigation uniformity is of primary im-
portance, and should be the goal of good design and maintenance procedures. It 
is very unlikely that low crop yields caused by nonuniform irrigation water ap-
plications will be improved by assuming low irrigation effi ciencies and therefore 
increasing the water applications accordingly.

If poor uniformity results in low crop yields, the uniformity needs to be cor-
rected in order to improve system performance. Simply applying more water to 
compensate for the part of the fi eld that is being under-irrigated is unlikely to 
result in improved crop yields, as large parts of the fi eld will now suffer from 
overirrigation, and the risk of long-term problems developing due to a raised water 
table will increase. The preferred recommendation in this case would be to deal 
specifi cally with the problem of poor uniformity. For planning purposes, the GIR at 
the fi eld edge should therefore be calculated as the product of the NIR and system 
effi ciency.

4.8 CONCLUSIONS AND RECOMMENDATIONS

Studies and research over 40 years on mainly the engineering aspects of the tech-
niques of flood-, mobile- and micro irrigation contributed to the knowledge base of 
applying irrigation methods correctly to improve the efficient application of water. In 
particular, the research that was carried out to improve irrigation-water management 
from dam-wall release to root-zone application has to a large extent consolidated and 
contributed to local knowledge on issues regarding irrigation water-use efficiency. 
The resulting approach of ‘measure; assess; improve; evaluate,’ promotes an investi-
gative approach to improving efficiency, rather than relying merely on water account-
ing.

The main output of this research was the compilation of guidelines for improved 
irrigation-water management from dam-wall release to root-zone application. The 
guidelines are aimed at assisting both water users and authorities to achieve a better 
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understanding of how irrigation-water management can be improved, thereby build-
ing human capacity, allowing targeted investments to be made with fewer social and 
environ- mental costs. Using the lessons learnt during the WRC project, best prac-
tices and technologies were identifi ed and then illustrated.

It is recommended that the research output, that is, the guidelines for management 
advice on improved effi ciency of irrigation-water use, should be further developed 
into a user-friendly package with supporting training material, targeting farmers, ser-
vice providers and policy advisors. This will contribute to better understanding of 
the realities and potential for effi cient irrigation water use across all levels of water 
management, and encourage the adoption of the water-balance approach.

4.9 SUMMARY

The purpose of an irrigation system is to apply the desired amount of water, at the 
correct application rate and uniformly to the whole field, at the right time, with the 
least amount of nonbeneficial water consumption (losses), and as economically as 
possible. We know that irrigated agriculture plays a major role in the livelihoods of 
nations all over the world and South Africa is no exception. With the agricultural 
water-use sector being the largest of all water-use sectors in South Africa, there have 
been increased expectations that the sector should increase efficiency and reduce con-
sumption in order to increase the amount of water available for other uses.

Studies and research over 40 years, on the techniques of fl ood-, mobile- and mi-
cro irrigation have contributed to the knowledge base of applying irrigation meth-
ods correctly. In a recent study on irrigation effi ciency, the approach is that irriga-
tion effi ciency should be assessed by applying a water balance to a specifi c situation 
rather than by calculating various performance indicators. The fraction of the water 
abstracted from the source that is used by the plant is called the benefi cial water-use 
component, and optimized irrigation water supply is therefore aimed at maximizing 
this component. It implies that water must be delivered from the source to the fi eld 
both effi ciently and effectively. Optimizing water use at farm level requires careful 
consideration of the implications of decisions made during both development (plan-
ning and design), and management (operation and maintenance), taking into account 
technical, economic and environmental issues. An exciting, newly developed South 
African Framework for Improved Effi ciency of Irrigation Water Use covers four lev-
els of water-management infrastructure: the water source, bulk conveyance system, 
the irrigation scheme and the irrigation farm. The water-balance approach can be 
applied at any level, within defi ned boundaries, or across all levels to assess perfor-
mance within the entire water management area.
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5.1 INTRODUCTION

The process of efficient irrigation water management includes determination and the 
control of rate, amount, timing and distribution of irrigation water so that the crop 
water requirements are met in a planned and effective manner. This not only depends 
on the correct technical and agricultural design but ultimately also on the standard of 
management and maintenance of the irrigation system.

This chapter presents the status of the performance of irrigation systems that was 
determined by evaluation of irrigation systems in fi ve sugar growing areas of South 
Africa by the Agricultural Research Council of Institute for Agricultural Engineering 
(ARC-IAE, 1), on behalf of the South African Sugar Association.

Thirty-eight systems were evaluated, such as: Overhead (sprinkler and flop-
py), center pivot, micro and drip-(surface and subsurface)-irrigation systems. The 
target areas in South Africa were Malelane, Komatipoort, Umfolozi, Heatonville 
and Pongola. Although the performance of most of the irrigation systems was 
lower that the accepted norms, yet it was within the normal range for in-field 
evaluations.

5.2 IRRIGATION EFFICIENCY

The irrigation efficiency is difficult to define since it is a concept that represents 
the maximizing of inputs. This concept requires the evaluation of many factors 
that influence the overall performance of an irrigation system. These factors are 
definable, but are specific for each situation. Figure 1 shows these efficiencies 
schematically and it is important to understand these, the factors that influence 
it, and how to apply these. Figure 1 reveals that water movement through an ir-
rigation system, from its source to the root zone, is regarded as three separate 
operations: Conveyance, system distribution and field application. Conveyance 
is the movement of water from its source through the mains and sub mains or 
canals to the farm block off-takes. System distribution is the movement of water 
through the distribution system or canals to the emitter outlets and on to the soil 
surface. Field application is the movement of the water from the emitter outlets 
into the root zone of the crop. With the evaluations, only the system efficiency 
was addressed.
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FIGURE 1 Irrigation efficiencies.

5.3 UNIFORMITY COEFFICIENTS OF IRRIGATION SYSTEMS

5.3.1 COEFFICIENT OF UNIFORMITY
The coefficient of uniformity (CU) is used to express how evenly the water is spread 
over the irrigated area. Uniformity coefficient values are determined by catching dis-
charge from sprinklers on emitters in equally spaced cans and evaluating the catch-
ments mathematically. The values are considered satisfactory, when the CU is greater 
than 84%.

 1100 {1 [ ( )] (   )}n
iCU x Ri m m x n== − ∑ − ÷  (1)

The CU is an indicator of how the individual rain gauge readings deviate from the 
mean and it is calculated using Eq. (1), where: Ri = Individual rain gauge reading in 
mm; m = Rain gauge mean reading (mm); and n = Number of rain gauges. For a center 
pivot, we must use the modified form of CU formula, which involves area weighing 
(multiplying by the area) of each individual rain gauge reading to its representative 
section of the pivot area.

5.3.2 DISTRIBUTION UNIFORMITY

Distribution uniformity (DU) is defined as a ratio of the smallest 25% accumulated 
depths in the distribution to the average depth of the whole distribution. Values of DU 
less than 60% are generally considered low and a value of DU greater than 75% is 
considered satisfactory. DU can be calculated using Eq. (2), where DU = distribution 
uniformity (%); m25 = mean of the lowest 25% of rain gage readings (mm); and m = 
mean for all the rain gages (mm).

 DU = 100 × {(m25) ÷ (m)} (2)
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5.3.3 APPLICATION EFFICIENCY
The application efficiency (AE) is an indicator of water that is lost during the process 
of supplying water to the field due to evaporation and wind drift losses. It is defined 
as the volume of water applied to the surface divided by the volume of water exiting 
the sprinkler emitter. The Eq. (3) is used to determine the AE is in a CU test. In Eq. 
(3), AE = Application efficiency (%); A = Plot area (m²); Vs = Volume of the exiting 
emitter during CU test (m³); and m = Mean application depth (mm). The volume of 
AE > 75% is always strived for.

 AE = 100 × {(m × A) ÷ (Vs)} (3)

5.3.4 STATISTICAL UNIFORMITY
The statistical uniformity (SU) for micro and drip systems is determined by using the 
coefficient of variation (CV), as defined in Eq. (4) where: SU = Statistical uniformity 
(%); and CV = Coefficient of variation defined in Eq. (5). The SU which is >95% is 
considered excellent. The SU of >85% is considered as good.

 SU = 100 (1 – CV) (4)
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5.3.5 EMISSION UNIFORMITY
The emission uniformity (EU) characterizes the uniformity of micro systems and is 
defined in Eq. (6),

 ( )1 1.27   100  [ ]QlqCV nEU x Qavg
⎡ ⎤− ÷⎣ ⎦= ×   (6)

where: EU = Emission uniformity; CV = Manufacturers’ coefficient of variation; n 
= Number of emitters; Qq = Average low-quarter emitter discharge (l/h); and Qavg = 
Overall average of emitter discharge (l/h).

5.4 METHODOLOGY

The environment in which irrigation farmers must function has changed significantly 
in recent years because of changes in legislation that regulates the use of water in 
South Africa. The National Water Act (Act 36 of 1998) provides for: Water resources 
to be developed; and for water to be protected, used, conserved and controlled in a 
sustainable and equitable manner.

The objective of the research for fi eld evaluation was therefore to quantify the 
performance of the irrigation systems and to assist in improving the effi ciency of wa-
ter application by the irrigators. Evaluations were based on the standards by Ameri-
can Society of Agricultural and Biological Engineers (ASABE) and these evaluations 
were expressed in terms of the uniformity coeffi cients.
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5.4.1 FACTORS

The uniformity of each type of irrigation system is influenced by the following factors 
[2 to 5]:

1. Sprinkler:
• pressure
• variation in pressure
• sprinkler spacing
• nozzle wear
• the water distribution pattern
• wind speed
• climatic conditions.

2. Center pivot
• pressure
• variation in pressure
• nozzle wear
• wind speed
• climatic conditions

3. Micro
• pressure
• variation in pressure
• emitter characteristics
• manufacturing coefficient of variation
• type of filtering system
• percentage blockages or clogging

5.5 RESULTS AND DISCUSSION

The Table 1 and Figs. 2 to 5 summarizes the results for the coefficient of uniformity 
(CU), emission uniformity (EU), low quarter distribution (DU), application efficiency 
(AE) and statistical uniformity (SU). The systems in the different areas are identified 
with a letter: “M” for Malelane, “K” for Komatipoort, “U” for Umfolozi, “N” for Nk-
waleni and “P” for Pongola. In majority of the irrigation systems, the CU or EU, DU 
and SU were lower than the accepted norms.

TABLE 1 Summary of all the uniformity parameters for types of irrigation systems.

Parameter Type of Irrigation system
Dragline Floppy Center Pivot Micro and Drip

No of systems tested 20 3 4 11
CU% or EU% (micro) 72 74 89 72
DU% 60 67 83 68
AE% or SU% (micro) 76 77 82 74
Design capacity (mm/day) 4.1 5.1 5.9 4.3
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FIGURE 2 Performance of impact sprinkler systems.

Results in this study indicated that the coeffi cient of uniformity (CU) was 72% 
for the dragline, 74% for the fl oppy and 89% for the center pivot systems, with the 
accepted norm of 84% or higher. The emission uniformity (EU) for the micro and 
drip systems was 72% with the norm of 92% and higher. The average low quarter 
distribution uniformity (DU) was 60% for the dragline, 67% for the fl oppy, 83% 
for the center pivot and 68% for the micro and drip, respectively, with the accepted 
norm of 75% and higher. The average application effi ciency (AE) was 76% for the 
dragline, 77% for the fl oppy and 82% for the center pivot. The statistical uniformity 
(SU) for the micro and drip systems was 74% with the accepted norm of 90% or 
higher.

The Tables 2 and 3 show the percentage of irrigation systems that comply with 
the norms. It can be observed that only a small amount of center pivot, fl oppy and 
micro systems had been tested and it might not be a true statistical refl ection of the 
performance of these systems in the different areas. All the center pivots had an 
excellent CU and DU and none of the fl oppy irrigation systems exceeded the CU or 
DU norm.
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FIGURE 3 Performance of floppy systems.
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FIGURE 4 Performance of center pivot systems.

TABLE 2 Percentage of dragline, floppy and center pivot irrigation systems that comply with 
the norms.

Uniformity Type of irrigation system

Parameter Norm (%) Dragline Floppy Center Pivot

No. of systems - 20 3 4

CU 84 5% 0% 100%

DU 75 5% 0% 100%

AE 75 60% 67% 75%
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FIGURE 5 Performance of micro and drip irrigation systems.  

TABLE 3 Percentage of micro drip systems that comply with the norms.

Uniformity Irrigation type

Parameter Norm (%) Micro Drip

No. of systems - 2 9

EU 92 0% 11%

DU 85 0% 33%

SU 90 0% 22%
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The possible reason for the low percentage of dragline systems that comply with 
the norms, can be attributed to the incorrect system pressure (of the 20 dragline sys-
tems which were tested only six of them operated within the acceptable pressure 
range), worn nozzles, incorrect spacings and the climatic conditions, where relatively 
high wind speeds prevailed during testing. The wind speeds varied from 1 to 11 m/s. 
The wind also affected the performance of the fl oppy system but not as much as with 
the dragline systems. The CU and DU values were in the same order as was found 
with this project (Table 4), in a research project by the ARC-IAE [1] where impact 
sprinklers and fl oppy systems were evaluated.

TABLE 4 Results of research on impact sprinklers and floppy systems (WRC report, 5).

Parameter Impact
Sprinkler A

Impact
Sprinkler B

Floppy

CU% 78 76 78

DU% 68 63 71

Figure 5 shows the performance of the micro systems (M28 and M29) and the drip 
systems (from M30 to P38). None of the micro irrigation systems exceeded the EU, DU 
and SU norms and only 11% of the drip systems exceeded the EU, 33% the DU and 
22% the SU. Pressure variation and clogging is the mayor problem. Especially system 
K32 and U34 were severely clogged. The results of the uniformity of the micro and 
drip irrigation systems were similar to that of the other irrigation systems. This is con-
trary to the common belief that micro and drip systems have much higher uniformities 
than other irrigation systems.

5.6 CONCLUSIONS

Although most of the systems performed lower than the accepted norms, yet it is 
within the range of what is normally found under in-field evaluations. It is however 
of the utmost importance that the irrigation systems should be properly maintained 
and operated within their specified design parameters to ensure optimal efficiency and 
operation of the system. The results showed that well maintained and correctly oper-
ated systems can achieve or exceed the uniformities, which are considered reasonable 
and acceptable.

In order to conserve water resources, close attention must be paid to the perfor-
mance of irrigation systems. The frequent evaluation and maintenance of irrigation 
systems are imperative to keep the performance on a high level and to optimize water 
use effi ciency.
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5.7 SUMMARY

Irrigated agriculture is the largest user of water in South Africa and due to the pres-
sure on the limited amount of water, the efficient use is of paramount importance. The 
environment in which irrigation farmers must function has also changed significantly 
in recent years. In particular, changes in legislation that regulates the use of water, im-
pacts directly on irrigation practice. The National Water Act (Act 36 of 1998) provides 
for water resources to be developed and for water to be protected, used, conserved and 
controlled in a sustainable and equitable manner. This can only be achieved through 
effective design, maintenance and management of irrigation systems.

The status of the performance of irrigation systems in South Africa was studied 
through evaluations of irrigation systems in fi ve sugar growing areas of South Africa 
by the Agricultural Research Council – Institute for Agricultural Engineering on be-
half of the South African Sugar Association.

Thirty-eight systems were evaluated which included overhead (sprinkler and fl op-
py), center pivot, micro and drip-(surface and subsurface)-irrigation systems. Malel-
ane, Komatipoort, Umfolozi, Heatonville and Pongola were the target areas.

Results indicated that the coeffi cient of uniformity (CU) was 72% for the dragline, 
74% for the fl oppy and 89% for the center pivot systems, with the accepted norm of 
84% or higher. The emission uniformity (EU) for the micro and drip systems was 72% 
with the norm of 92% and higher. The average low quarter distribution uniformity 
(DU) was 60% for the dragline, 67% for the fl oppy, 83% for the center pivot and 68% 
for the micro and drip, respectively, with the accepted norm of 75% and higher. The 
average application effi ciency (AE) was 76% for the dragline, 77% for the fl oppy and 
82% for the center pivot. The statistical uniformity (SU) for the micro and drip sys-
tems was 74% with the accepted norm of 90% or higher.

Although most of the systems performed lower than the accepted norms, it is with-
in the range of what is normally found with in-fi eld evaluations. The impact, however, 
is that with every 1% drop in CU, the yield might drop by 2%. The water use effi ciency 
is also directly related to the application effi ciency and the results showed that between 
24% and 18% of the water were lost due to evaporative and wind drift losses. The per-
cent of systems that had an acceptable DU were 100% for center pivot, 33% for drip, 
5% for sprinkler, 0% for micro and 0% for fl oppy. Systems, that were well maintained 
and correctly operated, generally had a high and acceptable DU.

The possible reasons, for the low percentage of the systems that comply with the 
norms, can be a combination of incorrect pressures and spacings, worn nozzles, incor-
rect designs and climatic conditions with high wind speeds and temperatures. Con-
tinued evaluation and maintenance of irrigation systems are imperative to keep the 
performance on a high level and to optimize water use effi ciency.
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6.1 INTRODUCTION

Increased water demand in domestic, industrial and other sectors causes reduction in 
water availability water for agricultural sector. Micro-irrigation system with wastewa-
ter is a viable alternative to overcome the problem of water shortage for agricultural 
sector without sacrificing the productivity. However, poor quality of wastewater can 
restrict the use of micro irrigation systems due to emitters, which are highly suscep-
tible to clogging by water impurities [8, 16, 24]. The obstruction of emitters affects 
the hydraulic performance of the irrigation system, reducing the uniformity of water 
distribution, increasing the operating costs and the investment risks, and discouraging 
farmers from employing micro irrigation technology. To minimize the limitations of 
this system, it is recommended to provide suitable water filtration systems to remove 
the impurities (e.g., physical, chemical, or both simultaneously).

In drip irrigation system, quality of irrigation water, fi ltration system and emitter 
play a vital role. Wastewater treatment through fi ltration is a key to reduce emitter 
clogging. Although an adequate fi ltration system can control emitter clogging with 
wastewater [20, 23], yet clogging cannot be avoided completely [29]. The type of 
particles in wastewater depends on the source and pretreatment process [2, 3, 31]. The 
factors, that infl uence whether a particle is retained by a fi lter, include size, shape, 
surface load, settling velocity. Since these factors vary from one type of particle to an-
other, the particle size distribution, the variety of shapes and the density intervals must 
also be considered [18]. Extent of dripper clogging was studied by many researchers 
in details [10, 25, 30].

The emitter clogging can be classifi ed into three types: physical clogging, chemi-
cal clogging and biological clogging [7]. Physical clogging is caused by suspended 
inorganic particles (such as sand, silt and clay), organic materials (animal residues, 
snails, etc.), and microbiological debris (algae, protozoa, etc.); physical materials are 
often combined with bacterial slimes. Chemical clogging problems are due to dis-
solved solids interacting with each other to form precipitates, such as the precipitation 
of calcium carbonate in waters having calcium and bicarbonates [32]. Biological clog-
ging is due to algae, iron and sulfur slimes. De Kreij et al. [11] found that drip-line 
with laminar fl ow suffers more severe clogging than the labyrinth type emitter having 
turbulent fl ow, because laminar fl ow is predisposed to clogging. Capra and Scicolone 
[9] found that vortex emitters are more sensitive to clogging than labyrinth emitters.

Filtering can prevent inorganic particles and organic materials from entering the 
drip irrigation system. In India, mostly gravel media fi lter, screen and disk fi lters are 
used in drip irrigation system. Gravel media fi lter prevents passage of solid particles, 
only if these particles are smaller than the fi lter pores as the capture of particles is con-
trolled by both physical and chemical mechanism [1]. Disk fi lter is simple, economi-
cal, and easy to manage and fi ltration is done at two stages. The larger outer surface 
operates as a screen fi lter and collects the larger particles. The grooves inside the disk 
allow the adhesion of fi ne particles, mainly organic matter. It retains the particles in 
the grooves of the disks. Capra and Scicolone [9] observed that screen fi lters, either 
locally or internationally available, were not suitable for use with wastewater, with the 
exception of diluted and settled wastewater. They also observed almost similar perfor-
mance by disk and gravel media fi lter with treated municipal wastewater. Performance 
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of media and disk fi lter in combination may be the good strategy to improve fi ltration 
effi ciency was not studied for wastewater.

Subsurface drip irrigation (SDI) systems diminish human exposure to effl uents 
and vandalism, but have a higher initial investment cost, and need careful and con-
sistent operation, maintenance and management. It must have good and consistent 
fi ltration, water treatment, fl ushing and maintenance plans to ensure long economic 
life [17]. Filtration systems do not normally remove clay and silt particles, algae and 
bacteria because they are too small for typical economical fi ltration. These particles 
may travel through the fi lters as individual particles, but then fl occulate or become at-
tached to organic residues and eventually become large enough to clog emitters [22].

To minimize the buildup of sediment and organic residues, regular fl ushing of 
micro irrigation systems is recommended. The system should be designed such that 
the mainline, laterals and valves are sized to permit a suffi cient fl ushing velocity (0.3 
m sec–1) recommended by ASABE [5]. Flushing valves should be installed at the end 
of mains, submains, and fl ush-lines (if present). The fl ush-lines provisions should be 
made for fl ushing individual laterals that connect the downstream ends of the laterals. 
A regular maintenance program of inspection and fl ushing will help signifi cantly in 
preventing emitter clogging. Therefore, drip-line fl ushing is periodically needed to 
remove these particles and organisms that are accumulated within the laterals [26]. 
The irrigation system should be designed so that it can be fl ushed properly. To be ef-
fective, fl ushing must be done at frequent intervals at appropriate velocity to dislodge 
and transport the accumulated sediments [22].

Several researchers have different opinion about fl ushing frequencies: daily [27], 
twice per week [29] and once per week [14, 29] with a secondary clarifi ed effl uent, 
every two weeks with stored effl uents [27] and with a secondary effl uent [13] or fort-
nightly and monthly with stored groundwater [14]. However, in many areas, only one 
fl ushing is carried out at the beginning and/or at the ending of irrigation season.

In India, untreated or partially treated municipal wastewater is frequently used 
by the farmers for growing vegetables. There is need to develop the methodology for 
using wastewater through drip irrigation system in combination with fi ltration and 
fl ushing. Investigation is needed to conduct fi eld trials on drip irrigation system by 
placing emitter laterals on surface and subsurface conditions under different fi ltration 
and fl ushing strategies. This chapter discusses the effects of fi ltration and fl ushing on 
clogging of surface and sub surface placed emitters in micro irrigation system using 
municipal wastewater.

6.2 MATERIALS AND METHODS

6.2.1 WATER RESOURCES
Wastewater (WW) samples were collected across the drain passing through Indian Ag-
ricultural Research Institute (IARI), Pusa – New Delhi – India at 15 cm depth below 
the water level surface. The preservation and transportation was performed according 
to the standard methods [4]. Collected wastewater samples were analyzed for pH, 
electrical conductivity (EC), total solids (dissolved and undissolved), turbidity, cal-
cium, magnesium, carbonate, and bicarbonate, according to the standard methods [4].
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6.2.2 EXPERIMENTAL SET-UP
Drip irrigation system was installed with in-line lateral (J-TurboLine) with emitter 
spacing at 40 cm. It was laid on the ground for surface drip and was buried at a 15 cm 
depth from ground surface for subsurface drip (SDI). System included: 1. Sand media 
filter (F1) with flow rate of 30 m3 h–1, 50 mm size, silica sand 1.0 to 2.0 mm, thickness 
80 cm, and with backflush mechanism; 2. Disk filter (F2) with flow rate of 30 m3 h–1, 
20 mm size, 130 microns, disc surface of 1.198 cm2, screen surface of 815 cm2 (AZUD 
helix system, model 2NR). WW was allowed to pass through filters F1 and F2 alone 
as well as in combination of both the filters (F3). Main line (50 mm diameter, PVC 
pipe) was connected to submains (35 mm diameter, PVC pipe) for each of the plots 
through a gate valve.

6.2.3 OPERATIONAL PROCEDURE
WW collected from the drain was stored in a sedimentation tank for a period of 24 h 
so that all the suspended foreign particles got settled. Then, the settled WW was fed 
to the filtration system and then allowed to pass through emitters. The pump was 
turned on, and emitters were allowed to drip for approximately 2 min so that lateral 
and pipeline were free from air. The water collection period was set at 5 min. Quantity 
of flow of water from drip emitter was collected in containers at 98.06 kPa pressure 
and was repeated for three times. The flow rate was estimated by dividing total vol-
ume collected by the time of collection. The measurement was taken from randomly 
located sampling emitters for performance evaluation. Discharge from SDI laterals 
were measured by excavating the soil around the buried drip laterals so that an emit-
ter is visible with sufficient space below it for placement of the container to collect 
discharged water from it, as suggested by Magwenzi [19]. Performance of system was 
evaluated at normal operating pressure to discharge sufficient water for infiltration and 
to avoid ponding near the emitter. As per manufactures’ recommendation, operating 
pressure of 98.06 kPa was considered adequate. To achieve accurate pressure, emitter 
level measurement was done at the lateral with digital pressure gage having the least 
count of 0.01 kPa.

Flushing was carried out with the system main, sub main and then proceeds to the 
lateral pipes. It was continued at 2.0 kg cm–2 pressure until clean water runs from the 
fl ushed line for at least two minutes. Flushing operation was done at the end of the 
crop season. Discharge from emitters under different treatments was measured before 
and after fl ushing operation (Fig. 1), and emitter performance evaluation parameters 
were estimated. 
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FIGURE 1 Collection of wastewater (WW) before and after filtration.

6.2.4 EVALUATION OF FILTRATION SYSTEM
Performance of filters was evaluated by estimating the Filtration efficiency (E) of the 
filters, using Eq. (1).
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where: N0 is a value of specific quality parameter of unfiltered wastewater and N is the 
value of the same parameter after filtration.
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6.2.5.1 UNIFORMITY COEFFICIENT (UC)

 1

1

100 1

n

i
i

q q
nUC

q
=

⎡ ⎤−⎢ ⎥
⎢ ⎥= −
⎢ ⎥
⎢ ⎥⎣ ⎦

∑
 (2)

where, qi = the measured discharge of emitter i (lh–1); q = the mean discharge at drip 
lateral (lh–1); and n = the total number of emitters evaluated.

6.2.5.2 EMITTER FLOW RATE (% OF INITIAL, R)

 

qR 100
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where: q = the mean emitter discharges of each lateral (lh–1); and qini = corresponding 
mean discharge of new emitters at the same operating pressure of 98.06 kPa (lh–1).

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

6.3 RESULTS AND DISCUSSIONS

6.3.1 PERFORMANCE OF FILTRATION SYSTEM
Filtration efficiency for WW filtration by filter F1, F2, and their combinations (F3) 
during the experiments are presented in Table 1. Filtration efficiency 64.3±29.8% for 
turbidity and 19.21±19.3% for total solids were achieved with F3. Negative filtration 
efficiency was observed for TS and Mg (column F1 in Table 1). The value for TS was 
−3.08±21.5. It shows the variation in filtration efficiency from −24.58% to 18.42%. 
This was due to variation in amount of TS available in WW and as testing was done 
for the same filter without cleaning. Sometimes, if filter was not cleaned and WW 
containing lower TS was passed through F1 then TS available in F1 came out with 
WW. Thus the amount of TS available in WW, was higher and resulted in negative fil-
tration efficiency using Eq. (1). Similar reasoning can be made for negative filtration 
efficiency in case of Mg through F1. Negative filtration efficiency was also observed 
by Duran-Ros et al. [12] with screen and disk filter for turbidity and TS. Duran-Ros 
et al. [12] observed 12.42±23.53% filtration efficiency for turbidity and 8.47±18.36% 
for total suspended solids (TSS) with combination of screen and disk filter at 500 kPa 
inlet pressure. The presence of less organic material after the sand media filters was 
also observed by Tajrishy et al. [29] and can explain the lower fouling of emitters 
protected by this type of filter [12]. Combination filter and lower inlet pressure caused 
more effective filtration. Combination filter gave best results for removal of bicarbon-
ate (HCO3) and carbonate (CO3) in comparison to F2. However, filtration efficiency 
obtained through F1 was close to F3. Therefore, F1 and F3 are not significantly differ-
ent (P=0.387) as shown in Table 1.

TABLE 1 Filtration efficiency and P value for difference in filtration of different water quality 
parameters.

Quality 
parameter

Filtration efficiency (%)
(mean and SD)

P value for LSD
at α = 0.05

F1 F2 F3 F1-F2 F1-F3 F2-F3
Turbidity 51.1±37.5 63.9±30.6 64.3±29.8 0.058 0.023 0.388
Total Solids, TS –3.08±21.5 2.66±18.2 19.21±19.3 0.540 0.089 0.191
Ca 8.79±2.34 1.65±12.4 12.1±27.2 0.626 0.816 0.492
Mg –2.53±6.88 6.38±1.6 7.33±4.16 0.017 0.012 0.696
CO3 6.47±3.25 15.7±14.2 16.36±13.6 0.163 0.141 0.908
HCO3 19.3±12.3 12.6±10.7 21.3±6.91 0.034 0.387 0.092

Removal of turbidity was highest with combination fi lter (F3) but it was close to 
F2. It can be seen that F1–F3 were signifi cantly different (P=0.023) but F2–F3 were 
not signifi cantly different (P=0.388). Effect of fi ltration systems was not signifi cantly 
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different for removal of CO3, Ca, and total solids from WW. The small fi ltration ef-
fi ciencies by fi lters were in agreement with other published works [2, 28]. Capra and 
Scicolone [9] observed similar performance by disk and media fi lters. In sand fi lters, 
the smaller effective size of sand particles has effect on the sand fi ltration effi ciency 
[15]. The combined fi ltration system always gave better results than individual fi lters, 
for example, F1 and F2.

6.3.2 EVALUATION OF EMITTER FLOW RATE
Emitter flow rate variations were evaluated with Analysis of Variance (ANOVA) by 
maintaining no variation in pressure so that the flow rate variation will only be af-
fected by the clogging of emitters. ANOVA for variations in average flow rate under 
different filtration systems for beginning, end of season and after flushing are pre-
sented in Table 2.

TABLE 2 Significance level (P-value) of the statistical model and of each factor and interaction 
for emitter flow rate.

Parameter Time
Beginning End of season After flushing

Model *** (R2=0.95) ***(R2=0.91) ** (R2=0.84)
Filter (F) n.s. *** **
Emitter placement (EP) n.s. * n.s.
F × EP n.s. *** **
 n.s.: not significant, P> 0.05; *: P <0.05; **: P <0.01;
***: P <0.001.

Maximum reduction in fl ow rate (7%) was observed with fi lter F1 under subsur-
face drip (30 cm depth) while the minimum (4.8%) with combination fi lter. Reduc-
tion in fl ow rate with F2 was 5.34%, which is between the values of F1 and F3 as 
mentioned above. Effect of fi ltration system as well as emitter placements are factors 
responsible for emitter fl ow rate and subsequently emitter clogging. The results from 
statistical analysis revealed that, after the end of crop season, there was signifi cant 
effect of fi lter, emitter placement and their interaction. At the beginning of the experi-
ment there was no signifi cant effect of emitter placement and their interaction with fi l-
ter. It is obvious because emitters were new at the beginning and had negligible chance 
of clogging. After continuous use of the system, clogging takes place and effect of dif-
ferent fi ltration systems starts affecting the fl ow rate. After fl ushing, fi ltration systems 
were signifi cantly different but emitter placement was nonsignifi cant. But interaction 
of fi ltration system with emitter placement was signifi cant (P <0.01). Good fi ltration 
system can control these anomalous results. This indicated clogging to be a dynamic 
phenomenon and to change with time [26].
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6.3.3 EFFECT OF FLUSHING AND FILTRATION SYSTEMS ON EMITTER 
DISCHARGE
The effect of flushing and different filtration system on emitter discharge is presented 
in Fig. 2. Flushing of main, submain and lateral removes the accumulation of sedi-
ments, dislodge bacterial slime and biofilms. Flushing was effective to improve the 
discharge rate of emitters supplied through gravel media, disk and combination filters. 
Maximum effectiveness in improving the discharge was observed under F1 in surface 
drip (2.7%). Surface placement of lateral with F2 shows least improvement (0.5%). 
It may be due to better filtration from F2, which is also evident from the filtration 
efficiency of filters. Overall, higher improvements in flow rate of emitters under sub-
surface placed lateral were more than surface placed lateral in all the filtration system. 
It may be due to flushing of soil particles from emitters under higher water velocity in 
the path of emitters. To control the emitter clogging, acidification can also work but it 
causes acidification of soil after long time application of acid flushing [21].

FIGURE 2 Effect of flushing and different filtration systems on reduction in emitter discharge.

6.3.4 EFFECT OF FLUSHING ON UNIFORMITY OF WATER APPLICATION
Variations in uniformity coefficients (UC) are presented in Table 3. Highest UC was 
observed at beginning of the field experiment. After end of the season, UC decreases 
considerably. However, performance of surface and subsurface drip system using both 
filters combination comes under good category because UC was more than 95%. Simi-
lar observations were made by Puig-Bargues et al. [25].

TABLE 3 Uniformity coefficient resulting from the performance evaluation of drip irrigation 
system.

Filter Depth of 
placement of 

lateral

UC (%)
Beginning End of 

season
After flushing

Gravel media (F1) Surface 98.59 96.26 97.41
15 cm 98.56 95.24 96.40
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Filter Depth of 
placement of 

lateral

UC (%)
Beginning End of 

season
After flushing

Disk (F2) Surface 98.89 96.12 96.64
15 cm 98.91 95.00 96.27

Combination of F1 
and F2

Surface 99.01 96.60 97.49
15 cm 99.05 95.20 96.34

At the end of season, surface and subsurface drip with combination fi lters shows 
highest UC 96.67% and 95.70%, respectively. It indicates that WW with combination 
fi lters can give better fi ltration in comparison with single fi lters. Signifi cant improve-
ment in UC was observed after fl ushing of the system. Higher improvement in UC 
was observed in subsurface drip in comparison to surface drip after fl ushing (Table 
3). Higher improvements in the SDI emitters may be explained by exit of ingested 
external soil particles, which may stuck in the biofi lm at the emitter outlet leading to 
increased clogging. Installation of air/vacuum relief valves at the high elevation points 
can help prevent soil ingestion in SDI [17]. Effl uent chlorination has been found to be 
effective in reducing clogging caused by biofi lm growth [27, 29]. Chemical treatments 
such as acidifi cation can be also used for increasing chlorination effectiveness [22].

6.4 CONCLUSIONS

Drip emitters experienced continuous use of wastewater from different filtration sys-
tem and revealed that filtration with a combination of gravel and disk filter was most 
appropriate strategy against emitter clogging. It resulted in a better emission unifor-
mity and reasonable lower reduction in discharge. Filters can be used for significant 
removal of for turbidity, total solids, carbonate and bicarbonate available in wastewa-
ter. Filter, emitter placement and their interaction have significant effect on emitter 
clogging. Flushing is helpful in partial removal of emitter clogging. It gives significant 
improvement in discharge and uniformity coefficient. This revealed that the flushing 
at 2 kg.cm–2 pressure is adequate when it was performed at the end of the irrigation 
season. Pressure compensating emitters may be good choice over the nonpressure one 
when applying wastewater. It is also recommend that an air/vacuum relief valve may 
be used for subsurface drip irrigation to avoid ingestion of soil particles due to forma-
tion of soil solution.

6.5 SUMMARY

Filtration plays a vital role to improve the efficacy and reduce the maintenance of 
micro irrigation systems. The experiment was conducted to evaluate the convention-
al micro irrigation filters (gravel media filter, disk filter and their combination) for 
wastewater filtration. Physical, chemical and biological parameters of wastewater re-
sponsible for emitter plugging, such as total solids, turbidity, Ca, Mg, CO3 and HCO3 
were analyzed in the effluents at the entry and exit points of the filters. The filtration 

TABLE 3 (Continued)



80 Management, Performance, and Applications of Micro Irrigation Systems

efficiency for water quality parameters was estimated with individual filters and in 
combination. Significant improvement in water quality was observed for turbidity, 
total solids, carbonate and bicarbonate. The filtration efficiency with combination fil-
ter was 64.3±29.8% for turbidity and 19.21±19.3% for total solids. Negative filtration 
efficiency was also observed for total solids and Mg.

Gravel media fi lter gave better results for fi ltration of bicarbonate (HCO3) from 
wastewater in comparison to the disk fi lter. Emitters protected by the gravel media 
fi lter experienced the largest fl ow rate reductions but emitters protected by combina-
tion fi lters experienced least fl ow rate reduction. Backwashing of fi lters reduces the 
fi ltration effi ciency and head loss through it. To reduce emitter plugging by removal 
of accumulated sediment, fl ushing of mains, submains and laterals was done. Higher 
improvement in uniformity coeffi cient was observed in subsurface drip in comparison 
to surface drip after fl ushing. It gave maximum improvement in the emitter discharge 
rate with emitters experienced gravel media fi lter and least with disk fi lter.
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7.1 INTRODUCTION

Subsurface drip irrigation (SDI) systems are preferably used over alternative systems 
for crop production in several parts of the world because the large initial SDI system 
costs can be offset by crop profits. If the longevity of the SDI systems can be increased 
through properly designed and maintained systems, these systems could be economi-
cally justified for a great diversity of row crops. In some regions, SDI systems have 
been used for lower‐value commodity crop production such as in Kansas for irrigating 
corn and West Texas to irrigate cotton [8, 13, 14]. Cotton producers have replaced 
furrow irrigation systems with SDI systems to spread limited water resources for the 
declining aquifers of West Texas and also to remain profitable.

The use of SDI systems in row crops may also be infl uenced by the initial cost of 
the system. The cost of an SDI system will depend on the drip-line spacing or the row 
confi guration [8]. The cost percentages by irrigation components for a 1.02 m drip-
line spacing are approximately: pump and fi lters 14%, drip-line 38%, PVC pipe 25%, 
installation 15%, and fertilizer injectors and accessories 8% [11]. The drip-line repre-
sents the greatest cost of the system and its longevity can greatly impact the system’s 
annual amortized cost. Economic comparisons of SDI systems and center pivot sprin-
kler irrigation systems (CP) for corn production in Kansas have indicated that SDI 
systems must last at least 10 to 15 years to approach economic competitiveness with 
CP systems [15]. Successful maintenance programs can help prevent emitter clogging 
and increase the longevity of the system. The longevity of subsurface drip irrigation 
(SDI) systems is a key factor in the profi tability of these systems when used for lower‐
value commodity crops (typically the fi ber and grain crops). The system management 
and maintenance protocols, as well as the source water quality, can greatly impact the 
longevity of these systems. Enciso et al. [10] evaluated 10 subsurface drip irrigation 
systems in 2008 and 8 additional systems in 2009 that had been in operation between 6 
and 20 years. System uniformity was evaluated by the uniformity parameters, emitter 
discharge variation, qvar, and the lower quartile distribution uniformity of emitter dis-
charge, DUlq. Pressure measurements along the drip-line also were used to determine 
if qvar was primarily explained by friction losses. Two‐thirds of the evaluated SDI 
systems had qvar less than 20% and DUlq greater than 80, which would be accept-
able, and one‐third of the systems had qvar less than 10% and DUlq greater than 90, 
which would be good to excellent uniformity. There was very little correlation in sys-
tem uniformity and system life with the oldest system (20 years) having the greatest 
uniformity. Uniformity problems on nearly two‐thirds of the systems appeared to have 
been exacerbated by incorrect operating pressure (both too low and too high) with the 
six best performing systems operating between 65% and 100% of the manufacturer’s 
specifi ed nominal operating pressure. Water hardness and total dissolved salts were the 
major water quality concerns. Poor maintenance (e.g., no or infrequent chlorination; 
inadequate fi ltration system back fl ushing) appeared to reduce uniformity in between 
one‐third and one‐half of the systems. The producer’s lack of installation records and 
operator’s guides likely negatively impacted system uniformity through these poor 
management and maintenance procedures. The use of both qvar and DUlq to evaluate 
performance of SDI systems appeared to enhance the determination of the primary 
causes of SDI system nonuniformity. The evaluation proposed by Enciso et al. [9] is a 
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novel technique that may be used as a standard to evaluate subsurface drip irrigation 
systems.

Emitter clogging can be produced by physical, chemical, and biological causes 
[2]. Physical clogging is caused by suspended inorganic particles (such as sand, silt, 
clay, plastic fragments from the installation process), organic materials (spiders, ants, 
snails, etc.), and microbiological debris (algae and protozoa).

Boman [1] determined that 46% of the clogging of microsprinklers was due to 
algae, 34% from ants and spiders, 16% from snails, and 4% from physical particles 
such as sand and fragments of PVC. Boman also found that the clogging rate was in-
versely related to the orifi ce area of the emitters. Filtering of the water and fl ushing of 
manifolds and drip-lines are simple and necessary procedures that can help to prevent 
or reduce physical clogging [19].

Filtration can help prevent inorganic particles and organic materials suspended in 
water, and precipitates formed during chemical injection from entering the SDI sys-
tem. Flushing of drip-lines and manifolds removes the inorganic and organic materials 
deposited on the inside wall of drip-lines from the system, thus helping to reduce clog-
ging [21, 22]. Chlorine injections, greater emitter orifi ce area, and a built‐in fi ltration 
area for the emitters can reduce biological emitter clogging produced by algae and 
protozoa [6]. Another biological clogging problem can be produced by root intrusion 
into the emitters especially in Bermuda grass irrigation, or in vines and trees, which is 
commonly controlled by injections of trifl uralin [3, 5].

The chemical composition and pH of the water source and the water’s interaction 
with chemicals added during chemigation can have a very signifi cant infl uence on 
the level of emitter clogging. Emitter clogging criteria were proposed by Bucks et al. 
[2] for emission devices with discharges ranging from 2 to 8 L/h. The primary water 
characteristics that can affect chemical clogging are: pH, salts, bicarbonates, manga-
nese, total iron, and hydrogen sulfi de [8, 9, 23]. Even phosphoric acid, which is often 
injected in micro irrigation system water to prevent chemical clogging, can result in 
phosphate precipitants with the calcium and magnesium when the injection rate is too 
low allowing too much dilution of the acid (i.e., pH rises with dilution). For high pH 
waters, it is advisable to consider mixing the phosphoric acid with urea‐sulfuric‐acid 
(e.g., N‐phuric 15/49) prior to injection to help ensure the water pH will remain at 
3.0 or lower [3, 4]. Chlorine (e.g., sodium hypochlorite) and acid (e.g., sulfuric acid) 
chemical injections are often needed to avoid emitter clogging caused by bacterial 
growth, algae, iron and manganese oxides and sulfi des, calcium and magnesium pre-
cipitation, and root intrusion [3].

Micro-irrigation has been used with a variety of water sources such as ground 
water, surface water, or treated effl uent. Secondary municipal effl uent has been suc-
cessfully used with surface drip irrigation by using sand media fi ltration and injecting 
continuous chlorination to a free chlorine residue concentration of 0.4 mg/L without 
reducing emitter discharge [12]. Beef lagoon effl uent has also been used successful-
ly with manageable clogging problems [24] with smaller emitters typically used for 
freshwater applications perhaps too risky for use with effl uent even with disk fi ltration 
to 75 microns (200 mesh). In a later report of the same study, Lamm et al. [14, 16] 
found the discharge rates of the two smallest emitter sizes (0.6 and 0.9 L/h‐emitter) 
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decreased approximately 40% and 30%, respectively, during the four seasons, indi-
cating considerable emitter clogging. The three drip-lines with the greatest discharge 
rate emitters (0.1.5, 2.3, and 3.5 L/h) only had approximately 7%, 8%, and 13% emit-
ter discharge reductions, respectively. Sewage water clogged 26% more emitters than 
groundwater [17] in a study in China. They also found that with pressure compensat-
ing emitters that the clogging distribution occurred randomly along the drip-line, but 
the clogging of non‐pressure compensating emitters tended to occur at the distal end 
of the drip-lines. Clogging of drip emitters can be also affected by the type of emitter 
[7, 18].

It has been observed that on‐line pressure compensating emitters have better anti‐
clogging properties than in‐line emitters. The on‐line emitters are when the drip-line 
is punched and the emitters are inserted into the line and the in‐line emitters are when 
the emitters are extruded into the drip-line. It has also been observed that turbulent‐
fl ow emitters have better anti‐clogging properties than laminar‐fl ow emitters [7, 17, 
18]. Most of the reported clogging studies have been conducted in controlled fi eld 
experiments with duration of less than 4 years. More studies, which document the 
performance of older SDI systems that are still currently operational, are needed. It is 
also important to document how these systems have been affected by the source water 
quality, what management and maintenance practices have been adopted, and whether 
the longevity of operation has affected system performance and irrigation uniformity. 
Considering the large investment needed for SDI, it is vital to extend their lifetime 
with proper design, management, and maintenance practices.

This chapter describes and provides ideas on how to conduct preventive mainte-
nance, evaluate a drip irrigation system, inject chlorine and sulfuric acid, and provides 
some other considerations for maintaining these irrigation systems.

7.2 PREVENTIVE MAINTENANCE

A permanent system, properly designed and maintained, should last more than 20 
years. A maintenance program includes cleaning the filters, flushing the lines, adding 
chlorine, and injecting acids. These preventive measures will reduce the need for ma-
jor repairs and extend the life of the system.

The purpose of preventive maintenance is to keep the emitters from plugging. 
Emitters can be plugged by suspended solids, magnesium and calcium precipitation, 
manganese-iron oxides and sulfi des, algae, bacteria and plant roots. Each SDI system 
should contain a fl ow meter and at least two pressure gauges-one gauge before the 
fi lters and another after the fi lters. Flow meters and pressure gauges, which should be 
inspected daily, indicate whether the system is working properly. A low pressure read-
ing on a pressure gauge indicates a leak in the system (such as a leaking component or 
broken pipe). A difference in pressure between the fi lters may imply that the system is 
not being back fl ushed properly and that the fi lters need to be cleaned. In larger sys-
tems, pressure gauges should be installed in each fi eld block or zone.

Water quality determines the relative risk of emitter plugging and other problems; 
therefore, the properties of the water should be taken into account in the system main-
tenance program. Examples of water quality parameters and their effect on emitter 
plugging potential are summarized in Table 1.
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TABLE 1 Effects of water quality parameters on emitter plugging potential.

Chemical property Low Moderate Severe
PH <7.0 7.0–8.0 >8.0
Bicarbonate (ppm) <100.0
Iron (ppm) <0.2 0.2–1.5 >1.5
Sulfides (ppm) <0.2 0.2–2.0 >2.0
Manganese (ppm) <0.1 0.1–1.5 >1.5

7.2.1 MAINTENANCE OF FILTERS
Filters are essential components of an SDI system and they remove suspended sol-
ids from the water. There are three main types of filters: cyclonic filters (centrifugal 
separators); screen and disk filters; and media filters. It is common practice to install 
a combination of filters to effectively remove particles of various sizes and densities.

7.2.1.1 CENTRIFUGAL SEPARATORS
These filters need little maintenance, but they require regular flushing. The amount of 
sediment in the incoming water, the volume rate of water used, and the capacity of the 
collection chamber at the bottom of the filter will determine how often and how long 
the flushing valve needs to operate. The sediment can be released manually or auto-
matically. If it is done manually, the bottom valve of the filter should be opened and 
closed at regular intervals. An electronic valve controlled by a timer can automatically 
open the bottom valve. Automated operation of the valve should be checked at least 
every other day during the season.

7.2.1.2 SCREEN AND DISK FILTERS
Small screen filters use a nylon strainer or bag, which should be removed and checked 
periodically for small holes. The flush valve controls the flushing of the screen filter. 
This can be operated manually or automatically. The screen filter should be flushed 
when the pressure between the two pressure gauges drops 5 psi (one is located before 
the filters and the other after them). Automatic filters use a device called a “pressure 
differential switch” to detect a pressure drop across the filters. Other systems use a 
timer, which is usually set by the operator. The flushing can be timed according to 
the irrigation time and the quality of the water. The interval between flushing can be 
adjusted to account for differences in pressures across the filters. Automated flushing 
devices should be checked at least every other day on large systems.

7.2.1.3 SAND MEDIA FILTERS
With these filters the most important task is to adjust the restrictor backflush valve. 
If the backflow rate is too high sand filter media will be washed out of the filter con-
tainer. If the backflow rate is too low contaminating particles will not be washed out 
of the filter. Bacterial growth and the chemistry of the water can cause the sand media 
to cement. Cementing of the media causes channels to form in the sand, which can al-
low contaminated water to pass unfiltered into the irrigation system. Chlorination can 
correct or prevent sand media cementing.
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FIGURE 1 Measuring pressure and emitter discharge in a subsurface drip irrigation system.

7.2.2 EVALUATION OF MICRO IRRIGATION SYSTEM
One method to evaluate clogging problems is to perform an evaluation of the irrigation 
system. It is recommended to measure emitter discharge and pressure at 18 selected 
locations within a single zone to detect problems (Fig. 1).

Enciso et al. [9] recommends to pick six drip-lines, evenly spaced across the width 
of the zone for sampling. Along each of the six drip-lines, three measurements should 
be made, near the inlet and distal ends (approximately 8–9 m from ends) and near the 
center of the drip-line length. The measurements can be made by placing a container 
under selected emitters as shown in Fig. 1. In case of subsurface drip irrigation the 
measurements can be made by carefully excavating the soil by hand, trying to avoid 
damaging the drip-line, to a depth below the emitter to allow small water collection 
containers. Water dripping from each sampled emitter can be collected for a period of 
time as measured by a stop watch. Collection errors can be further reduced by collect-
ing and averaging two or three water collection samples for each of the 18 selected 
emitters. Emitter discharge is calculated as the average sample catch volume divided 
by sample time. The emitter discharge collected at different locations should be com-
pared against the design fl ow rate. The drip-line pressure at each sampling location can 
be determined using a glycerin-fi lled pressure gage (±1.5% of full scale, 0 to 207 kPa). 
A syringe, connected to the pressure gage with plastic tubing, can be used to pierce the 
drip-line, providing a nonleaking interference fi t. After using the syringe to measure 
the drip-line pressure, a small plastic plug (also known as goof plug: to provide an 
interference fi t) can be inserted into the hole of the drip-line as a permanent repair of 
the leak. Sadler et al. [20] reported the excavation process itself can affect the emitter 
discharge with increases of as much as 4% due to removal of overburden on some soil 
types. However, these differences in emitter discharge are still small and the emitter 
discharges are being compared against each other (i.e., all sampled emitters are being 
excavated) so the effect is less important.

The Lower Quartile Distribution Uniformity is calculated using Eq. (1).

 100 lq
lq

q
DU

q
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

 (1)

where: lqq  is the average emitter discharge from the lower quartile of sampled emit-
ters; and  is the mean emitter discharge for all of the emitters.
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The Fig. 2(top) shows a fi eld with plant stress produced by emitter clogging caused 
by manganese oxides at the Texas Agricultural Experiment Station Helms Research 
Farm, south of Halfway, Texas. The general condition of a drip system can be easily 
evaluated by frequent observation of system pressures and fl ow rates. If emitter plug-
ging occurs, system pressures will increase and fl ows will decrease. Acid injection can 
reduce clogging problems so fi elds are irrigated uniformly, as shown in Fig. 2(bottom). 
The Fig. 3 indicates the roots that are penetrating the drip-lines.

7.2.3 FLUSHING LINES AND MANIFOLDS
Very fine particles pass through the filters and can clog the emitters. As long as the wa-
ter velocity is high and the water flow is turbulent, these particles remain suspended. 
If the water velocity slows or the water becomes less turbulent, these particles may 
settle out. This commonly occurs at the distant ends of the lateral lines. If they are 
not flushed, the emitters will plug and the line eventually will be filled with sediment 
from the downstream end to the upstream end. Systems must be designed so that 
mainlines, submains, manifolds and laterals can all be flushed. Mainlines, submains 
and manifolds are flushed with a valve installed at the very end of each line. Lines can 
be flushed manually or automatically. It is important to flush the lines at least every 2 
weeks during the growing season.

FIGURE 2 Plants in this field are drought-stressed because emitters are clogged (Top). Acid 
injection can reduce clogging problems so fields are irrigated uniformly (Bottom).
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FIGURE 3 Roots penetrating an emitter in the drip-line.

7.2.4 INJECTING CHLORINE
At a low concentration (1 to 5 ppm), chlorine kills bacteria and oxidizes iron. At a high 
concentration (100 to 1000 ppm), it oxidizes (destroys) organic matter.

7.2.4.1 BACTERIA PROMOTED BY DISSOLVED IRON AND MANGANESE
The most serious problems with bacteria occur in waters that contain ferrous or soluble 
iron. Iron and/or manganese concentrations higher than 0.1 ppm can promote bacte-
rial growth and chemical precipitation that clogs emitters. Iron bacterial growth looks 
reddish, whereas manganese bacterial growth looks black. These bacteria oxidize iron 
and/or manganese from the irrigation water. In the western part of Texas, these bacte-
ria often are associated with well water.

Extreme caution should be maintained when injecting chlorine into irrigation wa-
ter containing dissolved manganese since chlorine can oxidize this element and cause 
precipitation beyond the fi lter system.

It is hard to eliminate iron bacteria, but it may be controlled by injecting chlorine 
into the well once or twice during the season. It might also be necessary to inject chlo-
rine and acid before (upstream of) the fi lters. When the water contains a lot of iron, 
some of the iron will feed the bacteria and some will be oxidized by chlorine to form 
rust (or insoluble iron, ferric oxide). The precipitated ferric oxide is fi ltered out and 
fl ushed from the system. If iron concentration is high and problems persist, aeration 
of the irrigation water will help to oxidize the iron and facilitate settling of sediment. 
Aeration can be accomplished by pumping water into a reservoir and then repumping 
it with a booster pump to the irrigation system.

A swimming pool test kit can be used to test for free or residual chlorine in the 
water at the end of the lateral line. It is worth noting that some of the injected chlorine 
may be removed from solution through chemical reactions with other constituents 
or absorbed by organic matter in the water. For continuous injection, 1 ppm of free 
residual chlorine at the ends of the laterals will be enough to kill most bacteria. For 
intermittent injection (once every several days) the chlorine concentration should be 
maintained at 10 to 20 ppm for 30 to 60 min.
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If emitters are already partially plugged by organic matter, “super-chlorination” 
treatment is warranted; it involves maintaining a concentration of 200 to 500 ppm 
chlorine in the system for 24 h.

Some extra chlorine should be injected to account for the tied up chlorine.

7.2.4.2 INJECTION RATE FOR CHLORINE
The equations to calculate the injection rate (English and metric units) are shown in 
Table 2. The percentage of chlorine for different compounds and a numerical example 
are also presented in Table 2. The necessary injection rate in gallons per hour of chlo-
rine is shown in Table 3.

TABLE 2 Formulas to calculate the injection rate for chlorination.

English Units Calculation Metric Units Calculation

0 006. xFxCIR
P

=    (2)
0 06. xFxCIR

P
=    (3)

where:

IR = Injection rate, GPH

F = Flow rate of the system (GPM)

C =Concentration of chlorine wanted, ppm

P = Percentage of chlorine in the solution*

where:

IR = Injection rate, liters/hr.

F = Flow rate of the system (LPS)

C = Concentration of chlorine wanted, 
ppm

P = Percentage of chlorine in the solu-
tion*

*The percentage of chlorine for different compounds is as follows:

calcium hypochlorite—65%

sodium hypochlorite (household bleach)—5.25%

lithium hypochlorite—36%
Numerical example:

A farmer wants to inject chlorine into his system at a concentration of 5 ppm in a system with 
a flow rate of 100 GPM. He is injecting household bleach that has a chlorine concentration 
of 5.25%.

0 006 0.006 100 5 0.571
5.25

. xFxC x xIR GPH
P

= = =

Of sodium hypochlorite (household bleach)
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TABLE 3 Injection rate of chlorine in gallons per hour.

Gallons of chlorine (5.25% solution) per hour

Desired 
chlorine 
level in 
ppm

Irrigation Water Flow Rate, gallons per minute (GPM) 

100 150 200 250 300 350 400 450 500

1 0.114 0.171 0.229 0.286 0.343 0.400 0.457 0.514 0.571

2 0.229 0.343 0.457 0.571 0.686 0.800 0.914 1.029 1.143

5 0.571 0.857 1.143 1.429 1.714 2.000 2.286 2.571 2.857

10 1.143 1.714 2.286 2.857 3.429 4.000 4.571 5.143 5.714

15 1.714 2.571 3.429 4.286 5.143 6.000 6.857 7.714 8.571

20 2.286 3.429 4.571 5.714 6.857 8.000 9.143 10.29 11.43

25 2.857 4.286 5.714 7.143 8.571 10.00 11.43 12.89 14.29

30 3.429 5.143 6.857 8.571 10.29 12.00 13.71 15.43 17.14

50 5.714 8.571 11.43 14.29 17.14 20.00 22.86 25.71 28.57

Gallons of chlorine (10% solution) per hour

Desired 
chlorine 
level in 
ppm

Irrigation Water Flow Rate, gallons per minute (GPM)

100 150 200 250 300 350 400 450 500

1 0.060 0.090 0.120 0.150 0.180 0.210 0.240 0.270 0.300

2 0.120 0.180 0.240 0.300 0.360 0.420 0.480 0.540 0.600

5 0.300 0.450 0.600 0.750 0.900 1.050 1.200 1.350 1.500

10 0.600 0.900 1.200 1.500 1.800 2.100 2.400 2.700 3.000

15 0.900 1.350 1.800 2.250 2.700 3.150 3.600 4.050 4.500

20 1.200 1.800 2.400 3.000 3.600 4.200 4.800 5.400 6.000

25 1.500 2.250 3.000 3.750 4.500 5.250 6.000 6.750 7.500

30 1.800 2.700 3.600 4.500 5.400 6.300 7.200 8.100 9.000

50 3.000 4.500 6.000 7.500 9.000 10.50 12.00 13.50 15.00

7.2.5 INJECTING ACID
Acids are injected into irrigation water to treat plugging caused by calcium carbonate 
(lime) and magnesium precipitation. Water with a pH of 7.5 or higher and a bicarbon-
ate level higher than 100 ppm poses a risk of mineral precipitation, depending on the 
hardness of the water. Hardness of water, determined by the concentrations of calcium 
and magnesium, is classified as follows: soft (0 to 60 ppm of Ca and Mg); moderate 
(61 to120); hard (121 to180); very hard (more than 180 ppm). Moderate, hard and very 
hard water warrant acid injection.

Sulfuric, phosphoric, urea-sulfuric, or citric acid can be used. The type most com-
monly used in drip irrigation is 98% sulfuric acid. Acetic acid, or vinegar, can be used 
in organic farming, although it is much more expensive. If the irrigation water has 
more than 50 ppm of calcium, phosphoric acid should not be injected, unless the injec-
tion rates are high to lower the pH below 4.
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Acid is usually injected after the fi lter so that it does not corrode the fi lter. If the 
fi lter is made of polyethylene, which resists corrosion, acid can be injected before the 
fi lter. The amount of acid to use depends on the characteristics of the acid you are us-
ing and the chemical characteristics of the irrigation water. A titration curve of the well 
water used for drip irrigation can be developed by a laboratory showing the amount of 
acid needed to reduce the pH to a certain level. If a titration curve is not available, use 
a trial and-error approach until the pH is reduced to 6.5. Colorimetric kits or portable 
pH meters can be used to determine the water pH at the end of lines. Many farmers 
inject 1 to 5 gallons of sulfuric acid per hour, depending on the water pH, water qual-
ity, and well capacity.

Most chemicals used in drip system maintenance are extremely hazardous. Sulfuric 
acid is very corrosive and must be handled with proper personal protection equipment. 
Store sulfuric acid in polyethylene or stainless steel tanks with extra heavy walls. Al-
ways add acid to water; do not add water to acid. Never mix acid and chlorine or store 
them together in the same room; a toxic gas will form.

Besides clearing clogged emitters, acid injected into irrigation water may improve 
infi ltration characteristics of some soils and releases micronutrients by lowering the 
soil pH. To reduce the cost, acid can be injected during the last third of the irrigation 
time.

7.2.6 ADDITIONAL NECESSARY MAINTENANCE
7.2.6.1 KEEP OUT PLANT ROOTS
It is important to keep plant roots from penetrating the drip emitters (Fig. 4 shows a 
root intrusion problem). Metam sodium and trifluralin are two compounds that control 
roots. In cotton, metam sodium is generally used at defoliation to keep roots out as 
the soil dries, while trifluralin is used before harvest. Super-chlorination at a dosage 
of 400 ppm chlorine also will keep roots out. Fill the tapes with chlorine and leave it 
overnight.

FIGURE 4 MRoots penetrating a drip emitter.
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7.2.6.2 PREVENT BACK-SIPHONING
Back-siphoning is the backflow of water from the soil profile back into the tape at the 
end of an irrigation cycle caused by a vacuum developed as residual water in the tape 
moved to the lower elevations in the field. Back-siphoning may pull soil particles and 
other debris through emitters into the tape. Figure 5 shows some live worms that were 
flushed from SDI lines during normal maintenance. It is hypothesized that the eggs or 
cocoons of worms were pulled into the drip-lines at the higher elevations in the field 
when zone valves were closed. Once in the drip-lines, the eggs may have hatched and 
the worms started to grow. Worms and other contaminants were removed during nor-
mal flushing cycles (every 2 weeks).

FIGURE 5 Worms flushed from an SDI system. Flushing twice a week solved the problem.

7.3 SUMMARY
Drip irrigation, micro irrigation and subsurface drip irrigation (SDI) systems can deliv-
er water at low flow rates very uniformly. A permanent system, properly designed and 
maintained, should last more than 20 years. A maintenance program includes cleaning 
the filters, flushing the lines, adding chlorine, and injecting acids. These preventive 
measures will reduce the need for major repairs and extend the life of the system. 
This chapter describes and provides ideas on how to conduct preventive maintenance, 
evaluate a drip irrigation system, inject chlorine and sulfuric acid, and provides some 
other considerations for maintaining these irrigation systems.
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8.1 INTRODUCTION

The pan evaporation method is widely used to schedule irrigation because it 
is easy and inexpensive. The University of Puerto Rico Agricultural Experi-
ment Station (UPR-AES) is currently promoting this method in the “Tech-
nological Package [Spanish]” guidance publications for various crops [1]. A 
number of studies have been performed to determine optimal irrigation 
rates based on pan evaporation data in Puerto Rico for several crops, such as: 
Tanier [2], bananas under mountain conditions [3], bananas under semiarid 
conditions [4], plantains under semiarid conditions [5], watermelon under 
semiarid conditions [6], and sweet peppers under humid conditions [7, 8]. 
Harmsen [9] presented a summary of these studies.

The evapotranspiration (ET) can be estimated using pan evaporation method 
with the following equations:

 ETpan = Kc*Eto-pan  (1)

 Eto-pan = Kp *Epan  (2)

where: ETpan = Actual crop ET, based on the pan-derived reference ET, Eto-

pan; Kp = Pan coefficient; Epan = Class A pan evaporation; and Kc = Crop coeffi-
cient. According to Allen et al. [10], estimates of ET from pan data are general-
ly recommended for periods of 10 days or longer. It is recommended that the Eqs. 
(1) and (2) should be used for ET estimations usually for periods of four to seven 
days in Puerto Rico. Most of the studies have recommended applying water 
to plants at a rate equal to 1 to 1.5 times the pan-estimated ET rate to maxi-
mize crop yield. Because this approach is easy and inexpensive, these studies 
represent valuable contributions to agricultural production in the tropics.

Problems, however, may result from this approach because of the inher-
ent differences in water loss from an open water surface and a crop [10]. An-
other potential limitation is that only a single value of crop coeffi cient is 
commonly used, and by defi nition the crop coeffi cient varies throughout the 
season. The magnitude of the crop coeffi cient depends on crop height, leaf 
area, crop color, stomatal resistance, and crop maturity.

Although recommended irrigation application rates by this method may 
maximize crop yields, the method may also result in the over application of 
water early in the crop season, leading to the degradation of groundwater 
resources from leaching of agricultural chemicals.

In Puerto Rico, the Kp values commonly used were derived from a study 
by Goyal and González [11] using data from the seven agricultural substa-
tions located at Adjuntas, Corozal, Juana Díaz (Fortuna), Gurabo, Isabela, 
Lajas, and Río Piedras. Figure 1 shows the location of the substations and 
the Climate Divisions established by the National Oceanic and Atmospheric 
Administration (NOAA). These data were developed on the basis of the ratio 
of long-term monthly average reference evapotranspiration (estimated from 
an equation) to pan evaporation:
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 Kp = ETo/ Epan  (3)

where: Kp is the pan coefficient; ETo is reference or potential ET; and Epan is 
the pan evaporation rate. Mean daily values of pan evaporation were derived 
from a University of Puerto Rico Agricultural Experiment Station document 
Climatological Data from the Experimental Substations of Puerto Rico [12]. 
Goyal and González [11] estimated the potential ET by using the Soil Conser-
vation Service (SCS) Blaney-Criddle method [13]. In a recent study by the 
American Society of Civil Engineers (ASCE), the SCS Blaney-Criddle method 
was found to produce large errors relative to weighing lysimeter data indicat-
ing overestimation on average by 17% in humid regions and underestimation 
on average by 16% in arid regions [14].

In a study that compared seasonal consumptive use for pumpkin and onion 
at two locations in Puerto Rico, Harmsen et al. [15] reported large differenc-
es between the SCS Blaney-Criddle method [estimates obtained from Goyal 
1989, 11] and the Penman-Monteith method. The Penman-Monteith ap-
proach used crop coeffi cients as determined by the FAO procedure [10]. Crop 
stage durations, used to construct the crop coeffi cient curves, were based on 
crop growth curve data presented by Goyal [16]. The maximum observed dif-
ferences in the estimated seasonal consumptive use were on the order of 100 
mm per season. The study concluded that large potential differences can be 
expected between the SCS Blaney-Criddle and the Penman-Monteith meth-
ods, with under-estimations in some months and overestimations in other 
months.

Because of inherent errors associated with the SCS Blaney-Criddle meth-
od, the published values of Kp for Puerto Rico may not be accurate. The United 
Nations Food and Agriculture Organization (FAO) currently recommends 
using the ratio of pan evaporation divided by the Penman-Monteith-estimat-
ed reference ET for calculating the pan coeffi cient [10]. The Penman-Monteith 
based reference ET was found to have a high degree of accuracy in the above-
mentioned ASCE study [14], with errors not exceeding ±4%.

This chapter indicates how to update pan coeffi cient values for the seven 
substations in Puerto Rico using the Penman-Monteith reference ET, and to 
incorporate 20 years of additional pan evaporation data. As part of the study, 
long-term trends in pan evaporation data were evaluated.

8.2 MATERIALS AND METHODS

8.2.1 PAN EVAPORATION DATA
Historical pan evaporation data were evaluated to determine whether de-
creasing or increasing trends existed in the data. Roderick and Farquhar [17] 
and Ohmura and Wild [18] have reported that pan evaporation rates have 
been decreasing globally. The cause of the decrease has been attributed to the 
decrease in solar irradiance (during the last decade) and changes in diurnal 
temperature range and vapor pressure deficit [17]. If in fact pan evaporation 
is changing in Puerto Rico, then the more recent data (e.g., for the last 20 years) 
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may provide better estimates of the pan coefficient than would longer term 
average data. Updated pan evaporation data were obtained from NOAA’s 
Climatological Data Sheets. To evaluate possible trends, pan evaporation 
data were plotted graphically, and regression analysis was used to determine 
whether the regression coefficient (i.e., the slope) of the best-fit linear model 
was significantly different from zero. All statistical analyzes were performed 
by using the statistical software package StatMost Version 3.6 [19].

8.2.2 REFERENCE EVAPOTRANSPIRATION (ET)
The long-term monthly reference ET was estimated by using the Penman – 
Monteith equation [10]:
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where: ETo = ET (mm day–1); ∆ = Slope of the vapor pressure curve (kPa°C–1); Rn = 
Net radiation at the crop surface (MJ m–2day–1); G = Soil heat flux density (MJ m–2 
day–1); ρa = Mean air density at constant pressure (kg m–3); Cp = Specific heat at con-
stant pressure (MJ kg–1°C–1); es–ea = Vapor pressure deficit (kPa); es = Saturation vapor 
pressure (kPa); ea = Actual vapor pressure (kPa); ra = Aerodynamic resistance (s m–1); 
rs = The bulk surface resistance (s m–1); λ = Latent heat of vaporization (MJ kg–1); γ = 
The psychrometric constant (kPa°C–1).

Equation (4) applies specifi cally to a hypothetical grass reference crop 
with an assumed crop height of 0.12 m, a fi xed surface resistance of 70 sec/m 
and a solar refl ectivity of 0.23. The FAO recommends using the Penman- 
Monteith method over all other methods even when local data are missing. 
Studies have shown that using estimation procedures for missing data 
with the Penman–Monteith equation will generally provide more accurate 
estimates of ETo than will other available methods requiring less data input 
[10].

Of the various climate parameters needed to calculate ETo with Eq. (4), 
only air temperature (T) and wind speed (u) were available for all seven experi-
mental substations in Puerto Rico; however, wind speed was not measured 
consistently. For example, in the case of Lajas, wind speed data were avail-
able only during the following years: 1963, 1966 to 1969, 1971 to 1978, 1983 to 
1985 and 1987 to 1990. Wind speeds were measured at 0.33 m above the ground 
and therefore needed to be adjusted to the two-meter value (u

2
) using the 

logarithmic adjustment equation presented by Allen et al. [10].
Relative humidity (needed to estimate actual vapor pressure) is measured at the 

substations by using a sling psychrometer, but only once in 24 h; thus, these data do 
not represent daily average values. Therefore, the actual vapor pressure was derived 
from the dew point temperature (Tdew). Long-term average dew point temperature 
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was estimated from the minimum air temperature plus or minus a temperature cor-
rection factor. Temperature correction factors, developed for the six NOAA Climate 
Divisions for Puerto Rico (See Fig. 1), were obtained previously from Harmsen et 
al. [20]. Net radiation was estimated from solar radiation (Rs.) by using the method 
presented by Allen et al. [10] involving the use of a simple equation for island set-
tings (elevations < 100 m) or by the Hargreaves radiation equation (elevations > 100 
m), based on air temperature differences. Pan coeffi cients were estimated from Eq. 
(3). Statistical comparisons were made between Kp from average pan evaporation 
data collected between 1960 and 1980 and Kp from data collected between 1981 
and 2000.

FIGURE 1 MUPR Agricultural Experiment Substation locations and NOAA 
climate divisions of Puerto Rico: 1, North Coastal; 2, South Coastal; 3, Northern 
Slopes; 4, Southern Slopes; 5, Eastern Interior; and 6, Western Interior.

8.3 RESULTS AND DISCUSSION

Figure 2 shows the monthly average pan evaporation for the seven experi-
mental substations, based on approximately 40 years of pan evaporation 
data. Note that pan evaporation was highest for Fortuna and lowest for 
Adjuntas for most months of the year. Figures 3, 4 and 5 show the average 
monthly pan evaporation with time. Figure 3 shows the sites that had sig-
nificant decreasing pan evaporation with time; Figure 4 shows the sites 
that had significant increasing pan evaporation with time; and Fig. 5 shows 
the sites that had no significant increase or decrease in pan evaporation 
with time. Increases and decreases, as expressed by the linear regression 
coefficients, associated with Figs. 3 and 4, were significant at or below the 
5% probability level.
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FIGURE 2 Long-term average monthly pan evaporation for the seven substations 
in Puerto Rico.

FIGURE 3 Average monthly pan evaporation with time at Lajas and Río Piedras, 
Puerto Rico.

FIGURE 4 Average monthly pan evaporation with time at Adjuntas and Gurabo, 
Puerto Rico.
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FIGURE 5 Average monthly pan evaporation with time at Corozal, Isabela and 
Fortuna, Puerto Rico.

TABLE 1 Linear regression results for the pan evaporation data from the seven 
substations.

Station Lati-
tude

Eleva-
tion
(m)

NOAA
Cli-
mate
Divi-
sion

Regres-
sion
Coefficient
(slope
of line)

r2 Signif-
icant 
at the 
5%
level

Trend

Gurabo 18°15’N 48 5 0.029 0.55 Yes Increasing

Adjun-
tas

18°11’N 549 6 0.021 0.47 Yes Increasing

Corozal 18°20’N 195 6 0.010 0.11 No Increasing

Isabela 18°28’N 126 3 –0.008 0.08 No Decreasing

Fortuna 18°01’N 21 2 –0.015 0.10 No Decreasing

Río Pie-
dras

18°24’N 100 3 –0.019 0.28 Yes Decreasing

Lajas 18°03’N 27 2 –0.055 0.81 Yes Decreasing

Regression coeffi cients associated with the linear regression lines shown 
in Fig. 5 were not statistically signifi cant. The linear regression results are 
summarized in Table 1. Following noteworthy results can be summarized 
from Figs. 3 to 5 and Table 1:

• Lajas had the greatest decrease in the average monthly pan evapora-
tion: 1.4 mm per month (average) per year. This amount is equivalent to 
a drop of 56 mm per month in the pan evaporation in 40 years. This is a 
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very significant reduction considering that the average pan evaporation 
in 2002 was only 103.9 mm per month in Lajas. It will be interesting 
to see whether this trend continues in the future or whether it begins 
to level off.

• The decreasing pan evaporation observed at Lajas and Río Piedras is 
consistent with the observed decreasing trend globally.

• Pan evaporation at two sites (Adjuntas and Gurabo) increased. These 
results are contrary to the observed global decrease in pan evapora-
tion. Both sites are located in humid areas. It is interesting to note that 
Adjuntas is at a relatively high elevation (549 m), whereas Gurabo is 
at a relatively low elevation (48 m).

Figure 6 shows the estimated long-term average monthly reference ET 
for each substation. As with pan evaporation (Fig. 2), Fortuna shows the high-
est ETo, and Adjuntas shows the lowest values during most of the year. How-
ever, ETo for Lajas was essentially identical to that of Fortuna, whereas the 
Lajas pan evaporation (Fig. 2) was lower than that of Fortuna. There are two 
possible explanations for this:

FIGURE 6 Long-term average monthly reference ET for the seven substations.

1.  The local environment may have gradually changed in the vicinity 
of the evaporation tank in Lajas. For example, installation of new 
structures, establishment of trees, or relocation of the evaporation 
tank. Development of the Lajas Valley may also have influenced a 
change in pan evaporation at the substation.

2.  Pan evaporation and reference ET may not be directly comparable. 
Allen et al. [10] list the following factors that may cause significant 
differences in loss of water from a water surface and from a cropped 
surface:
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• Reflection of solar radiation from the water surface might be dif-
ferent from the assumed 23% for the grass reference surface.

• Storage of heat within the pan can be appreciable and may cause 
significant evaporation during the night while most crops tran-
spire only during the daytime.

• There are differences in turbulence, temperature and humidity of 
the air immediately above the respective surfaces.

• Heat transfer occurring through the sides of the pan can affect the 
energy balance.

Monthly average pan coeffi cients were estimated for each month at each 
of the seven experimental substations on the basis of pan evaporation data 
from 1960 (approximate) to 1980 and from 1981 to 2000. (For convenience, 
hereafter the earlier period will be referred to as 1960 to 1980 and the latter 
period as 1981).

A Student t-Test analysis indicated that the difference between the 
mean Kp based on the two time periods was highly signifi cant. Table 2 pres-
ents the results of the t-Test. The difference in the mean Kp for all locations 
for the two time periods was 0.15. The average Kp equaled 0.75 for 1960 to 
1980 and 0.91 for 1981 to 2000. A comparison was also made between the Kp 
values of Goyal and González [11] and the 1981 to 2000 Kp values from this 
study (See Table 5).

A signifi cant difference was observed between the two datasets at the 
0.01% probability level, with a difference in the mean Kp of 0.08. The average 
value of the Kp of Goyal and González [11] was 0.82.

To understand whether the difference in the mean pan evaporation be-
tween the two periods [1960 to 1980 and 1981 to 2000] is signifi cant on a 
practical level (independent of statistical signifi cance), Eq. (2) was used  to 
estimate the difference in the reference ET for a given amount of pan evapo-
ration. Suppose the annual pan evaporation for a certain location was 1500 
mm; then the Kp difference of 0.15 is equivalent to [ 0.15 × 1500 mm] = 225 mm 
in the annual reference ET. For an average farm size of 18 hectares in Puerto 
Rico [21], this is equivalent to 40,500 m3 of water (or 10.7 million gallons).

Because there was a signifi cant difference between the mean Kp for the 
last 20 years and that of the subsequent 20-year period, this study recom-
mends that crop water use estimates use Kp values from the most recent 20 
years. Tables 3, 4 and 5 give the average monthly reference ET, pan evapora-
tion and pan coeffi cients, respectively.

The methodologies used in this paper can be considered suffi ciently general and 
therefore could be applied at other locations throughout the world.
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TABLE 2 Results of a Student t-test comparing monthly pan coefficients based on pan 
evaporation data from 1960 (approximate) to 1980 and 1981 to 2000.

t-Test Analysis Results
Confidence Level = 0.95 (Two Tail Test)

1960 to 1981 vs. 1981 to 2000:  

1960 to 1981 1981 to 2000
Sample Size 84 84
Number of Missing 0 0

Minimum 0.5694 0.6732

Maximum 1.1579 1.2473
Standard Deviation 0.1398 0.1319
Standard Error 0.0153 0.0144
Coeff of Variation 18.5924 14.5441
Mean 0.7520 0.9067 Difference = 0.1547
Variance 0.0196 0.0174 Ratio = 1.1242
Paired t-Value

9.5097
Probability
6.24516E-015

DF  Critical t-Value
83  1.9890

Co-Variance = 0.0074,  Std  Deviation= 0.0163

TABLE 3 Long-term average reference ET (ETo) in mm/month for the seven 
experimental substations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Adjun-
tas

93 100 128 132 136 138 146 139 124 112 92 84

Coro-
zal

76 80 110 115 128 127 129 127 112 101 78 70

For-
tuna

104 107 139 147 157 156 166 159 141 124 100 96

Gurabo 87 93 121 128 133 131 135 132 117 105 85 80
Isabela 94 100 132 141 146 141 145 144 129 118 95 88
Lajas 97 102 138 145 162 162 164 157 137 120 95 87
Río 
Pie-
dras

93 98 130 138 145 143 146 142 127 116 93 86

Aver-
age

93 100 128 132 136 138 146 139 124 112 92 84
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TABLE 4 Average monthly pan evaporation (Epan) based on 1981 through 2000 pan 
evaporation data for seven experimental substations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Adjuntas 93 100 128 132 136 138 146 139 124 112 92 84

Corozal 76 80 110 115 128 127 129 127 112 101 78 70

Fortuna 104 107 139 147 157 156 166 159 141 124 100 96

Gurabo 87 93 121 128 133 131 135 132 117 105 85 80

Isabela 94 100 132 141 146 141 145 144 129 118 95 88

Lajas 97 102 138 145 162 162 164 157 137 120 95 87

Río Piedras 93 98 130 138 145 143 146 142 127 116 93 86

Average 93 100 128 132 136 138 146 139 124 112 92 84

TABLE 5 Pan Coefficients (Kp) based on 1981 through 2000 pan evaporation data, for 
seven experimental substations.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Adjun-
tas

1.02 1.05 1.05 1.03 1.04 0.97 1.04 1.02 1.00 1.00 0.99 0.98

Coro-
zal

0.84 0.80 0.85 0.85 0.94 0.86 0.85 0.87 0.92 0.88 0.87 0.81

For-
tuna

0.68 0.67 0.72 0.74 0.81 0.78 0.78 0.76 0.80 0.77 0.72 0.69

Gu-
rabo

0.74 0.77 0.78 0.77 0.80 0.74 0.77 0.77 0.80 0.79 0.77 0.76

Isabela 0.84 0.84 0.86 0.86 0.95 0.92 0.89 0.91 0.97 0.93 0.88 0.82

Lajas 1.08 1.10 1.15 1.14 1.17 1.22 1.25 1.16 1.02 1.10 1.08 1.07

Río 
Pie-
dras

0.95 0.90 0.92 0.90 1.00 0.95 0.91 0.96 0.97 0.95 0.93 0.92

8.4 SUMMARY

The objective of the research in this chapter was to update pan evaporation coeffi-
cient (Kp) values for the seven University of Puerto Rico – Agricultural Experimental 
Substations, based on updated pan evaporation data and the Penman-Monteith refer-
ence ET. Therefore, historical pan evaporation data for seven experimental substa-
tions were evaluated to determine whether increasing or decreasing trends 
existed. Significant decreasing pan evaporation was observed at Lajas and 



112 Management, Performance, and Applications of Micro Irrigation Systems

Río Piedras. Significant increasing pan evaporation was observed at Gurabo 
and Adjuntas. No significant trends were observed at Fortuna, Isabela or 
Corozal. A significant difference was found to exist between the mean Kp cal-
culated with pan evaporation data from 1960 to 1980 and that with data from 
1981 to 2000. An updated table of monthly average pan coefficients is provided 
(Table 5) that can be used to estimate ETpan for the seven substations.

Additional research is needed to help explain the signifi cant reduction in 
the pan evaporation observed at Lajas as compared to that of other loca-
tions. The Kp data presented in Table 5 are valid for data obtained from the 
pan located at the Lajas Experiment Station. However, if pan evaporation is 
obtained from another source in the vicinity of Lajas, these data should be 
compared with the experiment station evaporation data to verify consistency 
between the two data sources. If large differences exist, then an adjustment 
should be made in the Lajas Kp values presented in Table 5. Further research is 
also needed to investigate the reason for the observed variations in the trends 
in pan evaporation (i.e., increasing at some locations and decreasing at other 
locations).
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9.1 INTRODUCTION

Due to population growth, the demand on water resources increases. One option for 
coping with this is to minimize the use of irrigation practices that are wasteful in 
their water consumption as well as using brackish water as alternative irrigation water 
resources especially in arid and semiarid areas. Egypt is considered one of the water 
scarce arid countries in the Middle East. Water scarcity is forcing Egypt to use brackish 
water as an alternative source for crop irrigation. The El-Salam Canal is one of the five 
mega irrigation projects in Egypt and used to irrigate 2.6 billion m2 of new reclaimed 
areas in the Eastern Delta and North Sinai. Canal water is a mixture of 1.9 billion 
m3/year of drainage water and 2.1 billion m3/year of fresh water from the river Nile. 
Recently in Egypt, modern irrigation techniques are being called on to produce more 
food with less irrigation water. Conventional deficit irrigation (CDI), considering crop 
tolerance to water stress during its growing stages, is one approach that can diminish 
water use without distinct yield reduction [15]. Alternate partial root irrigation (APRI) 
is another water-saving irrigation technique in which irrigation amount can be reduced 
without significant reduction in crop yield [16]. In this technique, approximately half 
of the root system is always exposed to drying soil while the remaining half is irrigated 
as in full irrigation. The wetted and dry sides of the root system are alternated with a 
frequency according to soil water balance and crop water requirement [13]. Zhang et 
al. [26] demonstrated that plants with two halves of their roots under alternating dry-
ing and wetting cycles developed normally with reduced stomatal opening and without 
considerable leaf water deficit. Laboratory studies conducted by many researchers 
[18, 26, 27, 28] manifested that stomatal regulation is managed through chemical sig-
nals from plant roots to leaves. These signals depended mainly on the development 
of abscisic acid (ABA) in plant roots in the drying soil. ABA transported through the 
transpiration streams and the augment of ABA concentration in plant xylem causes 
closure of stomata. Thereby, the luxury transpiration was reduced without any effect 
on photosynthesis [11, 22].

Many fi eld experiments have been conducted to study the behavior, yield, and wa-
ter use effi ciency of different plant species under APRI and the effectiveness of APRI 
over other irrigation methods as a water-saving technique. Kang et al. [13] compared 
three furrow irrigation techniques (alternate, fi xed, and conventional furrow irrigation) 
for growing maize in an arid area. They concluded that root development was signifi -
cantly improved by alternate furrow irrigation. Primary root numbers, root density, 
and total root dry weight were higher than in other techniques. Moreover, alternate 
furrow irrigation sustained high grain yield with up to 50% reduction in the amount 
of irrigation.

Kirda et al. [17] assessed the crop yield differences under CDI, APRI, and full ir-
rigation for different crops (e.g., cotton, tomato, and pepper) in a heavy clay soil under 
Mediterranean climate conditions. They demonstrated that there was no signifi cant 
difference in tomato yield between the APRI and full irrigation but the APRI had about 
10% additional tomato yield over CDI. On the other hand, the water use effi ciency 
was approximately the same in all irrigation methods in pepper crop. They also con-
cluded that no reduction in seed yield for cotton was observed with defi cit treatments 
compared with full irrigation. The effect of conventional drip irrigation and alternate 
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partial root-zone subsurface drip irrigation on potato yield and irrigation water use 
effi ciency was investigated by Huang et al. [10]. They concluded that no signifi cant 
difference in potato yield occurred in the two irrigation methods while the alternate 
partial root-zone subsurface drip irrigation increased irrigation water use effi ciency 
by 27.5%. Kaman et al. [12] investigated soil salinization under APRI and compared 
it with conventional drip irrigation for growing tomato in a greenhouse and with con-
ventional furrow irrigation when growing cotton in the fi eld. They revealed that dif-
ferences in salt accumulation were limited to the top 30 cm of soil profi le. In addition, 
the soil salinity at harvest under the APRI was 35% higher than full irrigation but soil 
salinity levels remained below the salt tolerance threshold levels for both crops. Wang 
et al. [25] investigated the relation between soil water content and microbial popula-
tion and distribution responses under three irrigation methods (APRI, conventional 
irrigation, and fi xed partial root-zone irrigation). The experiments were carried out in 
a greenhouse with loam soil. They concluded that APRI maintained the best aeration 
and soil moisture condition and improved the activities of soil microorganisms as 
compared to other irrigation methods.

Numerical modeling is considered inexpensive, fast, and labor saving tool for 
simulating water and solute dynamics under different irrigation techniques. Skaggs 
et al. [21] and Gärdenäs et al. [7] showed that HYDRUS-2D model can be used as an 
effective tool for investigating and designing different irrigation management prac-
tices. Although few numerical simulation studies focused on soil moisture distribution 
under APRI [29, 30], simulation of soil salinity distribution under APRI with brackish 
irrigation water does not appear to have caught researcher’s attention so far. Most of 
the past research related to APRI dealt with the physiology and technical perspective. 
Therefore, there is a need for more studies focusing on the effect of using brackish 
water and APRI design aspects on soil moisture and salinity distribution as well as on 
water balance components.

In the view of the above, this chapter discusses the research results to quantify: 1) 
the effect of inter plant emitter distance on soil moisture and salinity distribution under 
APRDI, 2) the effect of irrigation water salinity levels on soil salinity distribution un-
der APRDI, and 3) the possibility of using brackish irrigation water in APRDI. Over-
all, authors believe that this study provides insights to develop clear guidelines for 
proper design and management of alternate partial root-zone drip irrigation systems.

9.2 METHODS AND MATERIALS

HYDRUS-2D [20] numerical model was used to study the effects of interplant emit-
ter distance and irrigation water salinity levels on the soil moisture and soil salinity 
distribution as well as water balance components for tomato under APRDI of growing 
on loamy sand soil. The software can simulate water, heat, and solute movement in 
two and three-dimensional variably saturated media. In addition, it can describe a wide 
range of boundary conditions and soil heterogeneities. Water flow in isotropic variably 
saturated porous media was described using modified form of Richards’ equation in-
corporating a sink term to account for water uptake by plant roots as follows:

 r z
h h KK K S

t r r z z z
∂θ ∂ ∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞= + − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠∂ ∂ ∂ ∂ ∂ ∂   (1)
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where: θ is volumetric soil water content (L3L–3), h is the soil water pressure head (L), t 
is the time (T), r is the lateral coordinate (L), z is the vertical coordinate positive down-
wards (L), K is the unsaturated hydraulic conductivity (LT–1), and S is the sink term 
accounting for root water uptake (T–1). On the other hand, the solute transport was 
described using the advection-dispersion Eq. (9) considering advection-dispersion in 
the liquid phase, as well as diffusion in the gaseous phase.

9.2.1 SDI SYSTEM AND EXPERIMENTAL AREA
In the present study, the simulated APRDI system was set up to irrigate tomato (a typi-
cal crop in the study area) through two surface drip lines per tomato row spaced 40, 
60, and 80 cm. The distance between emitters was 35 cm and the spacing between to-
mato rows was 140 cm. El-Salam Canal cultivated land is characterized by low annual 
rainfall, approximately 150 mm/year, and high annual potential evapotranspiration. 
Maximum temperatures in the study area during July–August range from 41 to 46 °C 
and minimum temperature during December–January vary from 8 to 19 °C.

9.2.2 MODELING DOMAIN GEOMETRY
The simulated domain for water flow and solute transport was rectangular, 100 cm 
deep and 140 cm wide with a tomato plant located in the middle of flow domain and 
with a trickle emitter placed at soil surface in the location of drip line. The drip line 
was assumed as a line source with equal flow between emitters [21] and the flux radius 
was taken equal to 6 cm as neither ponding nor surface runoff was assumed to occur. 
Unstructured triangular mesh with 3239 2-D elements was used to spatially discretize 
the transport domain. Mesh refinement was done closer to the soil surface where rapid 
change in flux occurs. Figure 1 shows a conceptual diagram of the simulation domain.

FIGURE 1 Conceptual diagram of simulated area.
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9.2.3 BOUNDARY CONDITIONS
No flux was allowed through the vertical sides of the soil domain due to symmetry. A 
free drainage boundary was set at the bottom boundary because the water table is situ-
ated far below the domain of interest (about 1.50 m below the soil surface). Variable 
flux boundary condition was assumed at the top boundary in the location of trickle 
emitter during irrigation time and no flux in fallow time. The remaining part of the top 
boundary was assigned atmospheric boundary condition allowing for crop evapotrans-
piration (ETc). Crop ETc was calculated with the Penman-Monteith equation for a 
reference crop (ETo) values obtained from the weather conditions and crop coefficient 
(Kc) value. ETc was computed from the product of ETo and the crop coefficient (for 
tomato, Kc = 1.05 from FAO, 5). During simulation, potential evapotranspiration was 
partitioned into potential evaporation (Ep = 0.05ETc) and potential transpiration (Tp 
= 0.95ETc).

Bonchela et al. [3] concluded that evaporation from emitter zone in olive orchards 
with 36% ground cover ranged from 4 to 12%. The effect of saline irrigation water was 
simulated by assuming a third-type boundary condition at the emitter location and the 
solute was accompanied with the irrigation water. In this study, the salinity of irriga-
tion water was taken equal to 0, 1.00, and 2.00 dS/m (the salinity of El-Salam Canal 
water ranges from 1.00 to 2.00 dS/m).

9.2.4 INITIAL CONDITIONS
Uniform initial water content of 0.199 m3 m–3 was set throughout the flow domain and 
initial solute concentration was set equal to 2.00 dS/m. Soil salinity measurements 
in El-Salam Canal cultivated land (study area) in previous field experiments were 
conducted by Abou Lila et al. [1] and they found the soil salinity range of 0.70 to 3.50 
dS/m.

TABLE 1 Hydraulic parameters of simulated soil.

Soil Type θr θs α n ks (cm/day) L

Loamy sand 0.074 0.453 0.045 1.72 288.5 0.5

9.2.5. SOIL PROPERTIES
Soil hydraulic properties used for model execution (Table 1) were estimated using 
standard laboratory methods (Pressure plate extractor set) for soil samples collected 
from El-Salam Canal cultivated land. The soil hydraulic properties in HYDRUS-2D 
are based on the van Genuchten-Mualem model [23]:

  (2)
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where: θ (h) is the soil water retention (L3L–3), θs is the saturated water content (L3L–3), 
θr is the residual water content (L3L–3), α is related to the inverse of a characteristic 
pore radius (L–1), l is shape parameter, n is a pore-size distribution index, m = 1–1/n, 
and Se is the effective saturation given by:
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9.2.6 SOLUTE PARAMETERS
Longitudinal dispersivity (εL) was approximated to one-tenth of the profile depth [2, 
4]. The transversal dispersivity εT was set to = 0.1(εL). Adsorption isotherm and mo-
lecular diffusion were ignored during simulation. Salinity transport was simulated 
based on the hypothesis that the solutes were nonreactive and there was neither net 
solubilization nor dissolution.

9.2.7 ROOT WATER UPTAKE PARAMETERS
Root water uptake has a crucial effect on the spatial distribution of water and soil 
water salinity in the flow domain. Feddes et al. [6] presented a threshold water stress 
response function that describes the water uptake from the soil. The following param-
eters by Feddes et al. [6], model were used in simulation: Po = −1, Popt = −2, P2high = 
−800, P2low = −1500, P3 = −8000 cm, r2high = 0.5 cm.d–1, r2low = 0.1 cm d–1. The osmotic 
effects were included using threshold model [19] with threshold = 2.5 dS.m–1 and a 
slope of 9.9%. The Vrugt model [24] was used to illustrate the root distribution for 
tomato. The root distribution for tomato crop was set as reported by Hanson et al. [8]. 
It is worthwhile to observe that the assumed root distribution was used for all simula-
tion scenarios because of the lack of information for root distribution under certain 
scenarios.

FIGURE 2 Root distribution (percentages of the total roots) used for HYDRUS-2D simulation.

9.2.8 SIMULATION SCENARIOS
Series of simulations were performed including two varying factors; salinity of irriga-
tion water and the interemitter plant distance. Simulations were conducted for loamy 
sand during a 40-day period (summer season) considering three IPED (20, 30, and 40 
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cm) and three irrigation water salinity levels (0, 1, and 2 dS/m). The applied irrigation 
water was assumed 25% less than conventional surface drip irrigation system. The 
irrigation period was calculated according to emitter discharge of 1.0 L per hour and 
crop water requirements. Table 2 shows the different scenarios used in this chapter.

TABLE 2 Simulation scenarios for a sandy loam soil.

Scenario num-
ber

Inter-plant emitter 
distance
cm

Salinity of ir-
rigation water
dS/m

Irrigation 
interval (days)

Irrigation 
period
(days)

1 20 0 40 0.115

2 20 1 40 0.115

3 20 2 40 0.115

4 30 0 40 0.115

5 30 1 40 0.115

6 30 2 40 0.115

7 40 0 40 0.115

8 40 1 40 0.115

9 40 2 40 0.115

9.3 RESULTS AND DISCUSSION

9.3.1 WETTING PATTERNS

9.3.1.1 EFFECT OF INTERPLANT EMITTER SPACING ON WATER CONTENT 
DISTRIBUTION
For all simulation scenarios, at the beginning of each irrigation event, the soil mois-
ture content increased in the region close to the emitter, after that, the wetting front 
extended laterally and in depth. Figure 3 shows the evolution of the wetting front at 
three elapsed time periods (after the first two irrigation events and after last irrigation 
event) for simulation scenarios 1, 4, and 7. It was noted that the size of the wetted 
zone around the emitter was approximately the same in all simulation scenarios. Due 
to gravity, the vertical spread of the water was larger than the lateral. Wetted radius at 
soil surface was about 20 cm while wetted depth was about 25 cm directly below the 
emitter. Therefore, for different IPED, approximately half of plant root system was 
always exposed to drying cycle.

For all simulation scenarios, just before the next irrigation event, substantial reduc-
tion in moisture content occurred around the emitter because of the water uptake by 
the plant roots. Similar wetting and drying cycles occurred during the entire simula-
tion period. Figure 3 also manifests that after the end of last irrigation event, the water 
content values in the zone of maximum root density especially beneath the plant trunk 



122 Management, Performance, and Applications of Micro Irrigation Systems

were higher in case of short IPED (20 cm) than long IPED (30 and 40 cm). This is due 
to the limited lateral extension of the wetted area around emitter in case of long IPED.

FIGURE 3 Simulated water content distribution around the emitter [m3.m–3] (left column: 
after first irrigation event, middle column: after second irrigation event, and right column: after 
last irrigation event).

Figure 4 visualizes the progress of the water content for an observation point at 
the soil surface 10 cm laterally from the plant trunk for simulation scenarios 1, 4, and 
7. The water content fl uctuations are more pronounced in case of short IPED. The 
water content reached its highest value (0.30 m3 m–3) due to the large amount of water 
added to the soil at the end of each irrigation event, thereafter, it decreased to its low-
est value (0.14 m3 m–3) due to water extracted by plant roots during the period between 
the two successive irrigation events. On the other hand, for the longest IPED (40 cm), 
the fl uctuations in water content were less distinct changing from 0.12 to 0.09 m3 m–3 
refl ecting the limited root water uptake. This is attributed to the limited extension of 
wetted area that causes limited available amount of water in the zone of maximum 
root density. Therefore, it is preferable to regulate the IPED according to soil hydraulic 
properties.
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FIGURE 4 Temporal variation in water content at an observation point and 10 cm laterally 
from the trunk of a plant.

9.3.2 ROOT WATER UPTAKE

9.3.2.1 EFFECTS OF INTERPLANT EMITTER DISTANCE ON ROOT WATER 
UPTAKE
Figure 5a shows the temporal variation in water extracted by plant roots during the 
simulation period for simulation scenarios 1, 4, and 7. The Fig. 5a shows that root 
water uptake rate was higher in case of short IPED compared to the case of long IPED. 
This is due to the large soil moisture content near the zone of maximum root density 
for short IPED compared to other cases. And for simulation scenario 7, although the 
wetting bulb was away from the zone of maximum root density the rate of water ex-
tracted by plant root was high at the beginning of simulation period (first 5 days). This 
is attributed to the high value of antecedent water content (0.199 m3.m–3) that provided 
more available water at the beginning of simulation period. Thus the antecedent water 
content value and root distribution play a major role in controlling root water uptake 
rates. Short IPED is preferable especially for root system with limited lateral exten-
sion.

9.3.2.2 EFFECTS OF IRRIGATION WATER SALINITY ON ROOT WATER 
UPTAKE
The root water uptake rate depends mainly on the soil moisture content in the root 
zone and the plant salt tolerance. Figure 5b shows the temporal variation in water 
uptake by plant roots during the simulation period for simulation scenarios 1, 2, 
and 3. The figure shows that the salinity of irrigation water has an obvious effect on 
root water uptake rate. As the salinity of irrigation water increased root water uptake 
rates decreased. For irrigation water salinity of 1 dS/m and 20 cm IPED, the rate of 
root water uptake decreased from 0.71 to 0.51 cm/day by the end of the simula-
tion period. However, for irrigation water salinity of 2 dS/m, the rate of root water 
uptake decreased from 0.71 to 0.44 cm/day compared with 0.57 cm/day for the 
case of nonsaline irrigation water. On the other hand, for irrigation water salin-
ity of 2 dS/m, the root water uptake rate reached 0.40 and 0.37 cm/day by the end of 
the simulation period for 30 and 40 cm IPED, respectively, (results not shown). The 
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lower values of root water uptake rate were attributed to the high salinity values 
in root zone that in some parts exceeded the crop salinity tolerance threshold levels. 
Therefore, short IPED is more suitable in APRDI when using brackish irrigation water 
taking into account the crop salinity tolerance.

FIGURE 5 Temporal variation in root water uptake: a) scenarios 1, 4, and 7; and b) scenarios 
1, 2, and 3.

9.3.3. SOIL WATER SALINITY
Excess salinity in the root zone generally has a harmful effect on plant growth since 
it causes reduction in transpiration and growth rates. At the end of the first irrigation 
event in all scenarios, substantial salt leaching occurred near the emitter. Soil salinity 
decreased to levels lower than initial values near the emitter and increased with dis-
tance from the emitter in both lateral and vertical direction. Figure 6 shows the salinity 
distribution at the end of the simulation period at the soil surface for all simulation 
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scenarios. It was noted that for all simulation scenarios, the soil salinity reached its 
highest values in the middle of the flow domain (at the location of plant) followed by 
the edges of the flow domains except in the case of 20 cm IPED with nonsaline irriga-
tion water. Therefore, APRDI with short IPED is recommended when using nonsaline 
irrigation water. This will reduce the harmful effect of initially saline soil on seed 
germination. Figure 6 shows also that the effect of using brackish irrigation water was 
less pronounced in case of 20 cm as compared to 30 and 40 cm IPED, respectively. 
Nevertheless, soil salinity levels at the middle of the flow domain in case of 20 cm 
IPED with irrigation water salinity = 2 dS/m was approximately the same as in case of 
30 cm IPED with nonsaline irrigation water. Therefore, the IPED has a great impact on 
salinity values at soil surface especially at the location of plant trunk. Using brackish 
irrigation water in case of long IPED increased significantly the soil salinity at the soil 
surface especially at the location of plant trunk that may affect the seed germination. 
Periodic leaching is necessary to remove the salt accumulated near the soil surface 
when using brackish irrigation water especially for long IPED.

FIGURE 6 Soil salinity distribution along soil surface.

FIGURE 7 Soil salinity distribution along vertical section across the plane of symmetry of 
flow domain.
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Figure 7 shows the salinity distribution by the end of the simulation period along 
a vertical section across the plane of symmetry of fl ow domain for all simulation sce-
narios. It was noted that for 20 cm IPED, soil salinity reached its highest levels in the 
region located between the 40 and 65 cm depths. This is attributed to the relatively 
high initial soil salinity (2 dS/m) and the limited vertical extension of the wetting bulb. 
On the other hand, for 30 and 40 cm IPED, soil salinity reached its highest values at 
the top soil layer. Although long IPED shows higher salinity levels at the soil surface, 
soil salinity was approximately the same in the region between the 40 and 65 cm 
depths for both short and long IPED. Using long IPED with brackish irrigation water 
in APRDI is not suitable for plants with shallow root system. However, short IPED 
is more suitable for plants with shallow root system even when using brackish irriga-
tion water as compared to plants with deep root system taking into consideration crop 
salinity tolerance.

9.3.4 WATER BALANCE
Water balance for all simulation scenarios is shown in Table 3. Water balance was 
expressed in percent of total applied water during the simulation period. Soil evapora-
tion was approximately the same in all simulation scenarios. In addition, plant roots 
extracted more than 85% of the applied irrigation water. Consequently, most of the 
applied irrigation water was effectively used through the root system. Maximum root 
water uptake occurred in simulation scenario 1.

TABLE 3 Water balance components in different simulation scenarios in percent of total 
applied water.

Scenario num-
ber

Root water 
uptake

Drainage Soil evapora-
tion

Root zone stor-
age

1 113.12 7.44 6.08 - 26.64

2 106.46 7.56 6.09 - 20.11

3 96.65 8.17 6.09 - 10.90

4 106.03 8.65 6.03 - 20.71

5 99.32 8.90 6.09 - 14.30

6 90.87 9.64 6.07 - 6.58

7 97.20 11.94 5.54 - 14.68

8 91.93 12.26 5.88 - 10.07

9 85.04 13.09 5.96 - 4.10

IPED played a major role in controlling root water uptake. Although the applied 
water was less than crop ETpot, deep percolation below the root zone occurred. Maxi-
mum drainage took place in simulation scenario 9. This is due to the higher salin-
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ity values in the zone of maximum root density that reduced the amount of water 
extracted by plant roots. In contrast, minimum drainage occurred during the 20 cm 
IPED scenarios. Using brackish irrigation water had insignifi cant effect on drainage in 
case of short IPED. Therefore, short IPED with or without brackish irrigation water is 
preferable to reduce groundwater contamination risk. It is worth noting that the root 
zone storage values were negative in all simulation scenarios and the root water uptake 
in some simulation scenarios exceeded the amount of applied irrigation water. This 
is attributed to the defi cit in applied irrigation water and thus the crop is under stress 
throughout the simulation period. Thereby, the defi cit in applied irrigation water was 
compensated by soil water contribution. Thus, antecedent water content value has a 
signifi cant effect on the water balance components.

9.4 CONCLUSIONS

Understanding of soil moisture dynamics and salinity distribution is essential when 
selecting appropriate irrigation method that help saving water without crop yield re-
duction. In this study, HYDRUS-2D was used to simulate water and salinity move-
ment under APRDI for growing tomato with two varying factors namely, IPED and 
irrigation water salinity. Simulations were conducted for loamy sand during a 40-day 
period considering three IPED (20, 30, and 40 cm) and three irrigation water salinity 
levels (0, 1, and 2 dS/m). The applied irrigation water was assumed 25% less than 
conventional surface drip irrigation system.

Simulation results revealed that due to the limited extension of wetting bulb, wa-
ter content in the zone of maximum root density by the end of simulation period was 
higher in case of short IPED (20 cm) than in long IPED (30 and 40 cm). Thereby, 
root water uptake rate was higher in case of short IPED. Therefore, it is preferable to 
regulate the IPED according to soil hydraulic properties and plant root system. IPED 
shows a great impact on surface soil salinity at plant location when using APRI with 
nonsaline irrigation water in initially saline soil. Only 20 cm IPED did not show any 
response to the relatively high initial soil salinity value (2 dS/m). Surface soil salinity 
was lower than the initial values. Therefore, APRDI with short IPED is recommended 
when using nonsaline irrigation water in initially saline soil to reduce the salinity ef-
fects on seed germination. The effect of irrigation water salinity on root water uptake 
increased as the IPED increased. As irrigation water salinity increased the root water 
uptake decreased. Simulation results also showed that the effect of using brackish ir-
rigation water on soil salinity values was less distinct in case of 20 cm compared to 30 
and 40 cm IPED, respectively. Nevertheless, soil salinity levels at the middle of the 
fl ow domain in case of 20 cm IPED with irrigation water salinity = 2 dS/m was ap-
proximately the same as in case of 30 cm IPED with non saline irrigation water. Thus, 
IPED has a great impact on salinity values at soil surface and plays a major role in 
controlling root water uptake.

Soil salinity reached its highest values at the top soil layer followed by the soil 
layer between the 40 and 65 cm depths in case of long IPED (30 and 40 cm). However, 
highest soil salinity values were between depths 40 and 65 cm in case of 20 cm IPED. 
Therefore, using long IPED with brackish irrigation water in APRDI is not suitable 
especially for plants with shallow root systems. However, short IPED can be used for 
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plants with shallow root system even using brackish irrigation water if the crop salin-
ity tolerance is considered.

Water balance calculations revealed that minimum drainage occurred during the 
20 cm IPED scenarios. Using short IPED with or without brackish irrigation water 
in APRI thus can reduce groundwater contamination risk. It was noted also that the 
defi cit in applied irrigation water was compensated by soil water contribution. The an-
tecedent water content value plays a major role in controlling root water uptake rates.

9.5 SUMMARY
Modern irrigation techniques are becoming increasingly important in water-scarce 
countries. In this study, a two-dimensional water and solute transport model, HY-
DRUS-2D, was used to assess the impact of interplant emitter distance (IPED) and 
irrigation water salinity on soil moisture and salinity distribution as well as on water 
balance components under alternate partial root-zone surface drip irrigation (APRDI) 
of tomato growing in loamy sand soil. Three IPED (20, 30, and 40 cm) and three ir-
rigation water salinity levels (0, 1, and 2 dS/m) were used to execute different simu-
lation scenarios. Simulation results indicated that the fluctuations in water content 
within the root zone were more pronounced in case of 20 cm IPED. The root water 
uptake increased as the IPED decreased. Using brackish irrigation water in APRDI 
caused significant augmentation in soil salinity in the top soil layer especially at the 
location of plant. The impact of irrigation water salinity on root water uptake increased 
as the IPED increased. As irrigation water salinity increased the root water uptake de-
creased. At plant location, soil salinity reached its highest values at the top soil layer in 
case of 30 and 40 cm IPED with brackish irrigation water. However, high soil salinity 
values were observed between the 40 and 65 cm depths in case of 20 cm IPED. Based 
on the results, it appears that APRDI with nonsaline irrigation water is more effective 
with short IPED considering that approximately half of the root system was exposed 
to drying cycle. In addition, short IPED is recommended in APRDI when using brack-
ish irrigation water especially for plants with shallow root system taking into account 
crop salinity tolerance.
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10.1 INTRODUCTION

Water is an important or perhaps the most important natural resource for survival of 
life on the earth. Geographical area of India is 3.29 million km2, which is only 2.4% 
of total geographical area of the world and has only 4% share of the world fresh water 
to support over 16% of the world population. India receives annual average rainfall 
of about 119 cm, which is highly variable temporally and spatially. Maximum rainfall 
received during three to four monsoon months is spatially highly variable. The areas 
receiving heavy rainfall during monsoon months invariably face water scarcity during 
the nonrainy season every year. Therefore, it is absolutely essential that every drop of 
water is conserved and efficiently used for long-term sustainability of scarce water 
resource for survival of mankind.

Agriculture sector is the major consumer of water but its share is declining due to 
its increasing demand for industrial and urban sectors due to ever growing population. 
Consequently the share of water for agriculture is expected to reduce from the present 
85 to 69% by 2025 [8]. Irrigation, one of the most important agricultural operations 
performed in crop production consumes around 70% of the total available and usable 
water resources. There is a considerable scope to increase the water use effi ciency and 
agricultural productivity. Therefore, it is of paramount importance to maximize irriga-
tion effi ciency in order to use the available water resource for long-term sustainability.

Micro-irrigation is an effi cient and advanced irrigation method to enhance wa-
ter use effi ciency (WUE). The highest water application effi ciency (WAE) of about 
90% may be achieved in drip irrigation methods resulting in 50–100% water saving 
as compared to surface irrigation. Drip irrigation, which allows frequent application 
of shallow irrigation depths, helps reduce soil moisture stress and achieve optimum 
moisture regime leading to higher water use effi ciencies and better quality of produce. 
In depth understanding of water application rate and soil properties, that affect the soil 
wetting zone developed around the crop root zone, is important for proper designing 
and management of drip irrigation system [3]. Water application rate is an input factor 
in determining the soil water content around the dripper and the water uptake pattern 
by plant [5, 7].

Moisture distribution pattern under a drip source is one of the basic requirements 
for effi cient design of drip irrigation. The extent of soil wetted volume in drip irriga-
tion system determines the optimal amount of water needed to wet the effective root 
zone. The amount of soil water stored in the root zone can be estimated by the volume 
of wetted soil. Design parameters, such as percent of root zone to be wetted, spacing 
and location of drippers, application rates, frequency and amount of irrigation, etc. 
are governed by the moisture distribution patterns in the soil profi le in drip irrigation 
which need to be thoroughly investigated. The wetting of soil volume is mainly a 
function of the soil texture, structure, water application rate as well as the quantity of 
water applied. The depth of the wetted volume should coincide with the depth of the 
root system while its width is related to the spacing between drippers and drip laterals 
[10]. Water movement in soil under drip irrigation is infl uenced by the type of soil and 
rate of water application [9]. The soil hydraulic properties, number of drippers, drip-
per discharge and irrigation frequency greatly affect the shape of the wetted volume 
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of soil. The exact wetted volume of the soil needs to be determined for providing the 
adequate amount of water required by the crop [2, 6].

Therefore, one of the basic needs for an accurate design of drip irrigation system is 
precise information about the water movement and distribution patterns in soil. Keep-
ing this in view, the present investigation was carried out to study the movement of 
soil moisture under different drip discharges at different system operating pressures.

10.2 MATERIAL AND METHODS

The experiment was conducted at the research farm of Water Technology Centre, In-
dian Agricultural Research Institute (IARI), New Delhi, India (Latitude 28°37′30″–
28°30′0″ N, Longitude 77°88′45″–77°81′24″ E and amsl 228.61 m) during 2010–
2011. The soil samples were collected at 0.0–15.0, 15.0–30.0, 30.0–45.0, 45.0–60.0 
cm soil depths below the soil surface. The soil at the experimental area was deep loam 
soil comprising of 36.9% sand, 41.00% silt and 22.10% clay. The average bulk den-
sity, average field capacity and average saturated hydraulic conductivity of soil were 
1.60 g cm–3, 0.21 and 1.19 cm h–1, respectively. The average bulk density and saturated 
hydraulic conductivity were 1.53 g cm–3 and 1.67 cm h–1, respectively. The physical 
and chemical properties of the soil samples were also determined and are presented 
in Table 1.

TABLE 1 Soil characteristics at the experimental site.

Soil depth Soil comparison
Soil Texture

FC, PWP BD Ks

Sand Silt Clay
cm % % % — % % g cm–3 cm h–1

0–15 38.72 40 21.28 Loam 19.8 6.78 1.57 1.65
15–30 36.72 42 21.28 Loam 20.3 7.53 1.65 1.74
30–45 34.72 42 23.28 Loam 22.5 7.60 1.63 1.58
45–60 37.44 40 22.56 Loam 22.8 8.10 1.58 1.74

A fi eld plot of 21 m × 50 m was selected for the experiment. The drip irrigation 
system was installed with the main station, which includes one hydro cyclone fi lter 
(fl ow rate 27 m3.h–1, 75 mm size), one sand media fi lter (fl ow rate 25 m3.h–1, 50 mm 
size, silica sand 0.7 mm) with back flush mechanism. Main lines (PVC pipes of 60 mm 
diameter) were connected to submains (PVC pipes of 40 mm diameter) for each seven 
rows plot through a valve tree, ball valve connector and pressure release valve. Flush 
manifolds were connected at the lower end of each block.

Experiment was designed to determine the soil moisture movement with different 
dripper discharges under different system operating pressures. The thin-walled drip 
line (Azud line, 16 mm diameter with 30 cm dripper spacing and dripper discharge of 
1.4 l h–1) with 16 mm nominal diameter was used for the experiment. The system was 
operated at three operating pressures (0.5 kg cm–2, 1.0 kg cm–2 and 1.5 kg cm–2). The 
fi eld was divided into three equal subunits. The discharge rates of the dripper at differ-
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ent system operating pressure were determined by collecting the volume of water in 
the catch cans for a particular duration.

Wetting patterns in the soil were observed at different system operating pressures 
(0.5 kg cm–2, 1.0 kg cm–2 and 1.5 kg cm–2). The drip irrigation system was operated 
continuously for one hour duration to supply water at 0.5, 1.0 and 1.5 kg.cm–2 op-
erating pressures without crop. Soil moisture content was estimated by gravimetric 
method by collecting the soil samples in both horizontal (0, 15, 30 cm) and vertical 
(0–15, 15–30, 30–45 and 45–60 cm) direction across the dripper (Fig. 1) after 1.0 h, 1 
day, 3 day and 7 days after the operation of the system.

FIGURE 1 Locations of soil samples below the lateral line.

The soil samples were collected with the pipe auger to observe water movement in 
the soil. The wetting front was recognized by the color difference of the wetted and 
surrounding soils (Fig. 2). The horizontal and vertical wetting distances on the wetted 
face were recorded by ordinary meter scale.

FIGURE 2 Soil wetting front under drip irrigation.
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10.3 RESULTS AND DISCUSSION

10.3.1 SPATIO-TEMPORAL DISTRIBUTION OF SOIL MOISTURE
Wetting patterns are characterized by the radial distance of the wetting front and the 
depth from the emitting source. Spatial distribution of soil moisture was measured by 
collecting the soil samples at different depths (15 cm interval, up to 60 cm) below the 
dripper and away from the dripper at an interval of 15 cm, up to 30 cm under different 
system operating pressures. The soil samples were also collected after 1 h, 1, 3 and 7 
days of irrigation for temporal soil moisture distribution. The soil samples from differ-
ent depths were also collected initially for determining the initial soil moisture content.

10.3.2 SPATIAL DISTRIBUTION OF SOIL MOISTURE
The spatial distribution of soil moisture after 1 hr. duration under different system 
operating pressures were measured and are presented in Fig. 3. The spatial distribution 
of soil moisture was significantly (P<0.05) different at different locations in horizontal 
and vertical directions from the dripper 1 hr. after the irrigation. However, it was not 
significantly (P<0.05) different at different locations 3 and 7 days after irrigation. The 
highest value of soil moisture content was observed below the dripper (a saturated 
condition), which decreased as the distance increased from the dripper. Maximum 
(25.4%) value of moisture content was observed near the dripper with 1.71 l h–1 drip-
per discharge at operating pressure of 1.5 kg cm–2 while minimum value (20.9%) of 
soil moisture content was observed below the dripper with 0.94 l h–1 dripper discharge 
at system operating pressure of 0.5 kg cm–2.

FIGURE 3 Soil moisture distribution 1 h after irrigation at 0.5, 1.0 and 1.5 kg.cm–2 system 
operating pressure.

10.3.3 TEMPORAL DISTRIBUTION OF SOIL MOISTURE
The temporal distribution of soil moisture below 15 and 30 cm away from the drip-
per after 1, 3 and 7 days at different locations away from the dripper under different 
system operating pressures are presented in Fig. 4.
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It is clear from Fig. 4 that highest value of moisture content was observed below 
the drippers after 1 h at all operating pressures. Soil moisture moved in the soil 1 day 
after irrigation and higher values of soil moisture contents were observed at 15–30 cm 
soil depth. The higher values of soil moisture were present at upper soil layer (15–30 
cm soil depth) at higher dripper discharges even after 3 days after irrigation. However, 
almost similar values of soil moisture were recorded in all the soil layers 7 days after 
irrigation.

FIGURE 4 Temporal distribution of soil moisture distribution 1, 3 and 7 days after drip 
irrigation at different locations away from the dripper with different dripper discharges at 0.5, 
1.0 and 1.5 kg.cm–2 system operating pressures.

Figure 4 shows that wetting front extended up to 15 cm horizontally and 30 cm 
vertically with 0.94 l h–1 dripper discharge at 0.5 kg cm–2 system operating pressure 
whereas, it extended up to about 20 cm horizontally and about 30 cm vertically at with 
1.41 l h–1 dripper discharge at 1.0 kg cm–2 operating pressure after 1 day of irrigation. 
However, it reached to about 24 cm vertically and 26 cm horizontally with 1.71 l h–1 
dripper discharge at 1.5 kg cm–2 operating pressure after 1 day of irrigation. Similar 
trends of wetted fronts were refl ected from the observations taken after 3 days of ir-
rigation.

At higher discharge rates, horizontal distances of water front were relatively larger 
as compared to vertical distances which may be attributed to less resistance to water 
fl ow in horizontal direction as compared to the vertical and negligible gravity forces 
for horizontal fl ow of water. Similar results have been reported in the past [1, 4]. Koon 
et al. [1] and Badr and Taalab [4] investigated  the effect of drip discharge rate on the 
soil water distribution in soil and reported that increasing in the discharge rate of drip-
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per resulted in an increased lateral movement of water and a decrease in wetted soil 
depth.

10.4 CONCLUSIONS

Soil moisture distribution in soil is one of the most important parameters for efficient 
design of drip irrigation system. Extent of wetting front in soil mainly depends on 
soil texture, structure, initial soil moisture, and dripper discharge. The effect of drip-
per discharge at different system operating pressures on spatio-temporal soil moisture 
movement was investigated and following conclusions were drawn based on the pres-
ent study:

• Highest values of soil moisture contents were observed below the drippers, 
which decreased as the distance increased in both horizontal and vertical direc-
tions from the dripper.

• The value of moisture contents varied significantly (P<0.05) under different 
operating pressures (0.5, 1.0 and 1.5 kg cm–2) and at different locations below 
and away from the dripper.

• Higher values of moisture content were present just below the dripper. How-
ever, it decreased as distance increase in both directions (horizontal and vertical) 
from the dripper.

• 9.4% and 14.3% higher soil moisture just below the dripper were observed with 
dripper discharges of 1.41 and 1.71 l h–1 at 1.0 and 1.5 kg cm–2 system operat-
ing pressures as compared to 0.94 l h–1 dripper discharge at 0.5 kg cm–2 system 
operating pressure.

• Wetting front extended up to 15 cm horizontally and 30 cm vertically with 0.94 
l h–1 dripper discharge at 0.5 kg cm–2 system operating pressure whereas, it ex-
tended up to about 20 cm horizontally and about 30 cm vertically at with 1.41 
l h–1 dripper discharge 1.0 kg cm–2 system operating pressure after 1 day of ir-
rigation. However, it reached to about 24 cm vertically and 26 cm horizontally 
with 1.71 l h–1 dripper discharge at 1.5 kg cm–2 system operating pressure after 
1 day of irrigation.

10.5 SUMMARY

Drip irrigation is an advanced and efficient method irrigation to use water efficient-
ly. Water distribution in soil is one of the most important parameters to design effi-
cient drip irrigation system. Soil texture, structure, initial soil moisture, and dripper 
discharge are the important factors on which extent of wetting front in soil mainly 
depends. An actual field research was conducted to investigate the effect of dripper 
discharge at different system operating pressures on spatio-temporal soil moisture 
movement. The value of moisture contents varied significantly (P<0.05) under differ-
ent operating pressures (0.5, 1.0 and 1.5 kg cm–2) and at different locations below and 
away from the dripper. Highest values of soil moisture contents were observed below 
the drippers, which decreased as the distance increased in both horizontal and vertical 
directions from the dripper. The values of moisture content in soil decreased as dis-
tance increase in both directions (horizontal and vertical) from the dripper. 9.4% and 
14.3% higher values of soil moisture just below the dripper were observed with drip-
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per discharges of 1.41 and 1.71 l h–1 at 1.0 and 1.5 kg cm–2 system operating pressures 
as compared to 0.94 l h–1 dripper discharge at 0.5 kg cm–2 system operating pressure. 
Wetting front extended up to 15, 20, and 26 cm horizontally and 30, 30, and 24 cm and 
extended vertically up to 0.94, 1.41, and 1.71 l h–1 dripper discharge at 0.5, 1.0, and 
1.5 kg cm–2 system operating pressure, respectively, after 1 day of irrigation.
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11.1 INTRODUCTION

There is antidotal evidence that many farmers in Puerto Rico and the developing coun-
tries do not employ scientific methods for scheduling irrigation for their crops. In-
stead, the pump is turned on for an arbitrary amount of time without knowing whether 
the amount of water applied is too much or too little. Over application of water can 
lead to the waste of water, energy, chemicals and money, and also may lead to the 
contamination of ground and surface waters. Under application of irrigation can lead 
to reduced crop yields and a loss of revenue to the grower.

There are various approaches for scheduling irrigation. One approach is to supple-
ment rainfall with enough irrigation so that the cumulative rainfall and irrigation, over 
a specifi c period of time (e.g., one day, one week, one season), matches the estimated 
potential evapotranspiration, which is equivalent to the crop water requirement. Poten-
tial evapotranspiration (ETc) can be estimated by the product of a crop coeffi cient (Kc) 
and the reference evapotranspiration (ETo). Traditionally, potential evapotranspiration 
is derived from pan evaporation data or meteorological data from weather stations. 
Another approach involves monitoring the soil moisture and applying irrigation suffi -
cient to maintain the soil moisture content within a predetermined range. In this paper 
we present an approach based on applying irrigation to the crop to meet the crop water 
requirements (i.e., potential evapotranspiration), but instead of using pan evapora-
tion or meteorological data, we use a remote sensing technique. The advantage of the 
method is that reference evapotranspiration can be estimated at a 1 km resolution for 
the entire island each day. If the relatively simple approach presented in this chapter is 
used it can potentially lead to increased effi ciency of water and energy use, and help to 
reduce crop water stress and losses in crop yields.

In this chapter, a set of steps are provided fi rst to estimate the irrigation require-
ment for locations within Puerto Rico. A detailed example problem is then given to 
use of the method.

11.2 METHODS FOR IRRIGATION SCHEDULING

Potential crop evapotranspiration is estimated using Eq. (1):
 ETc = Kc ETo (1)

where: ETc and ETo were previous defined and Kc is the crop coefficient. Reference 
evapotranspiration is obtained from the operational water and energy balance algo-
rithm for Puerto Rico (GOES-PRWEB). Each day the operational algorithm produces 
a suite of 24 hydro-climate variables, which are available to the public on the internet. 
Estimates of reference evapotranspiration are available for three widely used methods, 
namely: Penman-Monteith [5], Priestly Taylor [10] and Hargreaves-Samani [5]. Of 
the three methods, the Penman-Monteith method is generally regarded as superior 
because it takes into account the major variables which control evapotranspiration [1], 
and the method has been rigorously validated under diverse conditions throughout the 
world [9]. The Penman- Monteith method is given by the Eq. (2):
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where: ETo = ET (mm day–1); ∆ = Slope of the vapor pressure curve (kPa°C–1); Rn = Net 
radiation at the crop surface (MJ m–2day–1); G = Soil heat flux density (MJ m–2 day–1); ρa 
= Mean air density at constant pressure (kg m–3); Cp = Specific heat at constant pressure 
(MJ kg–1°C–1); es–ea = Vapor pressure deficit (kPa); es = Saturation vapor pressure (kPa); 
ea = Actual vapor pressure (kPa); ra = Aerodynamic resistance (s m–1); rs = The bulk sur-
face resistance (s m–1); λ = Latent heat of vaporization (MJ kg–1); γ = The psychrometric 
constant (kPa°C–1).

Equation (1) applies specifi cally to a hypothetical reference crop with an assumed 
crop height of 0.12 m, a fi xed surface resistance of 70 sec.m1 and an albedo of 0.23. 
The crop coeffi cient, which changes throughout the crop season are shown in Fig. 1. 
During the initial crop growth stage, the value of the crop coeffi cient is Kc ini. During 
the mid season the crop coeffi cient is Kc mid, and at the end of the late season the crop 
coeffi cient is Kc end. The values of Kc ini, Kc mid and Kc end can be obtained from published 
tables [1].

FIGURE 1 Crop Coefficient Curve [1].

11.2.1 STEPS TO ESTIMATE IRRIGATION REQUIREMENT
  Step 1. Create an evapotranspiration crop coefficient curve for the crop. The 

following link to the Food and Agriculture Organization (FAO) Document No. 
56 [1] provides tables of crop stage growth (Table 11) and Kc values (Table 12) 
for a large number of crops: http://www.fao.org/docrep/X0490E/x0490e00.
htm. The Kc curve should look like Fig. 1 when step 1 is finished. Note that 
crop coefficient curves can also be created by using computer programs such 
as PRET [8] or CropWat [3].
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  Step 2. Go to the following website address to obtain the appropriate ETo 
map(s) for the specific location: http://academic.uprm.edu/hdc/GOES-
PRWEB_RESULTS/reference_ET/. Note that if you are irrigating every day, 
then you need only to obtain the ETo for yesterday’s date. If, however, one is 
irrigating once per week, for example, then one will need to obtain the ETo 
values from the maps for the previous week. In this latter example, one will 
need to sum up the daily values of ETo to obtain a value of the weekly ETo.

  Step 3. From the Kc curve obtained in Step 1, determine a representative value 
of Kc for the current growth stage of the crop.

  Step 4. Estimate the crop water requirement (crop evapotranspiration) using 
Eq. (1): ETc = Kc × ETo.

  Step 5. Estimate the required amount of irrigation in depth units: Irrigation = 
[ETc – Rainfall]. If the estimated Irrigation is negative, then one does not need 
to irrigate.

It is recommended that rainfall be measured on the farm with a rain gauge, how-
ever, if measured rainfall is not available, the approximate value of the rainfall (de-
rived from NEXRAD radar) can be obtained at the following website: http://academic.
uprm.edu/hdc/GOES-PRWEB_RESULTS/rainfall/. It will also be necessary to mea-
sure the irrigation volume. A digital or mechanical fl ow meter, which measures the 
cumulative volume in gallons, is recommended.

The irrigation scheduling approach described above is based on various simplify-
ing assumptions (e.g., surface runoff and deep percolation are ignored). The FAO [1] 
has suggested corrections to Kc ini for time interval between wetting events, evapora-
tive power of the atmosphere and magnitude of the wetting events, and corrections 
to Kc mid and Kc end for air humidity, crop height and wind speed; however, these 
corrections have been ignored in order to preserve simplicity in the approach pre-
sented above. Despite the simplifying assumptions, the approach should signifi cantly 
improve water management on a farm if currently there is no irrigation scheduling 
method being used.

11.3 DETAILED EXAMPLE PROBLEM

A detailed example problem is presented here to illustrate the use of the proposed 
methodology. In this problem, we will determine the irrigation requirement for the 
5 day period [February 15–19, 2012] for a tomato crop being grown in Juana Diaz, 
Puerto Rico, USA. Table 1 summarizes the information used in the example problem. 
Table 2 provides the important web addresses necessary for obtaining data for use in 
the example problem.

 Step 1: With the information in Table 1, it is now possible to construct the crop 
coefficient curve by consulting the FAO Document No. 56, Table 11. (Lengths 
of crop development stages for various planting periods and climatic regions) 
and Table 12 (Single time-averaged crop coefficients…). FAO Document No. 
56 is available online at the web address given in Table 2. Table 3 summarizes 
the crop stage and crop coefficient information. The crop coefficient curve 
constructed from the data in Table 2 is shown in Fig. 2. The approximate 
average crop coefficient for February 15–19 (day of season 46–50) is approxi-
mately 0.85.
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TABLE 1 Information for the example problem in this chapter.

Location Juana Diaz–Puerto Rico

Site Latitude 18.02 degrees N

Site Longitude 66.52 degrees W

Site Elevation above sea level 21 m

Crop Tomato

Planting Date 1–Jan–12

Rainfall Information A rain gauge is not available on or near the farm

Type of irrigation Drip

Approximate wetted area of the field 50%

Irrigation system efficiency 85%

Field size 10 acres

Pump capacity 300 gpm

TABLE 2 Web addresses used to obtain information for solving the example problem in this 
chapter.

Length of Growth Stages (Table 11) and 
Crop Coefficients (Table 12)

http://www.fao.org/docrep/X0490E/x0490e00.
htm

Daily Reference ET Results for Puerto 
Rico*

http://academic.uprm.edu/hdc/GOES-PRWEB_
RESULTS/reference_ET/

Daily NEXRAD Rainfall For Puerto 
Rico

http://academic.uprm.edu/hdc/GOES-PRWEB_
RESULTS/rainfall/

*The web subdirectory contains Penman-Monteith, Hargreaves-Samani and Priestly Taylor 
ETo data.

Table 3 Crop growth stage lengths and crop coefficient data for the example problem in this 
chapter (See Fig. 2).

Initial crop growth stage 30 days

Crop development growth stage 40 days

Mid-season growth stage 40 days

Late-season growth stage 25 days

Total length of season 135 days

Kc ini 0.6

Kc mid 1.15

Kc end 0.8
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FIGURE 2 Crop coefficient curve with an example problem in this chapter. The heavy dashed 
line applies to the example problem with day of season 46–50 (horizontal axis) corresponding 
to an approximate crop coefficient of 0.85 (vertical axis).

FIGURE 3 Estimated reference evapotranspiration (ETo) for Feb. 15, 2012. The approximate 
ETo at the site location is 2.95 mm.

FIGURE 4 Estimated NEXRAD rainfall for Feb. 15, 2012.
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FIGURE 5 Example of the cumulative irrigation and ETc plotted with time for a crop season.

Note:  This graph is not related to the example problem in this chapter.

  Step 2: Determine the reference evapotranspiration for the five day period. 
Figure 3 shows the estimated reference evapotranspiration for Puerto Rico on 
February 15, 2012 obtained from the web address provided in Table 2. Note 
that the preferred reference evapotranspiration method is used (i.e., Penman-
Monteith method). The estimated ETo for the site location on Feb. 15, 2012 is 
2.95 mm. Using a similar procedure, the ETo for Feb. 16, 17, 18 and 19 is 2.8 
mm, 3.1 mm, 3.5 mm and 3.7 mm, respectively. Summing up the ETo values 
comes to a total crop water requirement (for the five days) of 16.1 mm.

  Step 3: A rain gauge is not available on or near the farm for the example prob-
lem; therefore it is necessary to obtain rainfall information from the NEXRAD 
radar. Figure 4 shows the NEXRAD rainfall for Puerto Rico for February 15, 
2012. At the site location no rainfall was estimated from the NEXRAD radar. 
Checking the other maps for the other days reveals that no significant rainfall 
occurred at the site. Therefore, all of the crop water requirement will have to 
be satisfied with irrigation.

  Step 4: The crop water requirement for the time period can now be estimated 
as follows:

  ETc = Kc ETo = (0.85)(16.1 mm) = 13. 7 mm (slightly greater than one-half of 
an inch).

  Step 5: Determine the number of hours that the pump should be run to apply 
the 13.7 mm of water. A form of the well-known irrigation Eq. (3) [2] can be 
used which is shown below:
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 T = 17.817 × (D × A)/(Q × eff) (3)

where: T is time in hours, D is depth of irrigation water in mm, A is effective field area 
in acres, Q is flow rate in gallons per minute and eff is irrigation system efficiency. 
Using D = 13.7 mm, A = 10 acres, Q = 300 gallons per minute and eff = 0.85, yields:

 T = 17.817 × (13.7 × 10)/(300 × 0.85) = 9.6 h

11.4 IRRIGATION MANAGEMENT

To evaluate the irrigation management with the approach described in this chapter, 
construction of a graph similar to the one shown in Fig. 5 is recommended. The graph 
shows the cumulative depth of irrigation and ETc plotted with time. The goal of ir-
rigation scheduling is to try to match the applied irrigation with the ETc. By the end 
of the season, the cumulative irrigation (plus rainfall) should more or less equal the 
cumulative ETc. If these two curves stay close together, this is an indication that good 
irrigation management is being achieved. Note that the graph shown in Fig. 5 is not 
related to the example problem given above.

11.5 SUMMARY

Irrigation scheduling is critically important to avoid the loss of water, fuel and chemi-
cals by over application of water, or a reduction in crop yield if too little water is 
applied. In this chapter a web-based irrigation scheduling approach is described. The 
approach is based on applying irrigation water at the rate of the estimated potential 
evapotranspiration, which is equivalent to the crop water requirement. Reference 
evapotranspiration is obtained from an operational water and energy balance algo-
rithm (GOES-PREWEB), which produces a suite of hydro-climate variables on a daily 
basis for Puerto Rico. The algorithm produces daily estimates of the Penman-Mon-
teith, Priestly Taylor and Hargreaves-Samani reference evapotranspiration. The crop 
coefficient curve is constructed per the methodology recommended by the United Na-
tions Food and Agriculture Organization (FAO). Daily rainfall can be obtained from 
radar (NEXRAD) if rain gauge data is not available for the farm. A detailed example 
is provided for a farm growing tomato in Juana Diaz, PR, USA. The approach is rela-
tively simple and the near-real time data is available to any farmer in Puerto Rico with 
internet access. Using the procedures described in this chapter, the approach could be 
developed at any location throughout the world.
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12.1 INTRODUCTION

Water resources in India are found to be getting deteriorated in terms of quality as well 
as quantity. Mark et al. [2] reported that by the year 2025 A.D., 33% of population in 
India will live under absolute water scarcity condition. The per capita water availabili-
ty in terms of average utilizable water resources in the country was 6,008 cubic meters 
in 1947 and is expected to dwindle to 760 cubic meters by 2025 [1]. Water is a major 
input in agriculture. The water use efficiency of the crops has to be increased in order 
to reduce the water loss from the fields. With drip fertigation, nutrient use efficiency is 
increased and the loss of nutrients to the ground water is reduced. Soluble chemicals 
and nutrients move with the wetting front. Hence a precise scheduling of irrigation and 
fertilizer applications is essential for sustainable crop production.

Vegetable production in Indian agriculture has wider scope for increasing the in-
come of the marginal and small farmers. Vegetables have vast potential in gaining 
foreign exchange through the export. The vegetable growers are looking for new ways 
to achieve superior quality produce with higher yields. Among the vegetables grown, 
chili is a spice cum vegetable crop of commercial importance.

The important components of a fertigation system include drip irrigation system of 
suitable layout and fertigation equipment. Crops are cultivated with fertigation system 
and the application of suitable mulch materials in order to reduce the water loss and 
weed infestation. The performance of crop may vary with the application rates and 
schedule of irrigation. The cost of the system will vary with the layout of the drip ir-
rigation system as the use of laterals in each system of layout may vary.

This chapter will discuss effects of fertigation and drip system on performance 
of chili” at demonstration farm of Kelappaji College of Agricultural Engineering and 
Technology (KCAET), Tavanur, Malappuram – India.

12.2 MATERIALS AND METHODS

Kelappaji College of Agricultural Engineering and Technology (KCAET), Tavanur, 
Malappuram – India is situated at 10°51’23” N and 75°59’13” E and at msle of 29 ft. 
During 2011- 2012, the experiment was conducted to evaluate the response of chili 
(Capsicum annum var. Ujwala) to fertigation, drip system layout and mulching. The 
soil type of the experiment field was sandy loam. The field was plowed using tractor 
drawn disc plow and pulverized using rotavator. The plots of size 5×1 m2 were drawn 
forming ridges around plot. A spacing of 45 cm × 45 cm was used, based on the rec-
ommendations for chili in the “Package of Practices Recommendations: Crops (KAU, 
2002).”

12.2.1 INSTALLATION OF DRIP IRRIGATION SYSTEM AND FERTIGATION 
UNIT
Irrigation water was pumped through 7.5 kw motor pump set and conveyed through 
the main line of 63 mm diameter PVC pipes after filtering through the screen filter. 
From the main pipe, sub main of 40 mm diameter PVC pipes were installed.

From the sub main, laterals of 14 mm diameter LDPE were installed. Each lateral 
was provided with individual tap control for improving irrigation. Along the laterals, 
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inline drippers were fi xed at spacing of 50 cm. The number of laterals installed was 
based on the number of rows of crops grown. The discharge rate of single dripper is 
4 L per hour.

Sub main and laterals were closed at the end with the end cap. Laterals were placed 
for each row per plot and in between two rows per plot, with 11 emitters in each lateral 
at a discharge rate of 4 L per hour. Irrigation scheduling at 65, 75, and 85% of irriga-
tion requirement for each day was commenced after the transplanting.

12.2.2 EXPERIMENTAL DESIGN
The experiment was laid out with seven treatments, combination consisting of three 
irrigation levels and two drip system layouts. The experiment was laid out in random-
ized block design having seven treatment combinations and was replicated thrice. The 
treatment details are shown in Table 1.

Main plots Irrigation levels
I1 65% of the daily irrigation requirement
I2 75% of the daily irrigation requirement
I3 85% of the daily irrigation requirement

Sub plots Drip system layout
D1 One lateral in between two rows of crop in a bed
D2 One lateral for each row of crop in a bed.

TABLE 1 Treatment details.

Treatment Description

T1 65% of the daily irrigation requirement, with one lateral for each row 
of crops in a bed.

T2 65% of the daily irrigation requirement, with one lateral in between 
two rows of crop in a bed.

T3 75% of the daily irrigation requirement, with one lateral for each row 
of crops in a bed.

T4 75% of the daily irrigation requirement, with one lateral in between 
two rows of crop in a bed.

T5 85% of the daily irrigation requirement, with one lateral for each row 
of crops in a bed.

T6 85% of the daily irrigation requirement, with one lateral in between 
two rows of crop in a bed.

 T7 Control
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12.2.3 IRRIGATION SCHEDULING
Irrigation scheduling was planned to provide the estimated water requirement of the 
crop. Irrigation was scheduled based on the daily crop water requirement. In order to 
determine the optimum water requirement for the crops, three irrigation levels were 
adopted. which were 65, 75 and 85% of water requirement of chili. The discharge rate 
of the emitter was 4 L per hour at a nominal pressure of 1.5 kg (f)/cm2. Time required 
for each irrigation is shown in Table 2.

TABLE 2 Irrigation duration for each treatment.

Treatments Time required for irrigation, min Water required for irrigation, 
liters/day

T1 17.83 1.1

T2 35.66 1.1

T3 21.08 1.3

T4 42.16 1.3

T5 24.32 1.5

T6 48.64 1.5

12.2.4 FERTIGATION SCHEDULING
The fertigation was scheduled at weekly intervals. The entire phosphorous was ap-
plied as basal application. Nitrogen and potassium were applied through fertigation 
with 20 equal splits from third week to tenth week after planting. The recommended 
soluble fertilizers were applied simultaneously in a combined form to the root zone. 
The calculated amount of phosphorous was applied manually as a basal dose. Urea, 
poly feed (19:19:19) and Rajphos fertilizers were applied through fertigation. Fertil-
izer requirement for chili is shown in Table 3.

TABLE 3 Fertilizer requirement for chili.

Treatment
(%)

Fertilizer required (g)
Urea Polyfeed Rajphos

100 1025 1243 709
Control 220 270 56

Recommended dose (kg per ha) of N: P: K is 75: 45: 20 
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12.3 RESULTS AND DISCUSSION

12.3.1 EFFECTS OF IRRIGATION AND DRIP SYSTEM LAYOUT ON 
BIOMETRIC RESPONSE
The data on plant height, number of leaves, number of branches and stem girth at 120 
and 160 days after planting were observed different treatments, levels of irrigation and 
drip system layout. The results revealed that the plant height and number of leaves at 
both stages did not differ significantly with respect to the different levels of irrigation, 
to the different drip system layout and fertigation under plastic mulching. Figures 1 
to 3 show the chili yield (g/plant) for different treatments, levels of irrigation and drip 
system layout.

FIGURE 1 Yield in g/plant as influenced by different treatments.

FIGURE 2 Yield in g/plant as influenced by different levels of irrigation.
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FIGURE 3 Yield in g/plant as influenced by different drip system layout.

With respect to the number of branches, it was observed that the maximum number 
of branches in the case of irrigation level was 8 in I3. In case of number of branches 
of 7, the level of irrigation I2 was on par with the irrigation level I3. The number of 
branches of 6 in the irrigation level I2 was on par with the I1. The minimum number of 
branches was observed for the irrigation level I1 at 120 days after planting.

For average yield, the different levels of irrigation and the drip system layout 
showed signifi cant difference. The maximum yield value for irrigation level was ob-
served in I3 (18.137 t/ha), 85% of the irrigation requirement. The minimum yield was 
observed for the irrigation level I1 (12.488 t/ha), 65% of the irrigation requirement. 
When different drip system layout were taken into consideration, the maximum yield 
was obtained for the drip system layout D1 (15.271 t/ha), one lateral for each row of 
crops and the minimum yield was obtained for the drip system layout, D2 (14.289 t/
ha), one lateral in between two rows of crops. This can be attributed to the fact that 
high moisture level in one lateral for each row of crops helps in better fruit weight per 
plant as compared to the plants with one lateral in between two rows of crops.

12.3.2 WATER USE EFFICIENCY AND FERTILIZER USE EFFICIENCY
The highest water use efficiency of 25 kg/ha/mm was recorded in treatment T5 and T1. 
The reason for maximum water use efficiency in T1 was due to lesser water require-
ment as compared to T6. The water use efficiency of 25 kg/ha/mm for treatment T1 
was higher than the water use efficiency of 23 kg/ha/mm for the treatment T3. This 
was due to lesser water requirement as compared with the treatment T3.

Increased FUE, such as Nitrogen use effi ciency (NUE) and Potassium use effi -
ciency (KUE), with the decreased levels of fertilizer doses were observed in the chili 
crop. The highest NUE of 244.26 kg of produce per kg of N was recorded in the treat-
ment T5. Similar fi ndings were observed by Vijayakumar, et al. [3]. For the treatment 
T6 the NUE of 239.36 kg of produce/ kg of N was recorded and for the control was 
about 60.5 kg of produce per kg of N.

The similar trend was observed in KUE in chili crop. The maximum KUE of 732.8 
and 718.08 of kg of produce/ kg of K were observed in treatments T5 and T6, respec-
tively. The WUE, NUE and KUE in chili crop are shown in Table 4.
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TABLE 4 Water use efficiency (WUE), Nitrogen use efficiency (NUE) Potassium use 
efficiency (PUE) in chili crop.

Treatments WUE
(kg/ha/mm)

NUE
(kg.kg–1)

KUE
Kg.Kg–1

T1 25 176.42 529.28

T2 22 156.58 469.70

T3 23 190.10 570.32

T4 21 175.60 526.80

T5 25 244.26 732.80

T6 24 239.36 718.08

12.4 CONCLUSIONS

The effects of different irrigation levels and drip system layout under plastic mulch on 
the performance of Chilli (Capsicum annum) was studied. The number of branches, 
stem girth and yield showed significant differences among the treatments. The yield 
showed significant difference with different levels of irrigation and drip system lay-
out. Maximum yield of 458 g/plant (18.32 t/ha) was observed for the treatment T5. 
The benefit cost ratio was 3.8 for treatment T5 at 85% of the irrigation requirement 
with one lateral for each row of crop and 3.9 for treatment T6 at 85% of the irrigation 
requirement with one lateral in between two rows of crop. Although the yield for the 
treatment T5 was high, yet the benefit cost ratio stands high for treatment T6. The high 
value of benefit cost ratio for treatment T6 was due to the reduction in the quantity of 
material for drip irrigation system.

12.5 SUMMARY

Field experiment on the effects of fertigation and drip system layout was conducted 
at KCAET, Tavanur – India. The experiment was laid out in a factorial randomized 
block design with treatments, which included three irrigation levels 85, 75 and 65% 
of daily irrigation requirement and two different drip system layout which were repli-
cated thrice. In chili, maximum yield of 458 g/plant (18.32 t/ha) was observed for the 
treatment T5. The benefit cost ratio for treatment was 3.8 for T5, 85% of the irrigation 
requirement with one lateral for each row of crop and was 3.9 for treatment T6, 85% 
of the irrigation requirement with one lateral in between two rows of crop was 3.9. 
Even though the yield for the treatment T5 was high, the benefit cost ratio stands high 
for treatment T6. The high value of benefit cost ratio for treatment T6 was due to the 
reduction in the quantity of material for drip irrigation system.
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13.1 INTRODUCTION

Water and fertilizer are the two costliest inputs in agriculture. Apart from the econom-
ics consideration it is also well known that the adverse effect of injudicious use of 
water and fertilizer on the environment can have far reaching implications. There is, 
therefore, a need for technological options, which will help in sustaining the precious 
resources and maximizing crop production without any detrimental impact on the en-
vironment. Micro-irrigation is the only option to replace the conventional irrigation 
method to achieve water-use efficiency.

Among the various technique developed for application of water, drip irrigation 
also referred to as trickle irrigation or micro irrigation is gaining popularity as per-
haps the most effi cient method of water application [4]. The area under drip irrigation 
was over 355,000 hectares in 2002. Presently, adoption of drip irrigation in India is 
increasing and about 600,000 hectares area is covered under drip irrigation under vari-
ous crops [2]. As water, labor and land preparation becomes costlier; this technique of 
water application is bound to replace conventional systems. It has been reported that 
the savings is irrigation water using this technique over conventional methods can 
range from 40 to 70% [6].

Globally, India is leading country in context of area covered in chili production 
making it most dominant player in the world chili market. Water is an important in-
put for growing this crop during this season. Pepper is most susceptible horticultural 
plants to drought stress because of the wide range of transpiring leaf surface, high 
stomatal conductance [1] and having a shallow root system [7]. For higher yield, an 
adequate water supply and relatively moist soils are required during the entire grow-
ing season. Low water availability prior to fl owering of pepper reduced the number of 
fl owers and retarded the occurrence of maximum fl owering. The water defi cit during 
the period between fl owering and fruit development reduced fi nal fruit production [9]. 
So, chili crop requires good and precise amount of water for higher yield and quality. 
In this direction, drip irrigation offers great opportunity for precise application of wa-
ter and nutrients to the crop. The system has proved its superiority over other conven-
tional method of irrigation, especially in fruits and vegetable crops owing to precise 
and direct application of water in the root zone [3, 13]. Sivanappan and Padmakumari 
[17] compared drip irrigation and furrow irrigation systems and found that 1/3rd to 
1/5th of the normal quantity water was enough for the drip irrigated plots compared to 
normal quantity of water applied to plots under surface irrigation in vegetable crops.

Furthermore, there is good potential for adoption of drip irrigation and use of water 
soluble fertilizers with drip system, that is, fertigation technique for achieving better 
productivity and quality in different crops. The micro irrigation also enables use of 
fertilizers, pesticides and other soluble chemicals along with the irrigation water more 
economically and thus enhancing quality of produce and yield [15]. Micro-irrigation 
is a highly effi cient method of water application to crops, which substantially saves 
water and fertilizer, increases yield besides improving quality of produce and reduc-
ing labor. In the recent years there has been a serious concern of global shortage of 
water. It is estimated that in India by 2025, 33% of India’s population will live under 
severe scarcity conditions [5]. Low temperature and frost injury during winter season 
are the limiting factors for growing high value vegetables, like chili. Chilli (Capsicum 
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annuum L.) is an important spice cum vegetable crop cultivated extensively in India. 
India contributes one fourth of world’s production of chili with an average annual 
production of 1,289,000 tons in an area of 759,000 ha [2]. Considering all these fac-
tors, present experiment was conducted to fi nd out minimum use of water, optimum 
spacing and use of nutrients for maximum yield and return through drip irrigation.

13.2 MATERIALS AND METHODS

Field trial was conducted, under farmers participatory research project, in the farmers 
field in the Bihta – district Patna of Bihar – India, on sandy loam soil having pH 7.3, 
E.C. 0.18 dsm–1. The experiment was conducted in a FRBD design with two irrigation 
treatments (Drip and Flood irrigation method), three dripper/ plant Spacing (30, 45, 
60 cm and row to row fixed at 60 cm spacing) and two nitrogen application methods, 
that is, through fertigation and as a top dressing. The variety ‘California Wonder’ was 
planted in first week of October during each year. Seedlings were grown in small bags 
(8 cm × 4 cm size). Seedlings of 25–30 days were transplanted in appropriate treat-
ment in randomized plots. The crop was fertilized with recommended dose of FYM 
(2 kg/m2), phosphate (200 kg/ha) given as SSP and potash (250 kg/ha) given as MOP 
was applied as basal dose in all treatments in both the crops at 15 days before planting 
and after 30 days of planting in split doses at every 25 days intervals during all the 
years. Insecticides and fungicides were used as per crop requirement. Considering all 
these factors, present experiment was conducted to find out minimum use of water, 
optimum spacing and compact use of nutrients for maximum yield and returns through 
drip Irrigation.

The drip system consists of fi lters (sand and screen), venture attachment for 
fertigation, pipeline (PVC main supply pipe, size 30 mm, sub main LLDPE later-
als size 12 mm), and dripper size 0.6 PEE with the water discharge capacity of 
2 l/h. The submain laterals were fi xed at 60 cm apart and drippers were fi xed at 30, 
45 and 60 cm along the laterals. All submain laterals were controlled by gate valve 
system. Nitrogen was provided by venturi system of fertigation. The drip system was 
operated at alternate days or at two days interval for 10 min. Flood irrigation was pro-
vided by using plastic pipes (2 cm size) as per need or moisture content. The data were 
recorded and calculated in randomly selected 3–5 plants in each plot.

13.3 RESULTS AND DISCUSSION

13.3.1 EFFECT OF IRRIGATION
The results revealed that the drip irrigation method significantly increased yield 
(10.50 kg/m2) and net income (60.30 Rs./m2) of chili as compared to flood irrigation in 
all the years. The crop yield was improved by 60.30% in drip irrigated chili. Maximum 
water saving minimized weeds, diseases and total time of irrigation in drip irrigation. 
However, in flood irrigation resulted in no water saving, more occurrence of weeds, 
high disease incidence and total time. The results were in agreement with the past find-
ings, that is, Refs. [10, 14, 15, 18].
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TABLE 1 Effects of drip irrigation, dripper spacing and fertigation on the performance of chili.

Treat-
ment

Yield
(Kg/m2)

Income
(Rs/m2)

Yield in-
creased by 
drip irriga-
tion against 
flood irriga-
tion (%)

Disease 
incidence
(%)

Weed 
inci-
dence
(%)

Saving 
of water 
(%)

Time 
of total 
irriga-
tion
(hr.)

Irrigation method
Drip 10.50 67.00 60.30 05.00 32.40 40 10
Flood 6.55 11.70 — 20.00 100.00 — 40
Dripper spacing
30 cm 10.40 65.60 58.77 08.00 35.60 30 10
45 cm 9.20 48.80 40.45 05.00 32.30 35 10
60 cm 8.22 35.08 25.49 04.00 22.70 40 10
Nitrogen
Ferti-
gation

10.20 62.80 55.72 04.50 16.40 35 10

Top 
dress-
ing

7.70 27.80 17.55 15.50 31.50 30 10

CD 
(5%)
Average selling price of Rs. 14/Kg; Total cost of cultivation of Rs. 80/m2.

Rs. = Indian rupee = US$0.0167

13.3.2 EFFECT OF DRIPPER SPACING
The dripper spacing at 30 cm recorded significantly positive effect on yield and net 
returns as compared to 45 cm spacing. The yield was 58.77% greater in chili at 30 cm 
wider dipper spacing as compared to flood irrigation method. However, wider drip-
per spacing (60 cm) saved more water, total irrigation time, minimized the diseases 
and weeds incidence as compared to closer dripper spacing in each years (Table 1). 
This improvement can be due to the fact that closer spacing accommodates higher 
plant population, resulting more number of fruits, which increases total yield and net 
returns. These findings are in agreement with the other investigators [5, 11, 16].

13.3.3. EFFECT OF NITROGEN
The maximum yield in chili (10.20 kg/m2), net income, weed incidence, minimal dis-
eases and saved water and total irrigation time as compared to top dressing method 
during each year (Table 1). These benefits resulted due to fertigation. All the yield 
components were significantly influenced by nitrogen fertigation. The fertigation of 
nitrogen recorded 34.46% higher yield compared to top dressing method. The results 
are in agreement with those reported by Chauhan [5], Khan [10] and Jade [8]. Higher 



weed density and weed growth were observed at higher level of nitrogen. Similar 
results were reported by Narda and Lubana [12]. Increase in yield with higher level 
of nitrogen fertilizer might be due to higher amount of nitrogen availability for promo-
tion of better carbohydrates utilization to form more protoplasm and cell and also due 
to readily available nitrogen in the vicinity of the root zone due to fertigation resulting 
in more efficient utilization of applied nitrogen than placement method. Similar results 
were reported by Veranna et al. [19].

13.4 CONCLUSIONS

Based on the results in this chapter, one can conclude that drip irrigation enhanced the 
net income and minimized the time, fruit yield, weeds and diseases of the crop. The 
30 cm dripper spacing of improved net-income and higher yield, whereas wider spac-
ing (60 cm) saved the maximum water, minimized weed and disease incidences. The 
application of irrigation at an alternate day was effective in vegetable crops. The drip 
irrigation is more effective to get more fruits and fruit weight/plant and yield of the 
vegetable crops compared with the traditional method of irrigation. This type of stud-
ies can also be carried out in other vegetable crops to arrive at some concrete decisions 
for making recommendations for use of drip irrigation in vegetable crops. Fertigation 
is very important activity to be undertaken with micro irrigation system to harvest 
to harvest quality produce at competitive price to boost up the export and promote 
hi-tech horticulture. The farmers should be trained to adopt these technologies as per 
scientific recommendations to produce quality product.

13.5 SUMMARY

A field experiment was conducted to investigate the effects of drip irrigation, drip-
per spacing and nitrogen fertigation on Chilli (Capsicum annuum L.) performance 
and crop yield. The results revealed that drip irrigation enhanced the fruit yield, net 
income and minimized the time, weeds and diseases of the crop. Closer spacing at 
30 cm produced higher yield (58.77%) and net income as compared to 45 cm spac-
ing. Fertigation resulted in maximum yield (10.20 Kg/m2), minimal disease and saved 
water and total irrigation time as compared to top dressing. The drip irrigation had 
significantly increased yield (10.50 Kg/m2) and net income (60.30%) as compared to 
flood irrigation.
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14.1 INTRODUCTION

A study was conducted to evaluate the influence of agricultural lime (CaCO3) on the 
movement and uptake of inorganic nitrogen for a sweet pepper crop (Capsicum an-
nuum) grown on an Oxisol soil (Coto clay) in north-west Puerto Rico. The Coto clay 
soil, which contains the 1:1 kaolinite mineral, has a low pH (4 to 4.5). The 1:1 type 
clays are known to possess a net positive charge at low pH, resulting in the adsorp-
tion of negatively charged ions such as nitrate. From an environmental standpoint 
this characteristic of the 1:1 clay is favorable, since nitrate leaching, a major cause 
of groundwater pollution in many areas, is reduced relative to soils with net negative 
charge. However, agricultural plants, such as sweet peppers, favor a higher soil pH 
(approximately 6.5), which can be obtained by the application of agricultural lime. 
This, however, may have the negative effect of increasing the potential for nitrate 
leaching, as the net charge on the soil particles becomes negative with increasing pH.

This chapter describes the results of a nitrogen leaching analysis for two sweet 
pepper crop seasons. The analysis was based on multiplying the daily percolation fl ux 
through the soil profi le by the measured concentration of nitrogen below the root zone. 
Irrigations were scheduled using the pan evaporation method for estimating crop water 
requirements. No signifi cant difference in nitrogen leaching was observed for the lime 
and no-lime treatments. This was attributed to the low nitrate retention capacity of this 
soil, even at low pH. The average percent of nitrogen leached during the 1st and 2nd 
season, relative to the amounts applied, were 26% and 15%, respectively. Leaching 
events were associated with large rainstorms, suggesting that leaching of N would 
have occurred regardless of the irrigation scheduling method used.

14.2 TECHNICAL APPROACH

14.2.1. EXPERIMENTAL SITE
Sweet pepper crops were planted at the UPR Experiment Station at Isabela in north-
west PR (Fig. 1) during March 2002, and January 2003. Harmsen et al. [1] provided a 
detailed description of the experimental layout of the field site. The soil at the Isabela 
Experiment Station belongs to the Coto series. It is a very fine kaolinitic, isohyperther-
mic Typic Eutrustox. These are very deep, well drained, moderately permeable soils 
formed in sediments weathered from limestone. The available water capacity is mod-
erate, and the reaction is strongly acidic throughout the whole profile. Consistence is 
slightly sticky and slightly plastic in the Oxic horizons. A strong, stable granular struc-
ture provides these soils with a very rapid drainage, despite their high clay content [2]. 
Average values of hydraulic properties published for the Coto clay soil near the study 
area are as follows: air dry bulk density1.39 g/cm3, porosity 48%, field capacity 30%, 
wilting point 23%, available water holding capacity (AWHC) 9% [12].  The AWHC 
of this soil is low for clay. Typical values for clay are 15 to 20% [3]. A small value 
of AWHC means that there is a greater potential for leaching since the soil moisture 
content associated with the field capacity is more easily exceeded.
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FIGURE 1 Location of field site at Isabela, PR.

The experimental site of 0.1 ha was divided into four blocks, each block divided 
into four plots, one for each treatment, for a total of 16 plots. The plots measure 67 
m2. The treatments included two lime levels (lime and no lime) and two fertigation 
frequencies (F1 and F2). Each plot had four beds covered with plastic (silver side ex-
posed) with two rows of sweet pepper plants per bed. The transplanted sweet peppers 
were grown in rows 91 cm apart, 30 cm apart along rows, with beds 1.83 meter on cen-
ter. This gave a plant population of approximately 37,000 plants per hectare. There was 
an initial granular application of triple super-phosphate of 224 Kg/ha and 80 Kg/ha of 
10–10–10 fertilizer. Peppers were planted from March 11th through March 13th, 2002 
and January 27 through January 31th, 2003. KNO3 and urea were injected through 
the drip irrigation system throughout the season at different frequencies (weekly [F1] 
or bi-weekly [F2]). The total nitrogen applied during the season was 225 Kg/ha. After 
transplanting, soil samples were taken bi-weekly at 20 cm increments, down to an 80 
cm depth from each plot to be analyzed for moisture content and nitrogen concentra-
tion. Each date in which soil samples were collected, whole plants were harvested for 
growth data. Periodic pesticide applications were made to control weeds and insects 
affecting crop growth.

14.2.2 WATER BALANCE
A water balance approach [Eq. (1)] was used in this study to estimate percolation past 
the root zone.

 PERC = R – RO + IRR – ETc + ΔS (1)

where: PERC is percolation below the root zone, R is rainfall, IRR is irrigation, RO is 
surface runoff, ETc is crop evapotranspiration, and ΔS = S1 – S2, where S1 and S2 are 
the water stored in the soil profile at times 1 and 2, respectively. The units of each term 
in Eq. (1) are in mm of water per day. Rainfall was obtained from a tipping bucket-
type rain gauge located on the Isabela Experiment Station property. The rain gauge 
was located within a weather station complex located approximately 0.4 km from the 
study area. The weather station consisted of a 10 meter (high wind resistant) tower 
with lighting protection, data logger and radio communication system, and sensors 
to measure the following parameters: wind direction and speed, temperature, relative 
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humidity, barometric pressure, cumulative rainfall, and solar radiation [4]. Irrigation 
(IRR) was applied through a drip irrigation system. The inline-type emitters produced 
a flow of 1.9 L per hour per emitter at a design pressure of 10 pounds per square inch 
(psi). Emitters were spaced every 30 cm. Irrigations (IRR) were scheduled based on 
the estimated evapotranspiration rate as determined with Eq. (2), where: ETpan is the 
pan evaporation-derived evapotranspiration, Kc is the evapotranspiration crop coef-
ficient for sweet peppers [5], which varied daily; Kp is the average annual value of the 
pan coefficient equal to 0.78 for Isabela, PR [6]. A cumulative water meter was used to 
control the gallons of irrigation water applied. The evapotranspiration term in Eq. (1) 
was estimated with Eq. (3), where: Kc is the crop coefficient (dimensionless) and ETo 
(mm/day) is the reference evapotranspiration obtained using the Penman-Monteith 
method [5], as described in Eq. (4).

 IRR = ETpan = (Kc *Kp *Epan) (2)

 ETc = Kc * ETo (3)

 ETo

0.408 Δ⋅ Rn G−( )⋅ γ
900

T 273+
⎛⎜
⎝

⎞⎟
⎠

⋅ u2⋅ es ea−( )⋅+

Δ γ 1 0.34 u2⋅+( )⋅+
=  (4)

In Eq. (4): Δ is a slope of the vapor pressure curve [kPa°C–1], Rn is net radiation [MJ 
m–2 day–1], G is soil heat flux density [MJ m–2 day–1], γ is psychrometric constant 
[kPa°C–1], T is mean daily air temperature at 2 m height [°C], u2 is wind speed at 2 
m height [m s–1], es is the saturated vapor pressure and ea is the actual vapor pressure 
[kPa]. Equation (4) applies specifically to a hypothetical reference crop with an as-
sumed crop height of 0.12 m, a fixed surface resistance of 70 sec m–1 and an albedo 
of 0.23.

Data required by Eq. (4) were obtained from the weather station located near the 
study area. Wind speeds obtained from the 10 m high tower were adjusted to the 2 m 
wind speed, required by the Penman-Monteith method, by means of an exponential 
relationship. Initial values of the crop coeffi cient were obtained from the literature for 
sweet pepper for the initial, mature and end crop stages (FAO Paper No. 56). Adjust-
ments of Kc were made during the calibration of Eq. (1) as described later in this sec-
tion. ETo was estimated on a daily basis using a spreadsheet program. The calculation 
methodology is described by Allen, et al. [5]. The values of S in Eqs. (1) and (2) were 
obtained from Eq. (5).

 S = θv*Z (5)

where: θv is the vertically averaged volumetric soil moisture content over the depth Z, 
obtained by multiplying the moisture content, mass-basis (θm), by the soil bulk den-
sity and dividing by the density of water. The soil bulk densities were obtained from 
undisturbed soil cores.

Between sampling dates when measured values of θv were not available, daily 
values were estimated using Eq. (1) along with information about the moisture holding 
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capacity of the soil. In this method, if the water added to the profi le by rainfall or ir-
rigation exceeds the soil moisture holding capacity (or fi eld capacity), then the excess 
water was assumed to be equal to PERC and the moisture content was set equal to the 
fi eld capacity on that day. This approach has previously been used for irrigation sched-
uling [7], waste landfi ll leachate estimation [8] and estimation of aquifer recharge rates 
[9, 10]. In this study, the effective fi eld capacity of the soil was determined in-situ by 
saturating the soil and obtaining the soil moisture content within 48 h.

Calibration of the water balance equation was accomplished by adjusting the ratio 
of runoff to rainfall (RO/R) within reasonable limits, until the measured and estimated 
soil moisture content were in reasonable agreement. [1 – (RO/R)] represents the frac-
tion of rainfall that infi ltrates into the soil bed. This contribution of water can occur in 
several ways for the plastic covered bed-type system used in this study. Rainfall may 
enter directly through the holes in the plastic made for the plants. Rainfall that runs off 
of the plastic into the furrow or that falls directly into the furrow may also be absorbed 
into the beds. Under fl ood conditions, which occurred on several occasions during the 
two crop seasons, water could have entered the beds under a positive water pressure. 
For nonfl ooding rainfall events, soil water may move from the furrows into the beds 
by means of unsaturated fl ow, which is controlled by the pore water pressure gradient 
between the furrow and the bed.

14.2.3 NITROGEN LEACHING
Nitrogen leaching (nitrate and ammonium) was estimated by multiplying the daily 
value of PERC by the concentration of nitrogen within the 60 to 80 cm depth of soil. 
This vertical interval was considered to be below the root zone, since plant roots were 
not observed within this interval any time throughout the two seasons. The following 
Eq. (6) was used to estimate nitrate and ammonium leaching, respectively:

 LNO3 = [0.01*(ρb)*(NO3)*(PERC)]/ [θvol] (6a)

 LNH4 = [0.01*(ρb)*(NO4)*(PERC)]/ [θvol] (6b)

where: LNO3 and LNH4 are the kg of nitrate and ammonium leached below the root 
zone per hectare, NO3 and NH4 are the nitrate and ammonium soil concentration in 
mg/kg in the 60 to 80 cm depth interval, PERC is the percolation rate in mm, ρb is 
the bulk density (gm/cm3), and θvol is a volumetric moisture content (cm3/cm3) in the 
60 to 80 cm depth interval. Equations (6a) and (6b) were used on a daily basis. Each 
measured value of soil concentration used in Eqs. (6a) and (6b) were based on the 
average of four replications. Values of NO3 and NH4 between sampling dates were 
linearly interpolated.
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FIGURE 2 Daily values of evapotranspiration for a sweet pepper crop between January 27th 
to June 12th, 2003 at Isabela, PR. ET was derived from the pan evaporation and Penman-
Monteith methods.

TABLE 1 Physical and hydraulic properties of Coto clay in the 0–20, 20–40, 40–60 and 60–80 
cm depth intervals1.

1 Soil texture data for the 40–60 cm and 60–80 cm were obtained from Soil Conservation Service 
[12]. All other data were measured during the project.

14.3 RESULTS AND DISCUSSION

The Coto clay soil was analyzed for various physical and hydraulic properties (Table 
1). The soil has a relatively high sand content and high hydraulic conductivity in the 
0–20 cm interval, which accounts for it high water intake capacity. We observed on 
several occasions the rapid infiltration of water after large rainfall events. In fact, the 
value of hydraulic conductivity for the 0–20 cm interval is similar to sand, which aver-
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ages 900 cm/day [11]. Bulk density, porosity, hydraulic conductivity, moisture content 
at 0.33 and 15 bars pressure, and AWHC were obtained from undisturbed cores in the 
laboratory.

Measured soil pH soil was between 4 and 5. Laboratory incubation tests were 
performed to determine the proper amount of lime needed to be applied to the soil to 
increase the pH to around 6.5 in the limed treatments; this amount was 7.4 tons lime/
ha. The fi rst year the pH did not respond as expected in the limed plots, and therefore, 
this may have contributed to there being no signifi cant difference observed in the esti-
mated nitrate losses by leaching between the lime and no-lime treatments. The second 
year the amount of lime applied to the limed treatments was doubled (14.8 tons lime/
ha) and pH levels rose as expected.

Figure 2 shows a comparison of the evapotranspiration derived from pan and Pen-
man-Monteith methods during Year 2. ETpan was observed to have higher variability 
than ETc. For reference, Fig. 2 also shows the ETc based on long-term average climate 
data for Isabela, PR. The seasonal ET (mm per season) was 447 for the Epan methods, 
402 for Penman-Monteith method based on weather station data an d 511 for Penman-
Monteith based on long-term data, respectively. 

FIGURE 3 Estimated and measured volumetric soil moisture content between March 27th and 
July 9th 2002 and January 27th and June 12th, 2003.

The water balance equation (the Eq. (1)) was calibrated for the site conditions. 
Figure 3 shows the simulated and measured average soil moisture content for Year 1 
and Year 2. The measured moisture contents shown in Fig. 3 represent the vertically 
averaged moisture content over all 16 plots. The minimum and maximum measured 
soil moisture content is also shown in Fig. 3. Vertically averaged values of the in-
situ-measured fi eld capacity equal to 0.39 and 0.35 were used in the Year 1 and Year 
2 analyzes, respectively, (averages from Table 1). It was necessary to use a value of 
RO/R = 0.25, reasonable agreement between the estimated and measured soil moisture 
content. During Year 1, the beginning of the season was quite wet. On April 6, 2002, a 
176 mm rainfall occurred, which caused severe fl ooding of the study area. During Year 
2, a rainy period occurred during April 5th through April 18th with fl ooding observed 
in the fi eld plots. The largest rainfall of the season occurred on April 10, 2003 equal 
to 97 mm.
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According to the procedure described above, percolation occurred on those days 
when the estimated moisture content exceeded the fi eld capacity moisture content 
(0.39 for Year 1 and 0.35 during Year 2). On those days, the water in excess of the fi eld 
capacity was assigned to PERC and the moisture content set equal to the fi eld capacity. 
This can be seen in Fig. 3 for those days in which the moisture content curve touched 
the dashed horizontal line associated with the fi eld capacity moisture content. Figure 
4 shows the estimated percolation during the Year 1 and Year 2. During the April 6, 
2002 rainfall event of 175 mm, 43 mm were converted to percolation. During the April 
10th, 2003 rainfall event of 97 mm, 31 mm were converted to percolation. Recall that 
only 25% of the rainfall was allowed to infi ltrate, which was equal to 44 mm on April 
6, 2002 and 24 mm on April 10, 2003. In the latter case 18 mm of irrigation was also 
applied, which together (24 mm + 18 mm) equaled 42 mm. In this case 31 mm was 
lost to percolation and 11 mm was stored in the root zone. Table 2 shows the Year 1 
and Year 2 seasonal components of the water balance. 

FIGURE 4 Estimated percolation past the root zone during the Year 1 and Year 2 seasons.

TABLE 2 Components of the seasonal water balance for Years 1 and 2.

TABLE 3 Nitrate, ammonium and nitrate plus ammonium (Total) leached during Year 1 and 2 
for the four experimental treatments.
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Table 3 compares the Year 1 and Year 2 results of the nitrogen leaching analy-
sis. The leached nitrate and ammonium estimates were obtained from equations/5a/ 
and/5b/, respectively. Figure 5 shows the nitrate concentrations in the 60 – 80 cm 
depth interval during the Year 1 season. During Year 1 the range of estimated nitrogen 
leached was between 36 and 67 kg/ha. During Year 2, the range of estimated nitrogen 
leached was between 27 and 36 kg/ha. Interestingly, the amount of nitrate lost (aver-
age of all treatments) on April 6, 2002 and April 10, 2003 was 19.6 kg/ha and 20.1 kg/
ha, respectively. For years 1 and 2 this represented 34% and 60% of the total N lost by 
leaching during the two seasons, respectively. Figure 6 shows the estimated percent of 
nitrogen (i.e., nitrate plus ammonium) leached relative to N applied (225 kg/ha) during 
the Year 1 and Year 2 seasons for the four experimental treatments.

FIGURE 5 Year 1 Soil nitrate concentrations in the 60–80 cm depth interval. Values between 
the sampling dates were obtained by linear interpolation.

FIGURE 6 Estimated nitrogen leached during the Year 1 and year 2 season. LF1 is the 
Lime-Fertigation 1 treatment, LF2 is the Lime-Fertigation 2 treatment, NLF1 is the No-Lime-
Fertigation 1 treatment, NFL2 is the No-Lime-Fertigation 2 treatment.

The smallest amount of nitrogen leaching occurred in the LF1 treatment in 2002 
and the NLF2 treatment during the second year. There is no clear difference between 
either the lime or fertigation treatments. Ammonium leaching was typically much 
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lower than nitrate leaching (Table 3) except in the case of treatment NLF1 in 2002, 
in which 21 kg/ha ammonium was leached as compared to 47 kg/ha nitrate. The fact 
that no clear difference was observed between nitrogen leaching for the two lime treat-
ments is consistent with laboratory studies currently being conducted on the Coto clay 
soil at the University of Puerto Rico Mayaguez Campus, which indicates that the pH at 
which this soil will possess a net positive charge (<4) is below the native pH measured 
in the fi eld (around 4.3).

14.4 METHOD LIMITATIONS

There are several sources of uncertainty in the estimates of nitrogen leaching, which 
include:

• Between sampling dates, soil nitrogen concentrations were derived by linear in-
terpolation. Nitrogen concentrations were measured every two weeks. In some 
cases, the average nitrate concentration was observed to change as much as 15 
mg/kg in the 60–80 cm depth interval. The estimated nitrogen leaching would 
be in error if these concentrations did not change linearly between sampling 
dates.

• The method of estimating percolation in this study does not account for the 
leaching that can potentially occur by unsaturated flow. All leaching was as-
sumed to occur when the moisture content of the soil exceeded the soil field 
capacity. However, significant downward gradients can exist which would re-
sult in unsaturated flow. Although not presented in this paper, continuous soil 
pressure data obtained from vertically spaced tensiometers indicated downward 
hydraulic gradients throughout most of the season.

14.5 SUMMARY

This chapter described the results of a nitrogen leaching analysis for two sweet pep-
per crop seasons. The study was conducted on an Oxisol soil in NW Puerto Rico. The 
analysis was based on multiplying the daily percolation flux through the soil pro-
file by the measured concentration of nitrogen below the root zone. Irrigations were 
scheduled using the pan evaporation method for estimating crop water requirements. 
Estimated percolation in 2002 was three times greater than occurred in 2003, whereas 
the nitrogen leached during 2002 was only slightly greater than two times the nitrogen 
leached during 2003.

No clear difference in nitrogen leaching was observed for the lime and no-lime 
treatments. This result is consistent with on-going studies of the Coto clay, which 
indicate that this soil has little to no capacity to retain nitrate. The average percent of 
nitrogen (nitrate plus ammonium) leached during the 1st and 2nd season, relative to 
the amounts applied, were 26% and 15%, respectively. Leaching events were associ-
ated with large rainstorms, suggesting that leaching of N would have occurred regard-
less of the irrigation scheduling method used. During the fi rst and second seasons, 
respectively, 34% and 60% of the total N lost by leaching occurred during a single day 
(April 6 in 2002 and April 10 in 2003) when fl ooding was observed in the study areas.
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15.1 INTRODUCTION

Land and water are the two vital natural resources for sustenance of agricultural pro-
duction in any country. Out of these two resources, water is very important, because it 
plays a crucial role in maximizing production and productivity of any crop. Because 
of a limited water resource, its efficient utilization is basic to the survival of mankind. 
Though India is blessed with plenty of water resources, yet the utilizable water for ir-
rigation is being exhausted due to various physiographic constraints, legal constraints 
and present method of utilization. Improper irrigation management practice not only 
waste scarce and expensive water resources but also decreases crop yield through 
salinization and alkalinization [9, 22]. It is necessary to economize the use of water 
for agriculture in order to bring more area under irrigation. It is therefore essential 
to formulate efficient and economically viable irrigation management strategies in 
order to irrigate more area with the existing water resources. This can be achieved by 
introducing advanced and sophisticated method of irrigation like drip/micro, sprinkler 
and improved water management practices. By the use of these advanced irrigation 
methods, a lot of costly irrigation water can be saved which will in other way help in 
expanding the irrigation potential, irrigation intensity as well as cropping intensity.

In drip irrigation, water in small quantity but in frequent times is applied to the 
root zone of the crop. The root zone application of water eliminates the chances of 
water losses due to surface runoff and deep percolation. This consequently enhances 
the water application effi ciency. Use of the advanced methods of irrigation like micro 
and sprinkler is very limited in India. Although we have about 60.90 million ha land 
under irrigation (43% of net sown area) in India, yet only 5% of the irrigated areas 
are covered under sprinkler irrigation and only 3.1% are under micro irrigation. Even 
a developing country China has been able to bring less area under sprinkler and drip 
irrigation, although it has covered large area under other sources of irrigation includ-
ing surface irrigation. Some developed countries like USA and United Kingdom have 
achieved about 50% and 95% of total irrigated areas under sprinkler irrigation, re-
spectively. Israel has been able to bring about 73.6% of the total irrigated areas under 
micro irrigation. The spread of irrigation by different sources like sprinkler and micro 
irrigation/drip irrigation for some selected countries in the world is presented in Table 
1 [11].

Presently in India, 7.49 million ha area is cultivated with vegetable crops with an 
annual production of 116.03 million tons. It is estimated that, by 2020 AD, the vegeta-
ble demand of the country will be around 135 million tons. To achieve this target, our 
attention must be focused on the vertical expansion instead of horizontal expansion 
just by increasing the crop area [16]. The working group on horticulture constituted 
by the Planning Commission had recommended deployment of hi-tech horticulture 
and precision farming for achieving vertical growth in horticulture. As proposed by 
National Committee on Plasticulture Applications in Horticulture (NCPAH) – Gov-
ernment of India, the hi-tech interventions in horticultural crops are drip irrigation and 
in-situ moisture conservation through plastic mulching [17].
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TABLE 1 Coverage of areas under sprinkler and micro irrigation in some selected countries 
[11].

Country

Total ir-
rigated 

area, (M 
ha)

Sprinkler irrigation Micro-irrigation Year
of report-

ing
Area, ha % of total 

irrigated 
area

Area, ha % of total 
irrigated 

area
Australia 2.55 524,000 20.6 191,000 7.5 2000
Brazil 4.45 2,410,000 54.2 328,000 7.4 2006
Bulgaria 0.59 21,000 3.6 3000 0.5 2008
Canada 0.87 6,83,000 78.5 6030 0.7 2004
Chile 1.09 16,000 1.5 23,000 2.1 2006
China 59.30 2,930,000 4.9 1,670,000 2.8 2009
Chinese 
Taipei

0.38 18,900 5.0 8750 2.3 2009

Czech 
Rep.

0.15 11,000 7.2 5000 3.3 2007

Estonia 0.001 500 50.0 500 50.0 2010
France 2.90 1,380,000 47.6 103,000 3.6 2011
India 60.90 3,040,000 5.0 190,0000 3.1 2010
Iran 8.70 460,000 5.3 270,000 3.1 2009
Israel 0.23 60,000 26.0 170,000 73.6 2000
Italy 2.67 981,000 36.8 571,000 21.4 2010
Korea 1.01 200,000 19.8 400,000 39.6 2009
Malaysia 0.38 2000 0.5 5000 1.3 2009
Mexico 6.20 400,000 6.5 200,000 3.2 1999
Morocco 1.65 190,000 11.5 8250 0.5 2003
Philip-
pines

1.52 7180 0.5 6640 0.4 2004

Poland 0.10 5000 5.0 8000 8.0 2008
Portugal 0.63 40,000 6.4 25,000 4.0 1999
Russia 4.50 3,500,000 77.8 20,000 0.4 2008
Saudi 
Arabia

1.62 716,000 44.2 198,000 12.2 2004

South 
Africa

1.67 920,000 55.1 365,000 21.9 2007

Spain 3.41 733,000 21.5 1,630,000 47.8 2010
Syria 1.28 93,000 7.3 62,000 4.8 2000
Turkey 5.34 110,000 2.1 26,000 0.5 2009
United 
Kingdom

0.11 10,5000 94.5 6000 5.5 2005

USA 24.70 12,300,000 50.0 1,640,000 6.6 2009
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Furrow irrigation is the conventional methods widely used to irrigate most of the 
vegetable crops grown in India. However, this method uses more water compared 
to other high-tech water saving irrigation methods such as sprinkler, drip, etc. Many 
researchers have reported the higher application effi ciency of drip irrigation system 
over the conventional furrow irrigation systems [5, 8, 22]. There was savings of 67 
to 80% with drip irrigation more irrigation water than with surface irrigation methods 
[20]. Based on a study conducted at Rahuri – India [10], 60% higher yield of okra 
with water savings of 40% under drip irrigation as compared to furrow irrigation has 
been reported. The 100% irrigation requirement was met through drip irrigation and 
the highest yield of okra under black plastic mulch has been obtained (14.51 tons/
ha) with 72% increase in yield compared to furrow irrigation [22]. Field experiments 
for two years on clay loam soil in the northern region of Allahabad – India were con-
ducted to study the effects of 8 levels of pan evaporation replenishments (25, 50, 75, 
100, 125, 150, 175 and 200%) on marketable yield, irrigation production effi ciency 
and economic return of potato under drip irrigation [7]. The highest mean marketable 
yield (two years) of potato was 48.98 tons/ha at 150% pan evaporation replenishment 
with irrigation production effi ciency being maximum with a value of 106.26 kg/m3. 
Irrigation at the said level of pan replenishment gave highest economic return and 
benefi t-cost ratio.

In Odisha – India, economic evaluation of drip irrigation in fruit crops (coconut, 
mango and sapota: chikoo in Hindi) has revealed that this system conserves consider-
able amount of water and results better returns despite higher initial investment [4]. 
The response of banana to drip irrigation in terms of yield improvement was found to 
be different in different agro-climatic and soil conditions in India [1, 6, 15, and 18]. 
Response of vegetable to drip irrigation in terms of increase in yield was also different 
in different agro-climatic and soil conditions in India. Use of soil cover and mulching 
is also benefi cial chiefl y due to the infl uence of soil moisture conservation, solarization 
and weed control. Benefi cial response of plants to mulch includes early production, 
more yield and reduced insect and disease problems [3, 15]. Linear Low Density Poly 
Ethylene (LDPE) plastic fi lms have been proved to be superior mulch because of its 
puncture resistance quality, thinness and lower cost [13].

In Odisha – India, although the average annual rainfall is 1500 mm, yet there 
is hardly any rainfall in winter season (only 11% of annual rainfall occurs in win-
ter). Hence there is scarcity of water in rest periods of the year for growing crops in 
up and medium lands. Drip irrigation has created interest among farmers because of 
less water requirement, possible increased production and better quality produce. The 
Government of India is also offering fi nancial assistance to the farmers who use this 
technique for growing preferably vegetables and fruits. Among the different vegeta-
bles cultivated in the Odisha state, tomato is an important vegetable and is grown in all 
agro-climatic conditions. Due to lack of information of proper irrigation management 
technique, the crop yield is very low.

Therefore, a fi eld experiment was conducted in the West Central Table Land Zone 
of Odisha – India to study the effects of drip irrigation and furrow irrigation on yield 
and water use effi ciency of tomato grown under the mulching and nonmulching condi-
tions. This chapter discusses these research results.
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15.2 MATERIALS AND METHODS

During the two-year period (2006 and 2007), field experiments were conducted at 
the Regional Research and Technology Transfer Station in Chiplima, which comes 
under the West Central Table Land Zone of Odisha – India. The latitude, longitude 
and altitude for the site are 200 21’N, 800 55’ E and 178.8 m above the mean sea level, 
respectively. The area falls under the subhumid climatic condition in the eastern part 
of India. The total rainfall in the study area during the crop growing season (8th Jan 
to 3rd April) was 32.0 mm for 2006 and 29.0 mm for 2007, respectively. The mean 
daily air temperature during the crop growing period ranged from 15.4 °C to 31.3 °C 
during 2006 and 16.8 °C to 29.97 °C during 2007, respectively. The mean daily rela-
tive humidity ranged from 45.5% to 689.7% in 2006 and 47.2% to 70.5% in 2007, 
respectively.

The soil texture of the study area is sandy loam with sand, silt and clay percent-
age of 78.8, 10.8 and 10.4, respectively. Average values of bulk density, volumetric 
moisture content at fi eld capacity and permanent welting point are 1.55 gm/cc, 26% 
and 10%, respectively. Average pH, EC and organic carbon were 6.3, 0.09 dS/m and 
0.51%, respectively.

Tomato variety Arjun was planted in the plots with 75 cm spacing from row to row 
and 60 cm from plant to plant. Plantations (25 days seedlings) were transplanted on 
8th Jan of each of the two years and harvested on 3rd April for both the years. Appli-
cations of N, P and K fertilizers were 150, 100 and 100 kg/ha, respectively. Nitrogen 
was applied 50% as preplating and rest 50% as top-dressing one month after planting. 
Phosphate and potash fertilizers were applied 100% as preplanting each. All preplant-
ing fertilizers were applied in pits whereas top dressing fertilizers were applied as ring 
placement in all the plots. Other cultural practices of the crop were followed as per 
recommendations by Indian Council of Agricultural Research – New Delhi [21].

The LDPE (low density poly ethylene) fi lm of 50-micron thickness was used for 
mulching around the plant. The lateral lines of 12 mm diameter LDPE pipes were 
laid along the crop rows and each lateral served one row of crop. The laterals were 
provided with on-line emitters of 4 L/hr. discharge capacity. LDPE pipes of 75 mm 
diameter were used for main and 63 mm diameter was used for submain. The main 
line was directly connected to a 1.5 HP submersible pump installed to lift water from 
an open sump. The manifold unit was connected with a screen fi lter, a pressure gauge 
and control valve. The duration of delivery of water to each treatment was controlled 
with the help of gate valve provided at the inlet end of each lateral. In case of furrow 
irrigation, irrigation was scheduled at weekly interval.

The experiment was laid out in randomized block design having eight treatments 
and replicated thrice with a plot size of 6 m × 3 m. Each treatment was spaced 0.5 m 
apart to avoid overlapping of treatments (Fig. 1). The treatments were:

T1 = 100% irrigation requirement (IR) through drip irrigation (VD);
T2 = 80% IR through drip irrigation (0.8 VD);
T3 =60% IR through drip irrigation (0.6 VD);
T4 = 100% IR by furrow irrigation (V);
T5 = 100% IR through drip irrigation with black LDPE mulch (VD+M);
T6 = 80% IR through drip irrigation with black LDPE mulch (0.8 VD+M);
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T7 = 60% IR through drip irrigation with black LDPE mulch (0.6 VD+M); and
T8 = 100% IR by furrow irrigation with black LDPE mulch (V+M).
In furrow treatment, irrigation was applied to each furrow. Furrows were laid at 

0.25% bed slope. The furrows had dyes at the downstream end to prevent runoff. Poly-
thene sheets were inserted to a depth of 60 cm in the inner side of the dykes of each 
plot to prevent lateral seepage. In case of drip irrigation, there were two crop rows per 
each lateral and one dripper per plant. Figures 2 and 3 show the actual layout of drip 
in tomato crop in the fi eld.

FIGURE 1 Schematic layout of the field experiment for the tomato crop.

FIGURE 2 Layout of laterals and drippers in the experimental field.
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FIGURE 3 Tomato crop under drip irrigation.

15.3 ESTIMATION OF DAILY CROP WATER REQUIREMENT

The daily crop water requirement was computed by using Eq. (1) [19].

 V = Ep.Kp.Kc.Sp.Sr.Wp (1)

where: V = Volume of water required (liter/day/plant); Ep = Pan evaporation as mea-
sured by Class-A pan evaporimeter (mm/day); Kc = Crop coefficient which depends 
on crop growth stage; Kp = Pan coefficient, 0.8 [12]; Sp = plant-to-plant spacing (m); 
Sr = row-to-row spacing (m); and Wp = Fractional wetted area that varies with crop 
growth stage.

Based on the fi eld experiment, the value of Kc of tomato was for 0.45 crop es-
tablishment, 0.75 for crop development, 1.10 for mid-season, and 0.65 for maturity 
stages, respectively. The values of Wp was assumed as 0.5 during crop establishment 
stage and 0.75 during other stages [2].

Water requirement of tomato was estimated on daily basis for all months of a 
particular year by drip method. Daily operating time for drip irrigation system was 
worked out taking the application rate per plant. Drip system was scheduled to oper-
ate on alternate days, therefore total quantity of water delivered was cumulative water 
requirement of two days. Operating time of the drip irrigation for each treatment was 
computed using Eq. (2).

 Operating time = [V]/[(Number of emitters per plant) × (emitter discharge rate)] (2)

where: V is volume of water required (liter/day/plant), and operating time is in hours. 
Volume of irrigation water and hence the operating time of each treatment was differ-
ent depending on evaporation rate, crop growth stage as well as treatment irrigation 
scheduling. Observations on water requirement and yield of tomato were recorded and 
analyzed statistically following the standard procedures [14]. The water use efficiency 
(WUE) of the crop was determined by dividing the yield with crop water requirement. 
Biometric observations were recorded for plant height, number of branches per plant, 
number of leaves and average yield attributing characters such as days taken to first 
harvest, number of fruits per plant and the yield of tomato.
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15.4 RESULTS AND DISCUSSION

15.4.1 YIELD AND YIELD ATTRIBUTING PARAMETERS
Data for 2006 and 2007 included yield attributing characters: Plant height, number of 
branches per plant, days taken to first harvest, number of fruits per plant and the yield 
of tomato; and are presented in Tables 2 and 3 including the statistical data. The mean 
data of different yield attributing parameters and yield of tomato are also presented in 
Table 4 along with the statistical test data.

TABLE 2 Yield and yield attributing parameters of tomato as affected by different treatments 
for the year 2006.

Treatments Plant height,
cm

No. of branches
per plant

Days taken
to first
harvest

No. of
fruits

per plant

Yield 
t/ha

T1 58.0 23.6 70 39.4 16.5

T2 56.8 22.0 71 37.8 15.0

T3 57.0 21.6 72 35.7 13.5

T4 55.0 20.1 74 30.2 12.0

T5 60.8 28.5 66 45.4 18.8

T6 60.3 27.1 67 43.2 16.8

T7 58.1 25.3 69 40.5 14.7

T8 57.2 21.3 75 34.7 12.5

SE (m) 0.955 0.698 0.771 0.490 0.43

CD (0.05) 2.898 2.117 2.340 1.486 1.29

TABLE 3 Yield and yield attributing parameters of tomato as affected by different treatments 
for the year 2007.

Treatments Plant
height,

cm

No. of 
branches/

plant

Days taken
to first
harvest

No. of
fruits per plant

Yield
t/ha

T1 59.2 24.6 69 40.1 17.5

T2 57.8 23.0 70 38.3 16.6

T3 57.0 21.9 70 36.7 14.1

T4 56.2 20.8 72 31.0 12.8

T5 60.5 29.5 67 46.0 19.2
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Treatments Plant
height,

cm

No. of 
branches/

plant

Days taken
to first
harvest

No. of
fruits per plant

Yield
t/ha

T6 59.7 28.1 68 44.2 17.4

T7 58.6 26.8 69 42.5 15.3

T8 57.2 22.3 74 35.3 13.0

SE (m) 0.965 0.798 0.756 0.530 0.456

CD (0.05) 2.798 2.317 2.542 1.566 1.312

TABLE 4 Mean yield and yield attributing parameters of tomato as affected by different 
treatments.

Treat-
ments

Plant 
height,

cm

No. of branch-
es/ plant

Days taken to 
first harvest

No. of fruits/ 
plant

Yield
t/ha

T1 58.6 24.1 69.5 39.8 17.0

T2 57.3 22.5 70.5 38.1 15.5

T3 57.0 21.8 71.0 36.2 13.8

T4 55.6 21.5 73.0 30.6 12.4

T5 61.7 28.8 66.5 45.7 19.0

T6 60.0 27.6 67.5 43.7 17.1

T7 58.4 26.1 69.0 41.5 15.0

T8 57.2 21.7 75.0 35.0 12.8

SE (m) 0.951 0.761 0.745 0.523 0.448

CD (0.05) 2.722 2.392 2.523 1.511 1.304

The results in Tables 2 to 4 show that yield and yield attributing parameters are 
signifi cantly superior in the treatment T5 as compared to the rest of the treatments. The 
treatment T5 recorded the lowest days to harvest the fi rst fruit, that is, 66 days in 2006 
and 67 days in 2007, respectively, with a mean value of 66.5 days. Compared to the 
furrow irrigation without any mulch (treatment, T4), these values were 72 in 2006 and 
74 in 2007, respectively, with mean value of 73 days. The mean value represents that 
it takes 6.5 days less for the fi rst fruit to be harvested in treatment T5 as compared to 
treatment T4.

TABLE 3 (Continued)
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Mulching treatment for various irrigation scheduling rates represents that imposi-
tion black plastic mulch (LDPE) decrease the days for harvesting the fruits. This fact 
is true for both the years of data and also for the mean value (Tables 2 to 4). Number 
of fruits per plant in treatment T5 (100% irrigation requirement through drip irrigation 
with LDPE mulch) was recorded highest (45.4 for 2006 and 46.0 for 2007 with a mean 
value of 45.7), which is 15.2, 14.7 and 14.9% higher compared to the values in treat-
ment T1 (100% irrigation requirement through drip irrigation without LDPE mulch) 
for the corresponding years in sequence. As regards to number of branches per plant, 
maximum value of the mean of two years data was recorded in T5 (28.8) followed by 
T6 (27.6) and lowest value in T4 (20.5).

The results also show that the infl uence of mulch on growth of the plants in terms 
of number of branches per plant, which is also high. The reader can observe in Table 
3 that the number of branches per plant for treatment T1 is 24.1 compared to 28.8 for 
treatment T5. This trend is true for all other treatments with mulch and nonmulch con-
ditions. The highest increase in yielding attributing parameters in treatment T5 might 
be due to availability of soil moisture as well as optimum temperature as compared to 
all other treatments. The lowest value of the yield attributing parameters in treatment 
T4 may be due to unfavorable moisture regime (moisture stress or excess moisture) 
in the soil through surface irrigation and competition of weeds for nutrients. All the 
yield-attributing characters are signifi cantly higher in treatment T5 compared to other 
treatments. Mulch has signifi cant effect on yield attributing characters than nonmulch 
treatments.

The crop yield was 18.8 t/ha in 2006 and 19.2 t/ha in 2007, respectively, with a 
mean value of 19.0 t/ha. The corresponding values were 16.5, 17.5 and 17.0 t/ha for 
treatment T1; 12.0, 12.8 and 12.4 t/ha for treatment T4; and 12.5, 13.0 and 12.8 t/ha 
for treatment T8, respectively. Therefore, this study reveals that mulching has a great 
effect on the crop yield. The data represents that imposition of mulch in the crop en-
hances the crop yield by increasing 11.8% yield for the treatment T5 and for furrow 
irrigation method (surface irrigation), the yield increase was 3.2% for the treatment T8 
over the treatment T4 (See Table 4).

Irrigation scheduling also had a great infl uence on the crop yield. Irrigation with 
100%, 80% and 60% irrigation requirements with mulch and nonmulch conditions, 
recorded lower crop yield in sequence. For example, the mean crop yield in treatment 
T1 was 9.7% higher than treatment T2 and 23.2% higher than the treatment T3 (Table 
4). Similarly, with the incorporation of mulch, the mean crop yield of treatment T5 
was 11.7% higher than treatment T6 and 26.7% higher than the treatment T7. When 
we compare the mean yield data, it is observed that the drip irrigation has a signifi cant 
effect on augmenting the yield over the conventional furrow irrigation. For example, 
the mean yield of tomato with 100% irrigation requirement without mulch has 37.1% 
increase than the furrow-irrigated treatment without any mulch.

The low yield recorded under surface irrigation method may be due to water stress 
during critical growth period, coupled with aeration problem in fi rst few days immedi-
ately after irrigation. Also due to heavy application of irrigation water, the availability 
of nutrients for crop growth was less due to leaching and also due to heavy weed infes-
tation between the crops. On the other hand in drip irrigation system, water is applied 
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at a low rate for a longer period at frequent intervals near the plant root zone through 
low-pressure delivery system. It increased the availability of nutrients near the root 
zone with a reduction in leaching losses. More nutrient availability, especially near the 
root zone might have increased the translocation of photosynthesis to storage organs 
of tomato resulting in an increased growth and hence increasing the yield. With intro-
duction of the LDPE sheet, the crop yield with 100% irrigation requirement is found 
to be 48.4% higher than the furrow irrigated crop with mulching. This fact is true for 
all other treatments with mulch and nonmulch conditions. Thus, the study represents 
that irrigation schedules, methods of irrigation and mulching have signifi cant effect on 
increasing the crop yield.

15.4.2 CROP WATER REQUIREMENTS
Crop water requirements for various treatments for both 2006 and 2007 are presented 
in Tables 5 and 6, respectively. The mean data is presented in Table 7.

TABLE 5 Yield, water requirement and water-use-efficiency of tomato for different treatments 
in 2006.

Treatments Yield, t/ha Water require-
ment, cm

Water-use-efficien-
cy, t/ha/cm

T1 16.5 25.5 0.647

T2 15.0 24.2 0.620

T3 13.5 23.3 0.579

T4 12.0 29.3 0.410

T5 18.8 24.1 0.780

T6 16.8 23.6 0.711

T7 14.7 22.1 0.665

T8 12.5 27.2 0.460

SE (m) 0.426 0.11 0.231

CD (0.05) 1.293 0.31 0.431

TABLE 6 Yield, water requirement and water-use-efficiency of tomato for different treatments 
in 2007.

Treatments Yield, t/ha Water requirement, cm Water-use-efficiency, 
t/ha/cm

T1 17.5 26.2 0.668

T2 16.6 25.3 0.656

T3 14.1 24.1 0.585
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Treatments Yield, t/ha Water requirement, cm Water-use-efficiency, 
t/ha/cm

T4 12.8 30.0 0.430

T5 19.2 25.0 0.768

T6 17.4 24.2 0.719

T7 15.3 23.2 0.659

T8 13.0 28.0 0.464

SE (m) 0.456 0.13 0.243

CD (0.05) 1.312 0.38 0.441

Crop water requirement is less in treatment T3 compared to T1 for both the years. 
The crop water requirement for T3 was 23.3 T3 in 2006 and 24.1 in 2007, respectively, 
with a mean value of 23.7 cm. The mean water requirement in T3 was 8.5% more than 
T1 and 4.4% more than T2. The reason of low water requirement in T3 may be due 
to higher application of irrigation since we have to supply 100% irrigation in T1 and 
80% irrigation requirement in T2, and in treatment T3 we are applying only 60% ir-
rigation requirement at each irrigation. Comparing the water requirement of drip and 
furrow irrigation, it is observed that the furrow irrigation required higher amount of 
water than the drip system for both the years. In treatment T4 which is furrow irrigated 
treatment without mulch, the mean water requirement of the crop was 29.7 cm, which 
is 14.7, 19.8 and 25.3% higher as compared to treatments T1, T2 and T3, respectively. 
The reasons of obtaining higher water requirement in furrow irrigation may be due to 
higher application rate than the actual crop requirement resulting deep percolation and 
runoff. However, because of some limitations, deep percolation study in various treat-
ments could not be carried out.

TABLE 7 Mean yield, water requirement and water-use-efficiency of tomato for different 
treatments.

Treatments Yield, t/ha Water requirement, 
cm

Water-use-efficiency, 
t/ha/cm

T1 17.0 25.9 0.656

T2 15.5 24.8 0.625

T3 13.8 23.7 0.582

T4 12.4 29.7 0.418

T5 19.0 24.9 0.763

T6 17.1 23.9 0.715

TABLE 6 (Continued)
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Treatments Yield, t/ha Water requirement, 
cm

Water-use-efficiency, 
t/ha/cm

T7 15.0 22.7 0.661

T8 12.8 27.6 0.464

SE (m) 0.448 0.439 0.253

CD (0.05) 1.304 1.312 0.453

Incorporation of mulch in some treatments reveals that it has signifi cant effect on 
reducing the crop water requirement. The mean water requirement of treatment T1 
was 25.9 cm and when we used mulch the same treatment (now it is designated as 
treatment T5) gave water requirement of 24.6 cm (Table 7). Thus there is a reduction 
of 5.01% water requirement because of mulching. Similarly, the mean water require-
ment of furrow method of irrigation without mulch (Treatment T4) is 29.7 cm but it is 
reduced by 7.07% for mulching. The reason that mulching reduces water requirement 
may be due to the fact that evaporation from the crop root zone is reduced because of 
LDPE cover in the soil and thereby reducing the crop evapotranspiration. This causes 
less amount of water to be applied to the crop, consequently decreasing the water 
requirement. Thus, the study reveals that irrigation scheduling, methods of irrigation 
as well as mulching has signifi cant effect on water requirement of the crops and thus, 
play great role in saving of irrigation water. From the study, it is suggested that the 
crop should be irrigated with drip methods rather than furrow and inclusion of mulch 
will save a lot of costly irrigation water.

15.4.3 WATER USE EFFICIENCY

Yield, water requirement and water-use-efficiency (WUE) of the crop for 2006 and 
2007 are presented in Tables 5 and 6, respectively. The mean values of the above men-
tioned parameters are presented in Table 7. The data in Tables 5 to 7 indicate that the 
values of WUE of the crop are highest for treatment T5 with values of 0.780 t/ha/cm 
and 0.768 t/ha/cm in 2006 and 2007, respectively, with a mean value of 0.763 t/ha/cm. 
This value of WUE in treatment T4 is computed to be the lowest with value of 0.410 t/
ha/cm in 2006 and 0.430 t/ha/cm in 2007 with a mean value of 0.418 t/ha/cm (Table 7). 
Thus there is 82.5% more WUE of the crop in treatment T5 as compared to treatment 
T4. The furrow treatments resulted in reduced WUE than the drip irrigated treatments. 
The reason may be due to low yield of the crop in furrow treatments with high water 
requirement. The drip treatments gave higher yield and at the same time required less 
water, and therefore the value of WUE was less. Among the different irrigation sched-
uling methods used in drip treatments, treatment T1 gave mean WUE value of 0.656 
t/ha/cm whereas T2 and T3 gave 0.625 and 0.582 t/ha/cm, respectively. Treatment T1 
resulted in obtaining 5.0% more WUE than T2 and 12.71% more in treatment T3. The 
reason of getting more WUE for treatment T1 may be due to the fact that in treatment 
T1, more water is applied to the crop in the effective root zone resulting a favorable 

TABLE 7 (Continued)
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soil moisture regime that enhances the growth and yield of the crop; consequently giv-
ing high value of WUE.

The study further indicated that mulching had signifi cant infl uence in increasing 
the WUE of the crop. When mulching was done, drip irrigation with 100% irrigation 
requirement enhanced the mean WUE by 16.3% as compared to drip irrigation with 
100% irrigation but with no mulch. Similar trend was noticed for other treatments with 
and without mulch. Thus, the study suggests that irrigation to tomato may be done by 
drip irrigation to meet the 100% irrigation requirement along with inclusion of black 
plastic mulch.

15.5 SUMMARY

Field experiments were conducted at the Regional Research and Technology Transfer 
Station in Chiplima – Odisha – India for two years (2006 and 2007) to study the effects 
of drip and furrow irrigation on yield and water use efficiency of tomato grown under 
the mulching and nonmulching condition. The experiment was laid out in random-
ized block design having eight treatments and three replications each. Out of the eight 
treatments, six comprises of 100, 80 and 60% irrigation requirement of the crop with 
mulching and nonmulching conditions irrigated by drip system and two with furrow 
irrigation at 100% irrigation requirement with mulching and nonmulching condition.

The study revealed that treatment with 100% irrigation requirement along with 
mulching (Treatment T5) gave the highest yield and yielding attributing data among 
all other treatments. The same treatment also gave signifi cantly highest of tomato 
(19.0 t/ha, mean of two years) compared to other treatments with highest water -use-
effi ciency of 0.763 t/ha/cm (mean of two years). Yield and water-use-effi ciency of the 
crop for drip-irrigated system are found to be more than conventional furrow irriga-
tion. Amongst the drip irrigated crops, the yield of the crop was found to be maximum 
when the crop was irrigated to meet 100% irrigation requirement. The study also in-
dicated that mulching played a signifi cant role in enhancing yield, decreasing water 
requirement and hence augmenting the water-use-effi ciency of tomato. When the crop 
is irrigated by drip system to meet 100% irrigation requirement along with mulching, 
water-use-effi ciency increases by 82.5% than when the crop is irrigated by furrow 
system without any mulch, which is the conventional irrigation system for tomato in 
the region.
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16.1 INTRODUCTION

More than 65% of U.S. total vegetable acreage is irrigated [14]. Although used on 
approximately 7% of the total irrigated acreage in the U.S., drip irrigation is widely 
used on high-value crops [15]. Improvements in drip irrigation and increases in plas-
ticulture production have prompted significant increases (> 500%) in its use over the 
previous 20–30 years, [14]. Drip irrigation, if properly managed, can achieve up to 
95% application efficiencies [25].

Due to increases in yield and quality, growers often over irrigate, viewing it as 
a cheap insurance policy for growing fruits and vegetables. However, just 5 h after 
the initiation of drip irrigation, the wetting front under an emitter may reach 45 cm 
from the soil surface, effectively below the root zone of many vegetables [9]. Water 
can migrate upward into the root zone through capillary action on fi ne textured soils; 
however, movement decreases as texture becomes coarser. Additionally, small scale 
variability in soil textures may affect water movement [18, 40]. If water reaches a clay 
subsoil, upward movement into a coarser loam topsoil can be limited. Fertilizers and 
pesticides may also leach below the root zone of plants grown in coarse soils when 
excessive water is applied [36]. Methods for improved scheduling and management of 
irrigation may increase water use effi ciency as well as potentially reduce the leaching 
of agricultural chemicals.

Irrigation scheduling has traditionally been weather or soil based; although sev-
eral plant-based scheduling methods have been proposed [10, 16]. In weather-based 
scheduling, the decision to irrigate relies on the soil water balance. The water balance 
technique involves determining changes in soil moisture over time based on estimat-
ing evapotranspiration (Et) adjusted with a crop coeffi cient [23]. This method takes 
environmental variables into account along with crop coeffi cients that are adjusted for 
growth stage and canopy coverage [12]. However, irrigating based on crop Et values 
may be subject to inaccuracies due to variations in local conditions and production 
practices [1, 5]. Furthermore, some growers do not have access to appropriate local 
weather data and the programs necessary to properly schedule irrigation.

Often soil moisture-based methods are used to schedule irrigation. Perhaps the 
simplest and most common technique is the “feel method,” where irrigation is initiated 
when the soil “feels” dry [1]. More sophisticated methods involve using a tensiometer 
or granular matrix type sensor [20, 24, 30, 34]. These methods require routine moni-
toring of sensor(s), with irrigation decisions made when soil moisture thresholds have 
been reached. This requires the development of threshold values for various crops 
and soil types. Soil water potential (Ψs) thresholds for vegetable crops such as tomato 
(Lycopersicon esculentum) and pepper (Capsicum spp.) have been developed [13, 30, 
32, 35]. In threshold studies, Ψs levels are maintained at a near constant level using 
automated systems [30]; or the soil is wetted for a period of time then allowed to dry 
out [35]. In sandy soils, high-frequency, short-duration (pulsed) irrigation events can 
reduce water use while maintaining yields of tomato when compared to a tradition-
ally scheduled high-volume, infrequent irrigation [20]. Pulsed irrigation results in a 
shallower wetting front shortly after the irrigation event, increasing application ef-
fi ciencies [2, 43, 44]. Although data for pulsed irrigation is available for sandy soils, 
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comparisons of the effects of irrigation duration and frequency at different thresholds 
for vegetables on fi ne textured soils are largely unavailable.

The purpose of this research was to use a tensiometer-controlled, automated irriga-
tion system to compare pulsed irrigation to longer-duration, high-volume irrigations at 
different soil water potential (Ψs) levels for tomato grown using a plasticulture produc-
tion system in a silt loam soil.

16.2 MATERIALS AND METHODS

This study was conducted during 2009 and 2010 at the University of Kentucky Hor-
ticulture Research Farm in Lexington, KY (lat. 38°3’N, long. 84°30’W). ‘Mountain 
Fresh’ tomato seeds (Seedway, Elizabethtown, PA) were planted into 72 cell green-
house trays filled with soil-less media (Pro-Mix BX; Premier Tech, Riviere-du-Loup, 
QC, Canada) on 15 April 2009 and 4 May 2010. Seedlings were grown in the green-
house with temperature set points of 25/20 °C (day/night). Plants were watered daily 
as needed and fertilized weekly with a 150 mg·L–1 nitrogen (N) solution (20N–4.4P–
16.6K; Scotts, Marysville, OH). Tomato plants were greenhouse grown using recom-
mended practices for transplant production in Kentucky [6]. Tomato seedlings were 
transplanted using a water-wheel planter on 29 May 2009 and 14 June 2010. Plants 
were set into 4–5-inch tall raised beds covered with 1-mil embossed black plastic 
mulch with a single line of drip irrigation tubing (12-inch emitter spacing, 0.45 gal/
min per 100 ft., Aqua-Traxx; Toro, El Cajon, CA) placed approximately 1 inch below 
the soil surface in the center of each bed. Plants were set approximately 4 inches to the 
side of drip irrigation lines. Beds were approximately 30-inches across and spaced on 
approximately 6.5-ft centers. Transplants were placed in single rows on each bed with 
18-inch in-row spacing.

The soil was a Maury silt loam series, mesic Typic Paleudalfs. Soil samples were 
collected after bed formation and transplanting. Five samples were taken from each 
plot to a depth of 100 cm, in 20-cm segments. The pipette method was used for particle 
size analysis [29]. Soil texture was found to be either silt loam or silty clay loam. Sand 
and silt content varied from 6.5% to11.0% and 49.6% to73.2%, respectively. Clay 
content ranged from 19.3% to 39.3%. Bulk densities of soil under natural conditions 
were determined using a core of known volume [11]. A core sampler was pushed into 
the soil at depths of 5–15 cm and 25–35 cm. Soil extracted from the sampler was oven 
dried and weighed. Bulk density varied from 1.33–1.74 g·cm–3.

Preplant fertility (19N–8.3P–15.8K; Southern States Cooperative, Richmond, VA) 
was applied under the plastic mulch at a rate of 75 lb/acre N. Supplemental fertility 
was initiated two weeks after transplanting and was supplied through fi ve fertigation 
events alternating between calcium nitrate and ammonium nitrate, applied at a rate of 
15 lb/acre N per week. Preventative spray schedules for diseases were followed with 
weekly sprays made according to recommendations for fresh market tomato grown 
in Kentucky [6]. One application of spiromesifen (Oberon 2SC; Bayer Crop Science, 
Research Triangle Park, NC) was made in August 2009 to control two-spotted spider 
mite (Tetranchyus urticae).

Automated irrigation was managed using paired or single-switching tensiometers 
(model RA 12-inch; Irrometer, Riverside, CA). In paired treatments, one tensiometer 
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functioned to turn on irrigation while the other turned it off. In the single-tensiometer 
treatment, irrigation solenoids were turned on and off by one switch. A single-tensi-
ometer treatment was chosen to determine if a simpler automated system with one 
measurement point could be comparable to a two-tensiometer setup. Tensiometers 
were placed approximately 8 inches from the tomato plants and 4-inches from the 
edge of the raised beds, at a depth of 8-inches from the upper surface of the bed. On/
off set points for the four, two-tensiometer treatments were as follows: on/off −30/–10, 
−30/–25, −45/–10, −45/–40 kPa. The single-tensiometer treatment was set at −35 kPa 
in 2009 and −40 kPa in 2010. These set points were based on previously reported 
thresholds [8, 39]. Irrigation treatments were implemented on 17 June 2009 and 27 
June 2010 after plants were established. The frequency and duration of the automated 
and manual irrigation events were recorded with data loggers (Hobo U9 State Data 
Logger; Onset, Cape Cod, MA). Water usage for the season was calculated by multi-
plying the frequency and duration of irrigation events by the fl ow rate of drip irrigation 
tubing at a constant pressure (10 psi). There were four replications of irrigation treat-
ments. Treatment plots consisted of 20 plants (measurements were taken on 16 plants 
in the center of each plot) arranged in a completely randomized design for a total of 
20 experimental plots. Previous research indicated that growing conditions in the plots 
used for this trial were uniform and a blocking design was not required.

In the 2009 growing season, two soil moisture probes (EC-5; Decagon Devices, 
Pullman, WA) per plot were placed at 6 and 12-inch depths into the raised beds in 
the same relative location to the tomato plants as tensiometers. Data loggers were 
unavailable for soil moisture data collection in 2010. On 3 July 2009, an access hole 
adjacent to the plant bed was dug and probes were inserted into undisturbed soils in 
the plant bed under the plastic. Probes were inserted in a parallel orientation with 
the soil surface at depths of 6 and 12 inches. Probes were connected to data loggers 
(Em 50; Decagon Devices) and soil volumetric water content (VWC) recorded hourly 
throughout the season.

Tomatoes were harvested fi ve times each year. In 2009 harvests were conducted 
from 4 Aug. to 8 Sept. In 2010 fruit were harvested from 16 Aug. to 13 Sept. Plants 
were harvested approximately weekly. Fruit were graded according to U.S. Depart-
ment of Agriculture standards for fresh market tomatoes [37].

Predawn and midday leaf water potential (ΨL) and leaf relative water content 
(RWC) measurements were initiated on 7 and 14 July 2009 and 2010, respectively. 
Measurements of leaf RWC and ΨL were conducted during the same time period on 
the same days throughout the study. Measurements were taken biweekly in 2009 and 
weekly in 2010. Plant ΨL was measured using a pressure chamber (Model 615; PMS 
Instrument Company, Albany, OR) using two recently matured, fully expanded leaves 
from plants near the center of each plot [27]. Leaf RWC, was conducted according to 
the method of Barrs and Weatherley [3], was determined on samples of fi ve, recently 
matured, fully expanded leaves obtained from plants near the center of each plot. Upon 
removal from plants, leaves for ΨL and RWC were immediately placed in sealed poly-
ethylene bags, packed in a cooler with ice and measured within 30 min of sampling.

Weather data were obtained from an on-farm weather station that recorded envi-
ronmental variables every minute and provided hourly averages (Kentucky Mesonet, 
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Fayette County Station, Lexington, KY [37]). The studies were terminated on 8 and 13 
Sept. 2009 and 2010, respectively.

Statistical analyzes were conducted using the GLM, repeated measures, and Fish-
ers least signifi cant difference of SAS statistical software when appropriate (Version 
9.1; SAS Institute, Cary, NC).

16.3 RESULTS AND DISCUSSION

The growing season in 2010 was drier and warmer than in 2009. Daily average air 
temperatures were 71.3 and 72.6°F in July and Aug. of 2009, respectively; but were 
77.5 and 77.4°F in July and Aug. 2010, respectively. Rainfall was greater in 2009 
compared to 2010. In 2009 the research site experienced 15.47 inches of rain during 
the study, while 10.19 inches were received in 2010. Irrigation events and water use 
are summarized in Table 1. In 2010, less water was applied than in 2009, despite being 
a hotter and drier growing season. Although it may be expected that greater irrigation 
would have been required in 2010, the results are supported by field observations. 
High temperatures observed in 2010 were supra optimal for tomato plant growth and 
plants were smaller in 2010 than in 2009 [17]. Typically soil moisture sensor-based 
irrigation systems will distribute water in a manner that is reflective of canopy and root 
growth [22, 42]. Therefore, it is not unexpected that plants with less leaf area would 
require less water.

TABLE 1 Mean number of irrigation events, irrigation time per event, and irrigation volume 
for the season ‘Mountain Fresh’ tomato grown under five automated irrigation regimes in 2009 
and 2010 in Lexington, KY.

Irrigation 
Treatment 

on/off

2009 2010
Irriga-
tions

Mean irri-
gation time

Mean ir-
rigation
volume

Irriga-
tions

Mean irri-
gation time

Mean 
irrigation 
volume

kPaz (no.) (min/event) (gal/acrez,y) (no.) (min/event) (gal/acre)

–30/–10 39 110 138,996 28 144 130,637

–30/–25 59 91 173,956 22 140 99,792

–45/–10 21 221 150,368 22 167 119,037

–45/–40 76 40 98,496 18 146 85,147

–35 or −40x 52 93 156,686 44 84 119,750
z 1 kPa = 1.0 cbar, 1 gal/acre = 9.3540 L·ha–1.
y Assuming 7200 row feet (2194.6 m) per acre with drip irrigation emitter rate of 0.45 gal/min per 100 ft. 
(0.0559 L·min–1·m–1).
x Single tensiometer treatment set at −35 kPa (–35.0 cbar) in 2009 and −40 kPa (–40.0 cbar) in 2010.

Average water applied ranged from 98,500 to 173,960 gal/acre in 2009 and 85,150 
to 130,640 gal/acre in 2010. In 2009, the −30/–10 or −45/–10 kPa treatments irrigated 
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less frequently, but for longer periods of time than the −30/–25 and −45/–40 kPa treat-
ments (Table 1). The −45/–10 treatment irrigated the fewest number of times, but rep-
resented the longest average irrigation duration of the given treatments in 2009. The 
−45/–40 kPa treatment refl ected a pulsed irrigation regime with 76 irrigation events 
with an average duration of 40 min in 2009. This treatment also used the least water in 
the study, with 98,500 and 85,150 gal/acre in 2009 and 2010, respectively, (Table 1). 
The single-tensiometer treatment, which was set at −35 kPa in 2009, irrigated 52 times 
with an average length of 91 min and was most similar to the −30/–25 kPa treatment. 
This suggests that a single-tensiometer system can simulate pulsed irrigation, simpli-
fying installation of an automated-irrigation system.

There were smaller differences among the pulsed and nonpulsed irrigation treat-
ments in 2010 compared to 2009. In 2010, the number of irrigations ranged from 18 in 
the −45/–40 kPa treatment to 28 in the −30/–25 kPa treatment, and 44 in the −40 kPa 
treatment. In 2010, smaller plants demanding less water may have allowed suffi cient 
time for greater movement of water in the plant bed through capillary action during the 
day [18], resulting in less frequent irrigations. In 2010, the pattern of irrigation dura-
tion and frequency for the single-tensiometer treatment was similar to 2009, but the 
other treatments were less refl ective of the 2009 treatments. Although the frequency 
of irrigation in 2010 did not refl ect the pulsed treatment settings as closely as in 2009, 
the amount of water applied was more representative of what would be expected in a 
pulsed system [42].

Soil VWC data was recorded hourly at depths of 6 and 12 inches in 2009 and gen-
erally was representative of the irrigation treatments (Fig. 1A–E).

There were signifi cant differences in soil VWC between the different treatments 
at the depths measured (Table 2). In addition, there was a signifi cant depth by treat-
ment interaction for soil VWC (Fig. 1A–E). With the exception of a period of high 
rainfall in late July and early Aug., treatments had a consistent level of soil VWC in 
2009 (Fig. 1A–E). In all treatments, soil VWC was greatest at a depth of 12 inches. 
Excavation of a representative sample of tomato plants and intact roots after harvest 
indicated that maximum rooting depth of plants ranged from 12 to 15 inches, with 
80% of roots residing in the top 6 -inches of soil (data not shown). Average soil VWC 
at 6 inches ranged from 19.6% to 22.5% (Table 2). At a depth of 12 inches, soil VWC 
was signifi cantly different in all treatments, ranging from 24.5% to 33.4%. The soil 
VWC measured at a depth of 6 inches more closely represented the applied irrigation 
treatments and water applied than when measured at 12 inches. Rooting depth and soil 
VWC results suggest that 6 inches may be an appropriate depth to monitor soil mois-
ture in plasticulture grown tomato.
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FIGURE 1 (A-E) Average daily soil volumetric water content (cm·cm–3) measured at depths of 
6 inches (●) and 12 inches (○) as well as daily rainfall (▼) (cm·day–1) during the 2009 growing 
season for five automated, tensiometer-controlled irrigation regimes: on/off −30/–10 kPa (A), 
−30/–25 kPa (B), −45/–10 kPa (C), −45/–40 kPa (D), −35 kPa (E) for ‘Mountain Fresh’ tomato 
grown in Lexington, KY; 1 kPa = 1.0 cbar, 1 cm = 0.3937 inch, 1 cm3 = 0.0610 inch3.
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TABLE 2 Mean volumetric water content (VWC) and differences between VWC measured at 
depths of 6 and 12 inches (15.2 and 30.5 cm) for ‘Mountain Fresh’ tomato grown in under five 
automated irrigation regimes in 2009 in Lexington, KY.

Irrigation Treat-
ment on/off

VWC at 6 
inchesz 

VWC at 12 inches Difference
(12 inch – 6 inch)

kPaz (%)
–30/–10 22.5 ay 31.8 b 9.3 b
–30/–25 21.7 b 33.4 a 11.7 a
–45/–10 20.3 c 24.5 e 4.2 d
–45/–40 19.6 d 26.4 d 6.8 c
–35 20.3 c 27.6 c 7.3 c

z1 in = 2.54 cm, 1 kPa = 1.0 cbar.
y Values in the same co lumn followed by the same letter are not significantly different at P≤0.05 
according to Fisher’s least significant difference test.

TABLE 3 Mean yields of medium, large, extra large, and total marketable fruit, average fruit 
weight and percentage of cull fruit for tomato ‘Mountain Fresh’ grown with five automated 
irrigation regimes in 2009 and 2010 in Lexington, KY. Fruit were graded according to USDA 
standards for fresh market tomatoes.

Irrigation Treat-
ment on/off

Total market-
able yield

Medium 
fruit Large fruit

Extra 
large 
fruit

Aver-
age fruit 
weightz

Cull 
fruit

kPay (kg·ha–1)y (g·fruit–1)y (%)
2009
–30/–10 46,250 15,410 13,610 x a 17,230 296 25.8
–30/–25 46,050 16,100 13,980 a 15,960 287 27.8
–45/–10 44,880 15,040 14,510 a 15,330 297 26.5
–45/–40 48,210 21,060 13,230 a 13,920 278 25.3
–35 38,500 16,150 9,530 b 12,820 278 32.8
Treatmentw NS NS * NS NS NS
–30/–10 19,730 a 10,510 5,240 3,980 ab 104 50.2
–30/–25 15,460 b 9,860 3,700 1,900 c 103 55.8
–45/–10 18,300 ab 9,130 4,260 4,910 a 108 50.3
–45/–40 16,590 ab 9,230 3,890 3,480 b 106 57.8
–40 17,460 ab 10,130 4,330 3,000 bc 106 53.3
Treatment * NS NS * NS NS
Year x
Treatment

NS NS NS NS NS NS

z Average weight of marketable fruit
y1 kg·ha–1 = 0.8922 lb/acre, 1 g = 0.353 oz, 1 kPa = 1.0 cbar
x Values in the same column and year followed by the same letter are not significantly different at P≤0.05 
according to Fisher’s least significant difference test
w NS, *= not significant and significant at P≤0.05, respectively.
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The difference between soil VWC at 6 and 12 inches was greatest in the −30/–
25 kPa and smallest in the −45/–10 kPa treatment (Table 2). Much of this difference 
was due to an increase in the soil VWC at the 12-inch depth. Interestingly, for a given 
threshold (–30 kPa or −45 kPa) in the paired tensiometer treatments, the pulsed treat-
ments had a larger difference in soil VWC between the 6 and 12-inch depths.

These results indicate that the automated irrigation management system used in 
this trial provided the desired soil moisture regimes, similar to previously suggested 
thresholds [20, 39]. In addition, the utility of using an automated system for conduct-
ing irrigation research in a fi eld setting has been demonstrated. Total marketable yields 
were not affected by irrigation treatment in 2009, but were signifi cantly affected in 
2010 (Table 3). However, these were not signifi cant year by treatment interactions for 
yield parameters measured.

In 2009, total marketable fruit yields averaged 44,780 kg·ha–1. Yields of medium 
fruit averaged 16,750 kg·ha–1, with large and extra large fruit contributing 12,970 and 
15,050 kg·ha–1, respectively. In 2009, the −35 kPa treatment had signifi cantly less 
large fruit than the other treatments. However, this did not result in different total 
marketable yields. Average fruit weight was 287 g/fruit in 2009 and was not affected 
by irrigation treatment. Cull fruit averaged 27.6% in 2009 and were not signifi cantly 
different among treatments.

In 2010 total marketable fruit yields were signifi cantly affected by irrigation 
treatment. Yields of medium and large fruit were unaffected, averaging 9750 and 
4280 kg·ha–1, respectively. However, yields of extra large fruit were affected by irriga-
tion regime (Table 3).

Yields of extra large fruit were lowest in the −30/–25 kPa treatment and highest 
in the −45/–10 and −30/–10 kPa treatments. When comparing the longer-duration ir-
rigation regimes (–30/–10 and −45/–10 kPa) to the pulsed (–30/–25 and −45/–40 kPa) 
programs, the extended-duration regimes had higher yields of extra large fruit at a 
given setpoint. The −30/–10 kPa program yielded signifi cantly more extra large fruit 
than the −30/–25 kPa regime. Similarly, the −45/–10 treatment yielded signifi cantly 
more extra large fruit than the −45/–40 treatment. The pulsed, −40-kPa treatment had 
yields of extra large fruit that were signifi cantly different from the −45/–10 kPa treat-
ment, but no others. The −45/–40 kPa treatment used the least amount of water while 
producing yields that were no different from the highest yielding treatments in both 
years of the trial. Average fruit weight was 105 g/fruit and was not affected by irriga-
tion regime in 2010. The average percentage of cull fruit was unaffected by treatment 
in 2010 and was 53.5%. In 2010, the cull rate was signifi cantly greater than in 2009. 
The high percentage of cull fruit was the result of large numbers of small fruit in 2010.

Yields for all grades of fruit and total marketable fruit were signifi cantly 
greater in 2009 than in 2010. Total marketable fruit yields ranged from 38,500 – 
48,210 kg·ha–1 in 2009 and 15,460–19,730 kg·ha–1 in 2010. Yields were appropri-
ate for fresh market tomato grown in Kentucky in 2009, which typically average 
45,500 kg·ha–1, but were considered low in 2010 [41]. The growing season in 2010 
was warmer than 2009, resulting in smaller plants with signifi cantly lower yields. 
Yields of medium fruit, which were not signifi cantly affected by irrigation treatment 
in either year, were lower in 2010 than 2009 (Table 3). Medium fruit yield averaged 



206 Management, Performance, and Applications of Micro Irrigation Systems

16,750 kg·ha–1 in 2009 and 9750 kg·ha–1 in 2010; a reduction of approximately 41%. 
However, yields of large and extra large fruit were reduced by 67% and 77%, respec-
tively, in 2010. This reduction in yield of large and extra large fruit was refl ected in 
average fruit weight, which was reduced from an average of 287 g/fruit in 2009 to 
105 g/fruit in 2010. Air temperatures during the summer of 2010 were supra optimal 
for fi eld tomato production in Kentucky [16]. The higher than normal temperatures 
in July and Aug. 2010 resulted in yield losses for many fruiting vegetables in Ken-
tucky [28, 33].

In both years of this trial the −45/–40 kPa treatment used the least water. The 
most typical irrigation practice for fresh market tomato growers in Kentucky 
would be refl ected in the −30/–10 and −40/–10 kPa treatments where plants may 
be watered for three or four hours, once or twice per week. Trials conducted with 
sandy soils reported similar water savings through pulsed irrigations, without sig-
nifi cant differences in yield compared to typical grower practices [20, 42]. This 
suggests that irrigation practices may be altered in Kentucky to achieve additional 
water savings.

Predawn and midday plant ΨL and leaf RWC were analyzed to determine if physi-
ologic stresses were imposed. Predawn and midday ΨL were not affected by irrigation 
in 2009 and 2010 (Fig. 2A–D). In both years, midday ΨL was signifi cantly greater than 
predawn ΨL. The increase in ΨL from predawn to midday varied according to sampling 
date. On 6 Aug. 2009 ΨL increased from 0.6 MPa predawn to 7.7 MPa midday, but on 
1 Sept. 2010 ΨL increased from 4.2 to 7.6 MPa at predawn and midday, respectively. 
In 2009 a decrease in predawn ΨL was observed on 6 and 18 Aug. (Fig. 2C), which 
occurred after a rain event (Figs. 1A to 1E). In 2010 predawn ΨL increased signifi -
cantly on 28 July and 11 Aug. (Fig. 2D), which did not correspond with a particular 
rain event, but did correspond with a period of daily high air temperatures greater than 
90°F. Another study [21] reported similar fl uctuations throughout the growing season 
when measuring ΨL bell pepper.

Predawn water potential was signifi cantly greater in 2010 than in 2009. Average 
predawn ΨL for the 2010season was 4.2 MPa compared to 2.2 MPa in 2009 (Figs. 2C 
and 2D). This may be due to the higher temperatures observed in the 2010 growing 
season. Positive correlations between ΨL and air temperature were reported [7, 26]. 
Although environment affected ΨL in 2009 and 2010, irrigation regime was not shown 
to signifi cantly affect ΨL.
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FIGURE 2 (A–D) Leaf water potential for five automated, tensiometer-controlled irrigation 
regimes: on/off −30/–10, −30/–25, −45/–10, −45/–40 kPa, and −35 or −40 kPa for ‘Mt. Fresh’ 
tomato grown in Lexington, KY in 2009 and 2010. Midday water potential in 2009 (A) and 
2010 (B), and predawn leaf water potential in 2009 (C) and 2010 (D); 1 kPa = 1.0 cbar, 1 MPa 
= 10.0 bar.

Predawn and midday leaf RWC, were measured. Generally leaf RWC remains 
stable during initial increases in ΨL and then decreases with further increases in ΨL 
[3, 31]. Predawn leaf RWC was signifi cantly higher than midday leaf RWC in 2009 
and 2010 (Fig. 3A–D). Predawn and midday leaf RWC was signifi cantly affected by 
sampling date in both years, fl uctuating in response to the environment. Typically on 
those dates when ΨL increased, leaf RWC decreased. This was particularly evident 
on 28 July and 11 Aug. 2010. In 2010 midday leaf RWC was signifi cantly affected 
by treatment (Fig. 3B). In 2010 midday leaf RWC was signifi cantly greater in the 
−40 kPa treatment than the other treatments. The season average midday leaf RWC 
of the −40 kPa treatment was 89.5%, while the other treatments averaged 87.2% (Fig. 
3B). This indicates that the −40 kPa treatment experienced slightly less water stress 
during midday sampling in 2010. The −40 kPa treatment irrigated at a much greater 
frequency (44 events) than all others in 2010 (Table 1). Leaf RWC, which measures 
water in leaves relative to a state of full turgor, may remain stable despite changes in 
ΨL, as plants compensate for changes in soil moisture or the environment [3, 4, 31]. 
Frequent irrigation events could have allowed for water to be readily available to the 
plant during midday stress.



208 Management, Performance, and Applications of Micro Irrigation Systems

FIGURE 3 (A–D) Leaf relative water content for five automated, tensiometer-controlled 
irrigation regimes: on/off −30/–10, −30/–25, −45/–10, −45/–40 kPa, and −35 or −40 kPa for 
‘Mountain Fresh’ tomato grown in Lexington, KY in 2009 and 2010. Midday leaf relative water 
content in 2009 (A) and 2010 (B), and predawn leaf relative water content in 2009 (C) and 2010 
(D); 1 kPa = 1.0 cbar.

With the exception of midday leaf RWC in the −40 kPa treatment in 2010, no other 
irrigation treatment exhibited signifi cant differences in ΨL or leaf RWC. This suggests 
that although there were differences in frequency, duration, and amount of irrigation 
applied, no particular treatment resulted in documented plant stress.

16.4 CONCLUSIONS

Pulsed irrigation regimes have been developed through the use of soil moisture sen-
sors and irrigation controllers. The utility of these systems has been demonstrated on 
sandy soils, where water use is reduced without sacrificing yields [20]. The results 
of this two-year trial suggest that pulsed irrigation, when controlled by soil moisture 
sensors, can reduce water use if maintained at an appropriate threshold. The single 
tensiometer and −30/–25 irrigation systems were effective at applying water in pulses. 
However, the −45/–40 kPa irrigation regime used the least amount of water in both 
years while maintaining yields. This suggests that a pulsed irrigation system may be 
appropriate for plasticulture tomato production on a silt loam soil when thresholds are 
determined. Our data as well as others [39] suggest that using a paired tensiometer sys-
tem with set points of −45/–40 kPa can be effective, though additional research should 
be conducted at lower soil moisture tensions to determine the limit for set points for 
tomato grown in a plasticulture system on a silt loam soil.
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16.6 SUMMARY

Soil moisture-based, high-frequency, low-volume (pulsed) irrigation management 
strategies have saved water while maintaining yields of vegetables grown in coarse 
textured soils. However, little is known regarding the efficacy of soil moisture-based 
pulsed irrigation on finer textured soils. Therefore, five, tensiometer-based, automated 
irrigation treatments were tested for tomato (Lycopersicon esculentum syn. Solanum 
lycopersicum) grown in a Maury silt loam soil in 2009 and 2010 in Lexington, KY. 
Irrigation treatments consisted of paired-tensiometer systems with on/off setpoints of 
−30/–10, −30/–25, −45/–10, −45/40 kPa in 2009 and 2010 and a single-tensiometer 
system with setpoints of −35 and −40 kPa, in 2009 and 2010, respectively. In 2009, 
the pulsed systems (–30/–25, −45/–40, and −35 kPa) irrigated more frequently, but 
for a shorter duration than nonpulsed systems (–30/–10 and −45/–10 kPa). Soil mois-
ture measurements in 2009suggested that probes set at a depth of 6 inches were more 
closely matched to irrigation setpoints than those at 12 inches. In both years, the −45/–
40 kPa setpoint treatment used the least amount of water while maintaining total mar-
ketable yields that were not significantly different than other treatments. Yields were 
significantly higher in 2009 than 2010, though atypical air temperatures in 2010 may 
have been the cause. Leaf water potential and relative water content were measured 
predawn and midday throughout the growing season in 2009 and 2010. Leaf water po-
tential was not significantly affected by the treatments in either year, though leaf rela-
tive water content was affected in 2010. In this trial an automated, soil moisture-based 
irrigation system maintained yields and saved water when compared to a nonpulsed 
irrigation system using similar irrigation set points for tomato grown in a silt loam soil.
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17.1 INTRODUCTION

The Micro or drip or trickle irrigation system has proved its superiority over other 
conventional methods of irrigation, especially for horticultural crops (fruit crops) due 
to precise and direct application of water in the root zone. A considerable savings 
in water and fertilizer use, increased growth/development/yield of vegetable crops 
under drip irrigation have been reported in the past [2, 3]. The use of black polythene 
mulch in fruit and vegetable crops has been reported to control the weed incidence, 
reduce nutrient losses and improves the hydro-thermal regime of soil [1, 5]. Straw-
berry, being a shallow rooted plant requires more frequent but less amount of water in 
each irrigation, which can be accomplished more efficiently through drip system. The 
consequences of drip irrigation in this crop have not yet been completely established.

The present studies were therefore, undertaken to evaluate the effects of drip ir-
rigation alone and in conjunction with polythene mulch compared to surface irrigation 
on water use effi ciency, yield and quality of Strawberry.

The use of black polythene mulch in strawberry has been reported to control the 
weed incidence, reduce nutrient losses and improves the hydro-thermal regime of soil 
[4]. Strawberry, being a shallow rooted plant requires more frequent but less amount 
of water in each irrigation, which can be accomplished more effi ciently through drip 
system. Considering the additional cost of inputs and the selling price of the quality 
produce, the polythene mulch with drip irrigation may be recommended to the more 
progressive farmers for cultivation of strawberry in Bihar. However, grass mulch can 
also be used to make technology more resource crunched farmer friendly intervention 
for cultivation of strawberry especially under Bihar socioeconomic condition.

The strawberry is the most profi table fruit crop in the shortest possible time as 
compared to other fruits.

By spending Rs. 1000,000/ha, one can get a receipt of Rs. 2,000,000/ha in straw-
berry. It can be grown on any type of soil, poor sand to heavy clay provided proper 
moisture organic matter and drainage is present.

It is a short day plant (about 10 days of less than 8 h sunshine for initiation of 
fl owering).

In winter, the plants do not make any growth and remain dormant. In the spring 
with longer days and warm weather, the plants resume growth and begin fl owering.

17.2 MATERIALS AND METHODS

A Field trial was conducted, under farmer’s participatory research project, in the farm-
ers’ field in the Bhojpur district of Bihar – India, on clay loam soil. Soil characteristics 
were: pH 6.43, E.C. 0.13 dSm–1, organic carbon 0.86%, The available N, P and K were 
203.06; 551.6 and 14.73 kg/ha, respectively, with objectives to improve strawberry 
(Fragaria x ananassa) productivity and quality through drip irrigation and polythene 
mulch and to enhance water productivity through pressurized irrigation coupled with 
use of black polythene mulch along with surface irrigation. Treatments comprised of 
two irrigation schedules (drip and surface irrigation) and three mulches viz., black 
polythene (25 micron), paddy straw (4.0 t ha–1) and nonmulched conditions. These 
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treatments were tested on 2 m × 2 m raised bed plots (each plot consisted of 10 beds) 
arranged in randomized block design (RBD) with six replications:

T1 = Surface irrigation (SI) + nonmulch;
T2 = SI + paddy straw;
T3 = SI + BP mulch;
T4 = Drip irrigation (DI) + nonmulch;
T5 = DI + paddy straw; and
T6 = DI + BP mulch.

TABLE 1 Effects of irrigation and mulch treatments on fruit and dry matter yield and quality 
characteristics of strawberry fruits.

Treatments Fruit
yield

(q ha–1)

Runner 
production/ 

plant

Berry
weight

(g)

Total 
Soluble 
Solids
(%)

Acidity
(%)

TSS/
Acid
ratio

T1 40.15 11.3 5.6 7.17 0.82 8.79

T2 41.54 07.7 6.8 6.74 0.71 9.28

T3 43.64 7.75 6.3 6.99 0.78 9.01

T4 42.07 16.6 6.1 7.06 0.80 8.78

T5 45.90 11.5 8.4 6.66 0.70 9.50

T6 50.10 12.3 7.0 6.86 0.71 9.37

CD ± (5%) 56.00 1.2 0.3 0.27 0.08 0.87

One quintal (q) = 100 kg in India.

17.3 RESULTS AND DISCUSSION

17.3.1 CROP YIELD
The data on Strawberry fruit (Table 1) indicate that the drip irrigation without mulch 
increased the fruit yield by about 21.0 and 9.0% over surface irrigation. The corre-
sponding values with paddy straw mulch were 15 and 10%. Maximum fruit yield was 
observed in drip irrigation with black polyethylene (BP) mulch and increase in yield 
of 22%, over the surface irrigation plus BP mulch. These results are in accordance 
with the findings by Rolbiecki et al. [6] who observed higher Strawberry yield under 
drip compared to surface irrigation. Both the mulches were found to be effective in 
increasing the yield over un-mulch treatment. Surface irrigation with paddy straw and 
BP increased the yield by about 18 and 37% respectively, over the un-mulch plots 
(Table 1). The higher yields observed under different mulches may be explained in the 
light of results reported by Raina [5]. They observed that the paddy straw and poly-
thene mulches are effective in altering the soil hydrothermal regimes, thus providing 
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a favorable soil environment for enhanced root/shoot growth & the nutrient uptake 
by Strawberry. Higher yield under mulch treatments may be ascribed to its favorable 
effects on weed control.

Drip irrigation with polythene mulch gave signifi cantly highest yield (5010 kg ha–

1) as compared to surface irrigation in an nonmulched condition (4015 kg ha–1 = 5.01 t 
ha–1), however, the yield under paddy straw (4590 kg ha–1) and nonmulched (4207 kg 
ha–1) was next in order to drip with polythene mulch but were signifi cantly at par 
among themselves. When calculated the percentage increase the drip with polythene 
mulch gave 25% higher yield than surface with nonmulched condition. The use of 
black polythene mulch in strawberry has been reported to control the weed incidence, 
reduce nutrient losses and improves the hydro-thermal regime of soil. Strawberry, be-
ing a shallow rooted plant requires more frequent but less amount of water for each 
irrigation, which can be accomplished more effi ciently through drip system. Polythene 
especially black polythene mulch contributed signifi cantly to control leaf spot disease. 
Higher yield under mulch treatments may be ascribed to its favorable effects on weed 
control. Quality fruits were harvested due to infestation free crop. Result shows that 
there was 85% weed control was achieved under black polythene mulch as compare 
to weedy check plot. Mulching could save precious laborer as it requires frequent 
weeding @ 15 days interval during the growing season. Considering the additional 
cost of inputs and the selling price of the quality produce, the polythene mulch with 
drip irrigation may be recommended to the more progressive farmers for cultivation of 
strawberry in Bihar. However, grass mulch can also be used to make technology more 
resource crunched farmer friendly intervention for cultivation of strawberry especially 
under Bihar socioeconomic condition. The corresponding values for water savings and 
increase in yield for Strawberry were 51 and 19%, respectively.

• The results further document that irrigation requirement of Strawberry can be 
met effectively by operating the drip system having discharge rate of 4 L/hr. 
biweekly during the growing season.

17.3.2 STRAWBERRY RUNNER PRODUCTION
Drip irrigation without mulch and with paddy straw mulch significantly increased the 
runner production. However, with drip plus BP mulch it was reduced significantly 
compared with surface irrigation (Table 1). Since the black polythene could not pro-
vide an anchor for the roots of the new runners, this impeded their production. It is 
therefore, suggested that after crop harvest, black polythene be removed to provide 
favorable soil environment for higher runner production.

17.3.3 QUALITY CHARACTERISTICS
Maximum fruit weight (8.39 g/fruit) was recorded under drip plus paddy straw treat-
ment. It may be attributed to the fact that under paddy straw treatment, number of 
flowers and fruits was less than those under BP mulch [5]. Drip plus paddy straw pro-
duced fruit with higher TSS/acidity ratio. In Strawberry, drip irrigation without mulch 
increased the fruit weight by about 6% over surface irrigation and when coupled with 
paddy straw and BP, the corresponding increase was 32 and 16%, respectively, (Table 
1).



17.3.4 WATER USE EFFICIENCY (WUE)
The WUE values for drip plus paddy straw and surface irrigation plus paddy straw 
were 6.8 and 4.7 kg.ha–1 mm–1 and these values for drip plus polythene mulch and poly-
thene mulch plus surface irrigation were 7.7 and 5.1 kg.ha–1 mm–1, respectively. High-
est water use efficiency of 7.7 kg ha–1 mm–1 was observed under drip plus black poly-
thene mulch (Table 2). Drip system delivers water directly into the root zone without 
wetting the entire area. The probably resulted in higher water use efficiency compared 
to surface irrigation. Drip irrigation, both with and without polythene mulch registered 
higher water use efficiency (WUE) as compared to surface irrigation. Averaged overall 
level of irrigation, drip irrigation, without mulch gave water use efficiency of 5.5 (kg 
ha–1 mm–1) against 3.7 (kg ha–1 mm–1) under surface irrigation (Table 2).

TABLE 2 Quality of water applied and water use efficiency (WUE) of strawberry under 
various treatments.

Treatments Water Use Efficiency (kg ha–1 mm–1)
1st year 2nd year Pooled

T1 3.8 3.6 3.7
T2 4.9 4.6 4.7
T3 6.3 5.9 6.1
T4 6.2 6.7 6.5
T5 7.7 7.9 7.8
T6 10.5 10.3 10.4

CD ± (5%) 1.2 1.7 1.5

17.4 CONCLUSIONS

Drip system is very effective and effi cient method of irrigation for raising 
Strawberry crop, especially on light texture soils & in water scarce areas. The 
corresponding fi gures for water savings & increase in yield for Strawberry 
were 51 and 19%, respectively. The results further document that irrigation 
requirement of Strawberry can be met effectively by operating the drip system 
having discharge rate of 4 L per hour biweekly during the growing season.

17.5 SUMMARY

Field trial was conducted under research project in the farmers’ field in the Bhoj-
pur district of Bihar – India on clay loam soil to improve strawberry (Fragaria x 
ananassa) productivity and quality through drip irrigation and polythene mulch and to 
enhance water productivity through pressurized irrigation coupled with use of black 
polythene mulch along with surface irrigation. Drip irrigation with polythene mulch 
gave significantly highest yield (5010 kg.ha–1) as compared to surface irrigation in an 
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nonmulched condition (4015 kg.ha–1), however, the yield under paddy straw (4590 kg.
ha–1) and nonmulched (4207 kg.ha–1) was next in order to drip with polythene mulch 
but were significantly at par among themselves. When calculated the percentage in-
crease the drip with polythene mulch gave 25% higher yield than surface with non-
mulched condition. Similarly, the water use efficiency (WUE) was highest in drip 
irrigation with polythene mulch (7.7 kg ha–1 mm–1) as compared to surface irrigation 
(5.1 kg ha–1 mm–1). The fruit yield of strawberry under drip irrigation was found to be 
4607 kg.ha–1 compared to 4015 kg.ha–1 under surface irrigation. Moreover, polythene 
mulch plus drip irrigation further raised the yields. Fruit weight increased significantly 
while other analyzed quality characteristics did not differ significantly among treat-
ments. Drip irrigation besides giving a saving of 50–55% irrigation water resulted in 
20–40% higher yield of crops studied.
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18.1 INTRODUCTION

Citrus is the third important fruit crop in India after banana and mango. The mandarin 
(Citrus reticulata) occupies the top position in terms of area and production among 
citrus cultivars in India. Nagpur mandarin (Citrus reticulata Blanco), a well-known 
commercial citrus cultivar is extensively grown in around of 185,000 hectares area of 
central India as an irrigated crop [11]. The acreage under the crop is increasing expo-
nentially each year due to its high production economics, as well as the cultivar suit-
ability in this region. The crop is basically irrigated by bore well or dug well through 
conventional basin or furrow irrigation method. For the last few years, the water level 
in present bore wells and dug wells is declined alarmingly creating water shortage in 
summer for sustaining the crop. So every year thousand hectares of area under the crop 
is permanently wilted due to water shortage, which is a great economical loss to the or-
chard growers of this region. Hence, proper irrigation water management by optimum 
use of available water resource is quite necessary in this crop condition.

With the advent of drip irrigation, the use of it is gradually gaining popularity 
among the citrus growers. The positive response of drip-irrigation on plant growth 
and yield along with water economy is well studied in different citrus species in vari-
ous citrus growing regions of the world [1, 3, 4, 9]. Moreover, mulching by plastic 
polythene has proved its effectiveness in conserving the soil moisture and increasing 
the growth, yield and quality of fruits in different citrus cultivars [6, 10]. However, 
the information regarding water use, plant growth and yield parameters in response 
to various drip irrigation regimes with plastic mulch versus conventional basin irriga-
tion method is not reported in case of Nagpur mandarin grown in central India. Thus, 
a study was undertaken to evaluate the performance of drip irrigation in conjunction 
with plastic mulch versus basin irrigation method in Nagpur mandarin grown in hot 
subhumid tropical climate of central India.

18.2 MATERIALS AND METHODS

The field experiment was conducted at experimental farm of National Research Cen-
ter for Citrus, Nagpur (21° 08’45” N, 79° 02’ 15” E and 340 m above mean sea level) 
during 2006–2009 with 4-year-old Nagpur mandarin (Citrus reticulata Blanco) plants 
budded on rough lemon (Citrus Jambhiri Lush) root stock with spacing of 6x 6 m. The 
experimental soil was clay loam (31.65% sand, 23.6% silt and 44.8% clay) with field 
capacity (–0.33 bar) and permanent wilting point (–15.00 bar) of 29.26% (v/v) and 
18.5% (v/v), respectively, with bulk density of 1.18 g cm–3. The mean daily USWB 
Class-A pan evaporation rate varied from 1.8 mm in month of December to as high as 
13.5 mm in May at the experimental site.

The treatments imposed to irrigate the plants were drip irrigation scheduled at 40, 
60, 80 and 100% of cumulative class-A pan evaporation rate on alternate day (Ecp) 
through two on-line 4 l/h pressure compensated dripper per plant, placed at 0.4 m 
away from trunk and basin (circular ring of 0.75 m diameter) irrigation at 50% deple-
tion of available soil moisture at 0–0.3 m soil profi le. The experiment was laid out 
in randomized block design (RBD) with four replications and three adjacent trees in 
a row per replication. Irrigation quantity for different drip irrigation treatments was 
calculated using the Eq. (1) [4].
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 V = [S × Kp × KC × (Ecp – ER)]/[r] ( 1)

where: V = Irrigation volume (l/tree), S = Tree canopy area (m2), Kp= Pan factor (0.7), 
Kc = Crop factor (0.6), Ecp= Cumulative class-A pan evaporation for two consecutive 
days (mm), ER = Cumulative effective rainfall for corresponding two days (mm), and 
r = Water application efficiency of irrigation system (» 90%). Water quantity applied 
in basin irrigation method was computed using Eq. (2).

 V = (F.C. – R.S.M.) × d × A (2)

where: V = Volume of irrigation water (m3), F.C. = Field capacity (v/v,%), R.S.M. = 
Required soil moisture (at 50% depletion of available soil moisture » 23.9% v/v) to 
start irrigation, d = Depth of effective root zone (0.3 m), A = Mean canopy area of the 
plants.

The black linear low-density polyethylene sheet of 400-gauge thickness with 1.0 
m ́  1.0 m size was used in mulching on each plant basin keeping the plant at the center.

The soil moisture content at 0.45 m distance from tree trunk was monitored twice 
in a week at 0.30 m and 0.60 m depths through neutron moisture meter (Troxler mod-
el–4300, USA). Leaf samples (2nd – 4th leaf from tip of branches) surrounding the 
trees at a height of 1.5 m to 1.8 m from the ground were collected at the end of irriga-
tion seasons and nutrient (N, P, K, Fe, Mn, Cu, and Zn) analysis was done as per the 
standard procedure followed by Srivastava et al. [12]. The plant height, stem height, 
canopy width, and stem (stock and scion) girth were measured for all plants and their 
polled annual incremental magnitudes were compared. The canopy volume was cal-
culated using Eq. (3) [7].

 Canopy volume = 0. 5233 H W2  (3)

where: H = (plant height – stem height), and W = the canopy width [7]. The fruit 
samples (10 number/ tree) were collected to evaluate the yield and quality (juice, acid-
ity and TSS) parameters in different treatments. The All the data generated were sub-
jected to analysis of variance (ANOVA) and the Least Significant Difference (LSD) at 
5% probability level was obtained according to the method described by Gomez and 
Gomez [5].

18.3 RESULTS AND DISCUSSION

18.3.1 IRRIGATION WATER
The monthly irrigation water applied was highest in May and lowest in December 
irrespective of irrigation method and regime due to highest and lowest atmospheric 
demand in respective months (Fig. 1). In whole, the annual mean depth of irrigation 
water applied was 272, 408, 544 and 680 mm through drip irrigation scheduled at 40, 
60, 80 and 100% of pan evaporation with plastic mulch, respectively, compared to 
635 mm under basin irrigation method. The reduction of water consumption through 
drip at optimum irrigation level with plastic mulch over conventional basin irrigation 
method was also studied in Kinnow mandarin [6].



222 Management, Performance, and Applications of Micro Irrigation Systems

FIGURE 1 Irrigation water applied in different treatments in various months during 2005–08.

18.3.2 SOIL MOISTURE VARIATION
The mean monthly soil moisture variation observed at 0.3 m and 0.6 m depths indi-
cated that drip irrigation at 100% Ecp with plastic mulch showed the highest moisture 
content among the treatments, which is very near to field capacity of soil throughout 
the irrigation seasons (Table 1). It was observed that the soil moisture fluctuation be-
tween two measurements in a week under basin irrigation was wider than any of the 
drip irrigation treatment. It was due to higher rate of evaporation from larger wetted 
surface area under basin-irrigated soil coupled with higher transpiration rate of the 
plants caused by abundant soil moisture available within the tree rhizosphere just after 
irrigation under basin method, as reported by Cohen [3]. Among different drip irriga-
tion treatments, the range of soil water depletion at 0.3 m depth was progressively 
increased with increasing irrigation level, indicating the higher rate of evapotrans-
piration (ET) of the plants under higher level of irrigation, even with low volume 
irrigation system. However, the soil moisture depletion under different drip irrigation 
regimes was almost nil at 0.6 m depth, whereas some incremental was found under 
basin method, confirming the percolation of irrigation water from 0–0.3 m soil pro-
file under basin irrigation. This fluctuation was somewhat lower during November to 
March than April to June, supporting the higher rate percolation under higher rate of 
irrigation water application in summer (Apr.–Jun.).



TABLE 1 Soil moisture content (%, v/v) in various months at 0.3 m and 0.6 m depths under 
different irrigation treatments (Mean data during 2006–2009).

At 0.3 m depth
Treatment Months

Nov. Dec. Jan. Feb. Mar. Apr. May Jun.
*DI at 40%

Ecp + PM

25.7 25.9 25.3 25.1 24.9 24.4 23.7 23.1

DI at 60%

Ecp+ PM

26.1 26.3 25.8 25.6 25.2 24.7 23.8 23.3

DI at 80%

Ecp + PM

27.4 27.4 26.9 25.8 25.6 25.1 24.2 23.8

DI at 100%

Ecp + PM

28.2 28.4 27.8 26.4 26.2 25.6 24.9 24.3

Basin irriga-

tion

25.2 25.8 24.6 22.9 24.8 25.2 24.8 25.6

#LSD 0.05 0.13 0.17 0.04 0.08 0.11 0.03 0.06 0.04
At 0.6 m depth

Treatment Nov. Dec. Jan. Feb. Mar. Apr May June

*DI at 40%

Ecp + PM

28.3 28.2 27.7 27.6 27.4 27.0 26.8 26.6

DI at 60%

Ecp+ PM

28.5 28.2 27.8 27.4 27.3 27.0 26.4 26.8

DI at 80%

Ecp + PM

28.6 28.9 28.7 27.8 27.3 27.2 27.0 27.1

DI at 100%

Ecp + PM

28.9 28.8 28.7 27.4 27.1 27.0 27.2 27.0

Basin irriga-

tion

27.4 27.8 27.3 27.1 27.0 26.8 27.0 26.8

#LSD 0.05 NS NS NS NS NS NS NS NS

* DI = Drip Irrigation; PM = Plastic mulch.
# LSD0.05 = Least significant difference at 5% probability level,
NS: Not significant.

Water Use Efficiency of Micro-Irrigated Citrus (Citrus Reticulata var. Blanco) Tree 223



224 Management, Performance, and Applications of Micro Irrigation Systems

18.3.3 LEAF NUTRIENTS COMPOSITION
The imposed irrigation treatments showed a differential response on leaf nutrient sta-
tus of mandarin plants (Table 2). The higher leaf N was registered under drip irrigation 
at 60% Ecp with plastic mulch compared with leaf N under basin irrigation method. 
The leaf K uptake was highest under drip irrigation at 60% Ecp with plastic mulch, 
which was at par with other drip irrigation treatments, probably due to high available 
K in soil. But, it was significantly lower under basin irrigation method. The lower 
level of leaf N and K with basin-irrigated plants might be caused by leaching of the 
NO3-N and K+ in soil within the effective root zone due to flooding in this treatment. 
Though, the highest leaf P content was registered under drip irrigation at 80% Ecp 
with plastic mulch, but overall it was not affected significantly within the treatments. 
The treatments imposed had no significant effect on the fluctuation in leaf micronutri-
ent contents, except Fe statistically (P < 0.05). Highest leaf Fe was registered under 
drip irrigation at 100% Ecp with plastic mulch, followed by drip irrigation at 80% Ecp 
with plastic mulch as compared with lowest in basin irrigation. Highest plant uptake 
of Fe in drip irrigation at 100% Ecp with plastic mulch is attributed to increased solu-
bility of reduced form of iron (Fe2+) due to lack of oxygen in the rhizosphere under 
increased waterlogged condition in this treatment [8]. The leaf-Fe content under drip 
irrigation 60% Ecp with plastic mulch was at optimum level as per the standard foliar 
diagnosis chart for Nagpur mandarin developed by Srivastava et al. [13].

TABLE 2 Leaf nutrients composition of ‘Nagpur’ mandarin’ under various irrigation treatments 
with plastic mulch (Mean data during 2006–2009).

Treatment

Macronutrients
(%)

Micronutrient 
(ppm)

N P K Fe Mn Cu Zn

 *DI at 40% Ecp

+ PM

1.98 0.063 1.47 97.5 46.6 7.4 7.8

 DI at 60% Ecp

+ PM

2.56 0.072 1.88 112.6 49.3 8.5 18.8

 DI at 80% Ecp

+ PM

2.08 0.125 1.65 120.8 54.6 12.4 11.7

 DI at 100% Ecp

+ PM

2.07 0.118 1.54 130.7 57.2 11.3 9.3

 Basin irrigation 1.43 0.087 1.07 97.3 47.6 7.8 11.8

#LSD 0.05 0.5 NS 0.32 5.5 NS NS NS

* DI = Drip Irrigation; PM = Plastic mulch.
# LSD0.05 = Least significant difference at 5% probability level.
NS: Not significant.



18.3.4 VEGETATIVE GROWTH RESPONSE
The annual increase in plant height responded significantly to different drip irrigation 
levels with the maximum value at 60% Ecp with plastic mulch over plant height (0.45 
m) under basin irrigation method (Table 3). The treatments had no significant influ-
ence on stock girth, whereas, a significant increase in the scion girth (41–52 mm) and 
canopy volume (0.531–0.991 m3) was observed in response to drip irrigation treat-
ments with plastic mulch in comparison to basin irrigation (39 mm, scion girth; 0.473 
m3, canopy volume). The maximum scion girth diameter and plant canopy volume 
were recorded under drip irrigation at 60% Ecp with plastic mulch followed by drip 
irrigation at 80% Ecp with plastic mulch. The better plant growth even with 36% less 
water supply under drip irrigation at 60% Ecp with plastic mulch over basin irrigation 
might be due better availability and uptake of nutrients facilitated by optimum root 
zone soil moisture in this treatment.

The higher annual vegetative growth under drip irrigation with plastic mulch was 
also reported in acid lime [10].

TABLE 3 Annual incremental vegetative growth parameters of ‘Nagpur’ mandarin’ under 
various irrigation treatments with plastic mulch (Mean data during 2006–2009).

Treatment Tree height 
(m)

Stock girth 
(mm)

Scion girth 
(mm)

Canopy vol-
ume (m3)

 *DI at 40% Ecp

+ PM

0.50 45 43 0.593

DI at 60% Ecp

+ PM

0.64 55 52 0.991

DI at 80% Ecp

+ PM

0.55 51 48 0.723

DI at 100% Ecp+ PM 0.47 43 41 0.531

Basin irrigation 0.45 39 39 0.473

 #LSD 0.05 0.08 NS 4.1 0.04

* DI = Drip Irrigation; PM = Plastic mulch.
# LSD0.05 = Least significant difference at 5% probability level.
NS: Not significant.

18.3.5 FRUIT YIELD, QUALITY AND WATER USE EFFICIENCY (WUE)
The number of fruits and average fruit weight in drip irrigation treatments with plastic 
mulch were observed to be significantly higher over fruit number and average fruit 
weight in basin irrigation (Table 4). In consequence, a significantly higher total fruit 
yield was estimated under drip irrigation treatments with plastic mulch in comparable 
with total fruit yield in basin irrigation (9.0 kg/plant). The highest total fruit yield was 
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recorded in drip irrigation at 60% Ecp with plastic mulch followed by drip irrigation 
at 80% Ecp with plastic mulch. The higher yield in case of drip irrigation with plastic 
mulch was probably due to optimum evapotranspiration demand met at critical growth 
stages under this system, a prerequisite for dry matter accumulation and its partition-
ing within the plant. Increase in yield under drip at optimum irrigation level with plas-
tic mulch has been well advocated by Lal et al. [6] in Kinnow mandarin.

TABLE 4 Fruit yield, quality and water use efficiency (WUE) affected under various irrigation 
treatments in Nagpur mandarin (Mean data during 2006–2009).

Treatment

Yield parameters Water 
applied
(mm)

Water use 
efficiency
(kg/
plant/ 
mm)

Quality parameters

No. of 
fruits/
plant

Average 
fruit 
weight 
(g)

Total 
yield
(kg/
plant)

Juice
(%)

Acid-
ity
(%)

T.S.S
(0Brix)

*DI at 40% 
Ecp

+ PM

65 142.7 9.2 272 0.033 36.56 0.83 9.75

DI at 60% 
Ecp

+ PM

98 153.3 15.0 408 0.036 39.83 0.78 10.50

DI at 80% 
Ecp

+ PM

74 149.6 11.0 544 0.020 37.68 0.84 10.00

DI at 100% 
Ecp + PM

59 143.9 10.5 680 0.015 36.89 0.86 9.70

Basin ir-
rigation

63 142.5 9.0 635 0.014 36.47 0.85 9.88

 #LSD 0.05 3.2 12.4 0.12 — 0.51 NS NS

* DI = Drip Irrigation; PM = Plastic mulch.
# LSD0.05 = Least significant difference at 5% probability level; NS: Not significant

The estimation of water use effi ciency (WUE) under different irrigation treatments 
indicates that all the drip irrigation regimes with plastic mulch had signifi cantly higher 
WUE (0.015–0.036 kg/plant/mm) with maximum magnitude in drip at 60% Ecp with 
plastic mulch, over basin irrigation method (0.014 kg/plant/mm). The higher WUE 
under drip with plastic mulch was attributed to higher increase in fruit yield with com-
paratively less increase in irrigation water consumption over other treatments. Quality 
assessment of fruits showed that a signifi cantly higher juice content (39.83%) was 
recorded in drip irrigation at 60% Ecp with plastic mulch over juice content in basin 
irrigation (36.47%).



18.4 CONCLUSIONS

The drip irrigation with plastic mulch is found to be an effective water saving tech-
nique over conventional basin irrigation method in Nagpur mandarin orchards. The 
higher leaf nutrients uptake, improved plant growth, fruit yield and quality under drip 
at optimum irrigation regime (60% Ecp) with black polythene mulch, using 36% less 
water over basin irrigation method warrants the adoption of drip irrigation with black 
polythene mulch in mandarin orchards of central India. It could enhance the longev-
ity and productivity of the citrus orchards in sustainable basis and support the further 
expansion of area under the crop.

18.5 SUMMARY

As an evergreen fruit crop, citrus require adequate water for its annual life cycle. In 
water scarce area, irrigation becomes a major constraint for citrus production. In these 
regions, use of drip irrigation and plastic mulch may be a good option for commer-
cial citrus production. Keeping this in view, a field experiment was conducted during 
2006–2009 to assess the response of various drip irrigation regimes, viz 40,60, 80 
and 100% of cumulative pan evaporation on alternate day (Ecp) with black polyeth-
ylene mulch versus basin irrigation method in 4 year old Nagpur mandarin (Citrus 
reticulata) plants budded on rough lemon (Citrus jambhiri) root stock. All the drip 
irrigation regimes with plastic mulch produced a significantly higher annual increase 
in tree height (0.47–0.64 m), canopy volume (0.53–0.99 m3), fruit yield (9.2–15.0 kg 
plant–1) and water use efficiency (0.015–0.036 kg plant–1 mm–1) over basin irrigation. 
However, drip irrigation at 60% Ecp with plastic mulch produced the highest magni-
tude of plant growth parameters, fruit yield and water use efficiency. Among different 
fruit quality parameters (juice percentage, TSS and acidity), significantly higher juice 
content (39.8%) was observed in drip irrigation at 60% Ecp with plastic mulch over 
control (36.5%). Analysis of leaf nutrients (N, P, K, Fe, Mn, Cu, and Zn) indicated that 
the drip irrigation at 60% Ecp with plastic mulch produced a significantly higher leaf 
N (2.56%), K (1.88%), and Fe (112.6 ppm) over basin irrigation. The study overall 
concludes that the use of optimum drip irrigation with plastic mulch is a viable option 
for citriculture in water scarce regions.
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19.1 INTRODUCTION

Scarcity of water is one of the major factors responsible for suboptimal productivity 
and decline of citrus orchards in world. Deficit irrigation (DI) is recently proposed wa-
ter saving techniques in different irrigated crops. Reducing irrigation water quantity to 
optimal level of crop water requirement in particular growth stages of the crop which 
is less sensitive to water deficit improves water use efficiency and quality of produces, 
without affecting the yield significantly [18]. Therefore, the correct application of DI 
requires the thorough understanding of the yield response of crops to irrigation [8].

As an evergreen perennial fruit crop, citrus require adequate soil water in root 
zone. Irrigation water is a key input to successful cultivation of citrus especially tropi-
cal and subtropical regions of the world [20, 26]. In recent years, several research 
contributions have documented the advantages of using DI in citrus. The ‘Clementina 
de Nules’ citrus tree performance was evaluated under DI at 25% or 50% ETc dur-
ing fl owering and fruit set, initial fruit enlargement phase, and fi nal fruit growth and 
maturation phases [12]. It was reported that water stress during fl owering and fruit 
set period signifi cantly reduced the fruit yield up to 62% over full irrigation. It was 
observed that water stress at initial fruit growth period and fi nal fruit growth period of 
‘Lane late’ orange reduced the yield signifi cantly [23]. DI scheduled with 40 and 60% 
reduction in irrigation water quantity at initial fruit enlargement stage of ‘Navalina’ 
sweet orange in Spain did not affect the yield and fruit quality [10]. Drip irrigation at 
80% crop water requirement enhanced the yield and water use effi ciency signifi cantly 
in ‘Nagpur’ mandarin in clay soil [21]. Overall, the studies indicate that the level and 
time of water stress along with its duration are the main factors responsible for success 
of DI in citrus. Moreover, pedo-climatic characteristics of the orchard, crop character-
istics play a greater role in success of DI [29].

The cultivation of ‘Kinnow’ mandarin, a hybrid of ‘King’ mandarin and ‘Willow 
leaf’ mandarin, is mainly confi ned to semiarid and arid environments of northern In-
dia, where more than 90% of annual rainfall (600 mm) is concentrated in 3 to 4 months 
(June–October) of a year. Irrigation is a common practice during January–June to im-
prove the productivity of citrus orchards in this region. Ground water is the common 
source of irrigation for the crop. For last few years, the shortage of irrigation water 
caused by over exploitation of ground water becomes a major threat to citrus produc-
tion. Farmers are more concerned with the sustained production of ‘Kinnow’ mandarin 
using less water. Optimal DI scheduling under drip irrigation is one of the option for 
sustaining ‘Kinnow’ mandarin production in this region.

In absence of the information on the crop response to DI in early fruit growth 
period (EFGP, April–June), the orchardists adopt faulty irrigation strategy, which af-
fects the yield drastically with inferior quality fruits. Moreover, the information on the 
responses of mandarin cultivars of citrus to water stress in summer months, which co-
incides with EFEP are very limited worldwide. This chapter discusses the research re-
sults to optimize the DI scheduling in EFGP in relation to yield, fruit quality and water 
use effi ciency of ‘Kinnow’ mandarin in a semiarid subtropical climate of North India.
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19.2 MATERIAL AND METHODS

The field experiment was conducted in Indian Agricultural Research Institute, New 
Delhi, India. The citrus plant used in the study was ‘Kinnow’ mandarin (Citrus re-
ticulata var. Blanco) budded on rough lemon (Citrus jambhiri Lush) rootstock. The 
experiment was conducted in 2010 and 2011 with 10 year-old drip-irrigated plants. 
The plant-to-plant spacing in a row and within the row was 4 m and 5 m, respectively.

The texture of experimental soil was sandy loam with bulk density 1.54 g cm–3. 
The fi eld capacity (–0.033 MPa) and permanent wilting point (–1.50 MPa) of the soil 
were 24.0% and 8.5% on volume basis, respectively. The soil had almost neutral pH 
(7.2) with mild EC (0.15 dS m–1). The water level in the groundwater wells, situated 
at 100 m distance from the experimental plot, was around 17.0 m deep. The climate of 
the experimental site is characterized as semiarid subtropical, with hot and dry sum-
mers. The mean annual rainfall is 600 mm, out of which around 85% is received dur-
ing monsoon (June–September). The mean daily class-A pan evaporation rate varied 
from 1.6 mm in January to as high as 10.7 mm in June.

Two DI regimes: no irrigation (RDI0) and 50% crop evapotranspiration (RDI50) 
were applied at EFEP and their impact on crop performance was compared with that 
under full irrigation (FI, 100% crop evapotranspiration). The duration of EFEP was 
taken from mid-April to mid-June, as suggested [7] for ‘Kinnow’ mandarin in the 
study region. Irrigation was applied through drip system from mid-January to June 
and from October to December. Water supply was stopped during monsoon season 
(July–September) due to adequate rainfall fulfi lling the crop water need during this 
period. The experimental design was randomized complete block. Twelve trees in 
three adjacent rows were taken as a replicated unit and two central trees of each plot 
were considered as experimental plants. All the measurements were taken from these 
experimental trees.

Irrigation was imposed every other day through six on-line 8 l.h–1 pressure com-
pensated drip emitters per tree, fi tted on two 16 mm diameter lateral pipes (3 emitters 
per lateral). The emitters were placed at 1.0 m away from tree stem. The water quantity 
applied under full irrigation (FI, 100% ETc) was estimated based on 100% class-A pan 
evaporation rate for ‘Kinnow’ mandarin plants grown in Delhi condition [13], using 
Eq. (1).

 ETc = Kp × Kc × Ep   (1)

where: ETc = Crop-evapotranspiration (mm/day); Kp = Pan coefficient (0.8), Kc = 
Crop-coefficient (0.60–0.85) for bearing ‘Kinnow’ plant [13] and Ep = 2-days cumula-
tive pan evaporation (mm). The volume of water applied under FI was computed with 
Eq. (2).

 Vid = [π (D2/4) ´ (ETc – Re)]/Ei   (2)

where: Vid = Irrigation volume applied in each irrigation (liter tree–1), D = Mean tree 
canopy spread diameter measured in N-S and E-W directions (m), ETc = Crop-evapo-
transpiration (mm), Re = Effective rainfall depth (mm), and Ei = Irrigation efficiency 
of drip system (90%). As per FAO-25, the effective rainfall was estimated as the sum-
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mation of soil water content enhancement in root zone of the trees (mm) due to rainfall 
and potential evapotranspiration (mm) for the rainfall day [5].

The mean monthly water applied under different treatments in various months dif-
fered in two years of observation. This was attributed to change in evaporation rate, 
rainfall and canopy diameter of the plants. Under different treatments, same quantity 
of irrigation water was applied at different growth stages of the crop except EFEP. Ir-
rigation at 50% ETc was supplied at PFP to create desirable water stress for fl owering 
in citrus. The water supply in each irrigation treatment was regulated by adjusting the 
operating hours with the help of lateral valves provided at the inlet end of lateral pipes.

The fertilizer (354 g N as both urea and urea-phosphate, 160 g P2O5 as urea-phos-
phate and 345 g K2O as muriate of potash per plant) was applied 4 times (January, 
March, June and October) in a year through drip irrigation system, as recommended 
for bearing ‘Kinnow’ plants in Delhi region [13]. Ground fl oor of the experimental or-
chard was kept weed free, and uniform plant protection measures against insect pests 
and diseases were adopted for all plants in the experimental block.

Soil sampling was done at 30 cm, 60 cm, 90 cm, 120 cm, and 150 cm distances 
from plant stem along and in between the drip emitters and at 0–20 cm, 20–40 cm, 
40–60 cm, 60–80 cm, and 80–100 cm depths once in January and subjected to analysis 
for available nutrients (N, P, K, Fe, Mn, Cu and Zn). One plant basin from each repli-
cated plot (7 experimental plants per treatment) was taken for soil sampling. Available 
nutrients were determined by following the standard procedures [28]. The depth wise 
mean values of available nutrients in different treatments were calculated and aver-
aged for entire root zone depth (0–100 cm).

Three- to fi ve- months old leaf samples (3rd and 4th leaf from tip of nonfruiting 
branches) at a height of 1.5 m from ground surface surrounding the plant canopy were 
collected at end of October and analyzed for macronutrients (N, P, K) and micronutri-
ents (Fe, Mn, Cu, and Zn) following the standard methods [28].

Stem water potential measured at 12:00–13:00 PM (mid-day stem water potential, 
MSP) was determined fortnightly on a cloudless day using a Pressure chamber (PMS 
instrument, Oregon, USA). Two leaves per plant near the trunk or a main scaffold 
branch were covered by both aluminum sheet and black polythene sheet before 2 h of 
measurement and their water potential represented the MSP [23]. Moreover, the mid-
day water stress integral (Sψ) for each treatment was calculated using the midday stem 
water potential data, according to the Eq. (3) by Gonzaalez-Altozano [12].

 ( ) }{
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where: Sψ is water stress integral (MPa day), ψ i, i+1 is average midday leaf/stem water 
potential for any interval i and i+1 (MPa), c is maximum leaf/stem water potential 
measured during the study and n is number of days in the interval.

The net photosynthesis rate (Pn), stomatal conductance (gs), and transpiration rate 
(Tr) of leaves were recorded fortnightly, in one hour interval from 9 am to 3pm on a 
clear-sky day by portable infrared gas-analyzer (LI-COR–6400, Lincoln, Nebraska, 
USA) during the irrigation seasons. Four mature leaves per plant (3rd or 4th leaf from 
tip of shoot) from exterior canopy position (one leaf in each North, South, East and 
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West direction), and two plants per treatment were taken for these measurements. Leaf 
water use effi ciency (LWUE) was calculated as the ratio of Pn to Tr of leaves.

The plant height (distance from ground surface to top of plant crown), stem height 
(distance from ground surface to base of fi rst branch on stem), canopy diameter (mean 
of canopy spread diameter measured in N-S and E-W directions), and stem girth di-
ameter (stem diameter measured at 0.1 m above bud union) were recorded annually by 
using a metric tape. Plant canopy volume was estimated using the following formula 
[17]:

 Vpc = 0. 5238 H (D)2 (4)

where: Vpc is the plant canopy volume (m3), H the plant canopy height (difference 
between plant height and stem height) in meter and D the mean plant canopy spread 
diameter (North-South and East-West) in meter.

The number and weight of entire fruits harvested for each plant under consider-
ation in the experiment were recorded, and the mean yield per plant under various 
treatments was worked out. Irrigation water use effi ciency (IWUE) was worked out as 
the fruit yield per unit quantity of irrigation water applied. Five fruits per plant were 
taken randomly for determination of fruit quality parameters: size, juice percent, acid-
ity, total soluble solids (TSS), Vitamin-C, Sugars (total and reducing). All the quality 
parameters were determined following the standard methodology [24].

Benefi t Cost Ratio (BCR) is estimated to analyze the usefulness of any project in 
view of farmers prospective. In this study, BCR was calculated to analyze the return of 
the production system of Kinnow fruits under different drip irrigation strategies. Fol-
lowing assumptions were made for estimating the components of BCR which include 
capital cost of the trickle irrigation system and gross and net return under different 
irrigation treatments:

• Area of field is one ha
• Land is flat and
• Water source is located at the corner of the field.
The analysis was carried out to study the effect of production of Kinnow crop and 

irrigation system on through the BCR parameter.
The annual fi xed cost (AFC) and annual operating cost (AOC) of the drip irriga-

tion system were calculated. Energy cost includes the electrical cost, which was taken 
as Rs. 5 per kwh which are existing energy charges. The energy consumed is calcu-
lated based on the operating hours of the irrigation system. The cost of cultivation of 
Kinnow includes intercultivation, weeding, application of manure, fertilizer and plant 
protection and harvesting, etc. Operating cost is changing according to irrigation sys-
tem running hours. Total annual cost of the system includes both the annual fi xed cost 
and annual operating cost.

The gross income from the production system includes market return from the 
Kinnow crop. The prevailing market price of Kinnow crop was taken for the estima-
tion of gross return. The wholesale price of Kinnow for Delhi region is taken as Rs. 
23.10 per kg and Rs. 14.58 per kg in January, 2011 and January 2012, respectively 
[16]. The data generated were subjected to analysis of variance (ANOVA) and separation 
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of means was obtained using Duncan multiple range test (DMRT), according to the 
methods described by Gomez and Gomez [11].

19.3 RESULTS AND DISCUSSION

19.3.1. SOIL WATER VARIATION
The mean fortnightly volumetric water contents (θv) observed at different soil depths 
(0.2, 0.4, 0.6 and 1.0 m) in early fruit growth period (EFGP) during 2010 and 2011 are 
presented in Figs. 1a and 1b. The θv decreased progressively from the day after onset 
of stress (DAOS) to end of stress period (60 DAOS) in both the years of experiment, 
except at 0.2 m depth at 30 DAOS in 2010 and at 0.2 m and 0.4 m depths at 45 DAOS 
in 2011. The increase in θv at 30 DAOS in 2010 and 45 DAOS in 2011 attributed to 
rain (8.8 mm and 33 mm in respective years) during EFGP. The fortnightly estimated 
soil water depletion (SWD) was found maximum with RDI0 (4.4–12.4% in 2010 and 
3.4–9.0% in 2011), followed by RDI50 (2.0–3.7% in 2010 and 1.0–2.4% in 2011) at 
different soil depths. The higher SWD was estimated in 2010 than 2011, in spite of 
higher rainfall in 2011 at EFGP. This was due to higher evaporative demand of the 
plants in 2010 (mean daily pan evaporation, 10.01 mm) compared to that in 2011 
(mean daily pan evaporation, 6.95 mm) in this period. However, the SWD at top 0.4 m 
soil between 2 observations in a week was observed to be higher with FI than that with 
other treatments, reflecting the higher evapotranspiration of the trees under increased 
soil water regime in this treatment (Figs. 1a and 1b).

19.3.2 VARIATION IN AVAILABLE SOIL NUTRIENTS
The θv value increased with depth under each treatment. However, the maximum 
SWD was found at 0.4 m soil depth, followed by 0.2 m depth, indicating the existence 
of the most active roots of mandarin trees at 0.2–0.4 m depth. The earlier findings 
showed a shallow active root zone of 0.15 m for drip-irrigated ‘Nagpur’ mandarin 
budded on Rangpur lime grown in vertisol of central India [2, 19]. This difference in 
rooting is due to the variation of citrus cultivars and root stock used in varied pedo-
climatic conditions.

However, the active root depth observed in ‘Kinnow’ mandarin in our research is 
strongly supported by the earlier observation of Bhambota et al. [3], which showed 
that the active root zone of Jatti Khatti, the citrus cultivar used as a rootstock for Kin-
now mandarin, exists within the top 0.4 m soil. The SWD value at 0.6 m depth under 
RDI0 was signifi cantly increased compared with that under RDI50 and FI. This hap-
pened due to the higher root activity, which was probably caused due to extension of 
roots in 0.6 m soil under water stress condition in RDI0 treatment.
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FIGURE 1 Soil water content variations at different depths at early fruit growth period (EFGP) 
of ‘Kinnow’ mandarin: (a) in 2010 and (b) in 2011.

TABLE 1 Changes in available macronutrients (N, P and K) and micronutrients (Fe, Mn, Cu 
and Zn) concentration in soil under different irrigation treatments in ‘Kinnow’ mandarin during 
2010 and 2011.

Treatments Macronutrients (mg kg–1 soil)

2010 2011 Mean

N P K N P K N P K

RDI0 +2.94c +0.85a +3.85c +0.7 °C +0.35a +1.48c +1.82c +0.60a +2.67c

RDI50 +3.45b +0.87a +4.21b +1.10b +0.48a +1.71b +2.28b +0.67a +2.96b
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Treatments Macronutrients (mg kg–1 soil)

2010 2011 Mean

N P K N P K N P K

FI +4.29a +0.93a +4.65a +1.78a +0.51a +1.93a +3.03a +0.72a +3.29a

2010 2011 Mean

Fe Mn Cu Zn Fe Mn Cu Zn Fe Mn Cu Zn

RDI0 –0.72b –0.53b –0.21a –0.12b –0.78b –0.60b –0.24a –0.14b –0.75b –0.56b –0.23a –0.13b

2010 2011 Mean

Fe Mn Cu Zn Fe Mn Cu Zn Fe Mn Cu Zn

RDI50 –0.97a –0.89a –0.26a –0.18a –0.99a –0.92a –0.28a –0.21a –0.98a –0.90a –0.27a –0.20a

FI –1.19a –1.06a –0.27a –0.23a –1.24a –1.11a –0.31a –0.27a –1.22a –1.08a –0.29a –0.25a

‘+’ sign indicates the increase and ‘–ve’ sign indicates decrease in the magnitude of the variables.

Data in one column followed by different letter are significantly different at P < 0.05, as per separation by Duncan’s 
multiple range test

The changes in available macronutrients (N, P and K) in root zone of the plants 
under various irrigation treatments show that the nutritional status of the soil improved 
in both the years of experiment (Table 1). This happened due to the application of 
NPK-based fertilizers to the plants during irrigation seasons. The maximum increase 
in the soil available N, P and K was observed with FI, followed by RDI50. However, the 
effect of irrigation on available-P was statistically insignifi cant, due to low solubility 
and slow movement of P in soil water continuum [1]. The increase in available nutrient 
amount was higher in 2010 than 2011, indicating higher nutrients uptake by plants in 
the latter year.

The magnitudes of available micronutrients (Fe, Cu, Zn, Mn and Cu) in the soil 
decreased, irrespective of irrigation treatments (Table 1). The maximum decrease in 
concentration of available micronutrients was observed under FI and the minimum 
was with RDI0. The higher loss of micronutrients in soil under FI might be caused due 
to higher plant uptake of these nutrients under increased soil water content in this treat-
ment. However, the effect of irrigation on available Cu was insignifi cant. The consis-
tent amount of Cu maintained in soil under different treatments was due to the applica-
tion of Cu-based fungicides, which is a common recommendation against Phytopthora 
disease in the crop. The consistent reduction of micronutrients (except Cu) in soil sug-
gests a need for application of appropriate quantity of micronutrients-based fertilizers 
to mandarin plants to improve the effi ciency and longevity of the orchards.

19.3.3 CHANGES IN LEAF NUTRIENTS COMPOSITION
The macronutrients (N, P and K) concentration in leaves showed a differential re-
sponse to irrigation treatments (Table 2). FI treatment produced the higher concentra-

TABLE 1 (Continued)



Regulated Deficit Irrigation for Micro-Irrigated Citrus 237

tions of N, P and K in leaves compared with N, P and K in leaves in DI treatments. The 
higher N, P and K content in leaves of fully irrigated trees was caused by increased 
availability of such nutrients in soil under FI. The concentration of nutrients in leaves 
decreased with decrease in irrigation regime. However, the amount of N, P and K in 
leaves was adequate with both FI and RDI50, when compared to the foliar diagnos-
tic chart (2.50–2.93% N, 0.17–0.28% P and 1.63–1.89% K) developed for optimum 
‘Kinnow’ mandarin productivity in North India condition [27]. The suboptimum leaf 
nutrient concentration with RDI0 indicates that withholding irrigation in EFGP is not 
suitable for balanced nutrition of ‘Kinnow’ mandarin plants, which is a prerequisite 
for higher productive life of the orchards [14, 27]. The trend of leaf nutrients observed 
in this study was reflective of the observations made by [22] in ‘Nagpur’ mandarin, 
which stated that the leaf nutrient composition is affected by water stress in citrus. In 
contrast, [25] observed that mineral (N, P, and K) nutrition of ‘Clemenules’ manda-
rin budded on ‘Cleopatra’ mandarin in Spain was not affected by water stress which 
was imposed by stopping irrigation in both initial fruit growth period and final fruit 
growth period. This variation was attributed to the higher nutrients concentration in 
soil, better soil water availability due to intermittent rainfall, and higher capability of 
the rootstock plant (‘Cleopatra’ mandarin) for mineral uptake due to its superior root 
morphology (higher specific root length and higher root fineness) in the study site as 
compared with ‘Kinnow’ mandarin in the present study.

TABLE 2 Macronutrients (N, P and K) and micronutrients (Fe, Mn, Cu and Zn) content in 
leaves of ‘Kinnow’ mandarin as affected by various regulated deficit irrigation (RDI) and full 
irrigation (FI) during 2010 and 2011.

Treatments Macronutrients (mg kg–1 soil) 

2010 2011 Mean

N P N N N K N P K

RDI0 2.34c 2.38c 2.36c 2.36c 2.36c +1.48c +1.82c +0.60a +2.67c

RDI50 2.52b 2.57b 2.54b 2.54b 2.54b +1.71b +2.28b +0.67a +2.96b

FI 2.69a 2.71a 2.70a 2.70a 2.70a +1.93a +3.03a +0.72a +3.29a

2010 2011 Mean

Fe Mn Cu Zn Fe Mn Cu Zn Fe Mn Cu Zn

RDI0 55.6b 46.2b 7.2a 24.2b 54.4b 46.0b 7.0a 24.0b 55.0b 46.1b 7.1a 24.1b

RDI50 59.7a 55.6a 7.6a 26.3a 58.8a 54.2a 7.3a 26.0a 59.3a 54.9a 7.5a 26.2a

FI 62.6a 61.5a 8.2a 27.1a 61.3a 61.0a 8.0a 26.9a 61.9a 61.3a 8.1a 27.0a

Data in one column followed by different letter are significantly different at P < 0.05, as per separation by 
Duncan’s multiple range test.
RDI0 = No irrigation at early fruit growth period (EFGP); RDI50 = Irrigation at 50% crop evapotranspira-
tion at EFGP.

The micronutrient (Fe, Mn, Cu and Zn) concentration in leaves except Cu fol-
lowed the same trend of N and K under different irrigation treatments (Table 2). Over-
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all, in all irrigation treatments except RDI0, the leaf micronutrients (Fe, Mn and Zn) 
content was higher than their threshold values (57.8–69.4 ppm Fe, 52.7–76.3 ppm 
Mn and 25.9–28.5 ppm Zn) required for optimum productivity of ‘Kinnow’ mandarin 
[27]. Similar trend of micronutrient concentration in leaves was observed ‘Nagpur’ 
mandarin [19] under DI. However, [25] concluded that water stress has no signifi cant 
affect on Fe, Mn, Cu and Zn concentration of leaves in citrus. This difference from 
the present observation might be due to higher micronutrients concentration in their 
soil that supported the availability of the nutrients to plants even under water stress 
condition, as compared to the soil in the present study. Moreover, the concentration of 
micronutrients in leaves decreased from 2010 to 2011 due to their reduced availability 
in soil over time.

19.3.4 LEAF WATER CONTENT AND STEM WATER POTENTIAL
The mean RLWC and LWC in EFGP were significantly affected under various irriga-
tion treatments (Table 3). The maximum values for RLWC and LWC were observed 
with FI, whereas the minimum values were observed with RDI0.

Irrigation treatments affected y and Sy of the plants signifi cantly (Table 4). The 
mean values for ψat EFGP were from −0.8 to −1.4 MPa and −0.7 to −1.1 MPa in 
2010 and 2011, respectively. The higher values of y with lower Sψin 2011 than that 
in 2010 was caused by higher amount of rainfall (82.2 mm), and lower temperature 
(mean, 31 °C) in conjunction with lower evaporation rate (6.95 mm/day) during EFGP 
in 2011 compared with rainfall (8.8 mm), mean temperature (33 °C) and evaporation 
rate (10.01 mm/day) in 2010. The trees with FI exhibited the highest y with lowest Sy, 
whereas the trees with RDI0 exhibited the lowest values.

TABLE 3 Relative leaf water content (RLWC), leaf water concentration (LWC), mid-day stem 
water potential (Ψ) and water stress integral (SΨ) of ‘Kinnow’ mandarin under regulated deficit 
irrigation (RDI) and full irrigation (FI) during 2010 and 2011.

Treat-
ments

Leaf water relation factors

2010 2011 Mean

RLWC 
(%)

LWC 
(%)

Ø 
(MPa)

SØ

(MPa 
day)

RLWC 
(%)

LWC 
(%

Ø

(MPa)

SØ 
(MPa 
day)

RLWC 
(%)

LWC 
(%)

Ø

(MPa)

SØ 
(MPa 
day)

RDI0 75.6c 66.8c –1.4c 45.8a 78.2c 68.2c –1.1c 39.2a 76.9c 67.5c 1.25c 42.5a

RDI50 83.5b 70.6b –1.2b 29.3b 84.6b 73.7b –0.8b 24.1b 84.0b 72.1b 1.00b 26.7b

FI 93.7a 78.4a –0.8a 18.9c 94.2a 79.6a –0.7a 16.2c 93.9a 79.0a 0.75a 17.6c

Data in one column followed by different letter are significantly different at P < 0.05, as per separation by 
Duncan’s multiple range test.

RDI0 = No irrigation at early fruit growth period (EFGP); RDI50 = Irrigation at 50% crop evapotranspiration at 
EFGP.
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TABLE 4 Photosynthesis rate (Pn, μmol m–2 s–1), stomatal conductance (gs, mmol m–2 s–1), 
transpiration rate (Tr, mmol m–2 s–1), and leaf water use efficiency (LWUE) of ‘Kinnow’ 
mandarin under regulated deficit irrigation (RDI) and full irrigation (FI) during 2010 and 2011.

Treat-
ments

Leaf physiological parameters

2010 2011 Mean

Pn gs Tr LWUE Pn gs Tr LWUE Pn gs Tr LWUE

RDI0 3.03c 29.13c 1.73c 1.75c 3.61c 28.48c 1.51c 2.39c 3.32c 28.8 °C 1.62c 2.05c

RDI50 3.59b 31.01b 1.82b 1.97a 4.16b 30.47b 1.57b 2.64a 3.88b 30.74b 1.70b 2.28a

FI 3.88a 37.78a 2.08a 1.86b 4.37a 37.37a 1.74a 2.51b 4.13a 37.60a 1.91a 2.16b

Data in one column followed by different letter are significantly different at P <0.05, as per separation by Duncan’s 
multiple range test.

RDI0 = No irrigation at early fruit growth period (EFGP); RDI50 = Irrigation at 50% crop evapotranspiration at EFGP.

19.3.5 LEAF PHYSIOLOGICAL PARAMETERS
The Pn, gs and Tr of leaves during EFGP was significantly influenced by irrigation 
treatments (Table 4). The values for Pn, gs and Tr varied in the range 3.03–3.88 μmol 
m–2 s–1, 29.13–37.78 mmol m–2 s–1 and 1.75–1.86 mmol m–2 s–1, respectively, in 2010, 
whereas in 2011, these values were 3.61–4.37 μmol m–2 s–1, 28.48–37.37 μmol m–2 

s–1 and 2.39–2.51 μmol m–2 s–1. The higher values of Pn in 2011 were probably due 
to lower temperature in this period, which favored the better photosynthesis rate of 
mandarin plants in comparison to that in 2010 [4]. However, the Pn started to decrease 
when air temperature became more than 35 °C, probably due to the partial damage of 
photosynthetic system with high temperature in this cultivar, as found in other citrus 
cultivars [23, 30].

The higher values of Pn with fully irrigated trees indicated the negative effect of 
soil water defi cit on Pn of citrus trees. The greatest reduction in Pn value was between 
RDI50 and RDI0 (14.5%) than that in between FI and RDI50 (6.0%). The higher reduc-
tion of Pn in between RDI50 and no irrigation treatments indicated the existence of 
threshold limit of irrigation applied at 50% ETc, resulting in optimum Pn of mandarin 
plants under this treatment. In other way, it can be expressed that the mandarin plants 
could sustain their photosynthesis rate with 50% reduction of water supply, which is 
called as the photosynthetic acclimatization nature of citrus [31]. The gs and Tr values 
followed the same trend of Pn in different irrigation treatments. However, the high-
est reduction percentage in gs (18.2%) and Tr (11.0%) was observed between FI and 
RDI50 comparison with that between irrigation at RDI50 and RDI0 (gs, 6.3%; Tr, 4.7%), 
refl ecting the existence of critical soil water regime in relation to transpirational water 
loss with irrigation at 50% ETc. The maximum reduction in gs and Tr at higher irriga-
tion level (50% ETc) compared to Pn (at no irrigation) refl ects the less sensitivity of 
the trees to soil water defi cit in irrigation at 50% ETc to produce higher water use 
effi ciency in leaf level. Moreover, the reduction of gs was higher than that of Tr under 
RDI compared to FI. The lower reduction of Tr could be probably due to the contribu-
tion of residual or mesophyll conductance (movement of water through intercellular 
spaces and mesophyll cells of leaves) to transpiration of leaves [6]. Leaf transpiration 
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depends on total conductance (stomatal conductance + mesophyll conductance) of 
leaf. As water stress occurs, the stomatal closure restricts the entry of both CO2 and 
water fl uxes from surrounding atmosphere to leaf, but mesophyll conductance remains 
same and transpiration reduces disproportionately to stomatal conductance. The mag-
nitude of LWUE (μmol CO2 fi xed per mmol H2O transpired) increased from RDI0 to 
RDI50 and then decreased at FI. The higher LWUE was with RDI50 treatment, due to 
the marginal decrease in Pn value associated with the higher decrease in Tr value under 
this treatment over other treatments.

19.3.6 PLANT VEGETATIVE GROWTH
The irrigation treatments significantly influenced the different growth parameters (PH, 
STGD, SGD and CV) of plants (Table 5). The minimum incremental of PH, STGD, 
SGD and CV was observed with rain-fed plants, whereas the maximum values were 
with fully irrigated plants. The higher vegetative growth under higher irrigation re-
gime was probably due to better leaf photosynthesis rate and higher metabolic activi-
ties of fully irrigated plants under favorable soil water condition in the root-zone in 
this treatment. However, the increase in growth was more in 2011 than 2010, probably 
due to larger rainfall amounts and other weather parameters, which favored better 
plant growth in former year than the latter year. Earlier study by García-Tejero et al. 
[9] showed the similar findings of decrease in vegetative growth of deficit-irrigated 
‘Salustiano’ orange plants in Spain.

TABLE 5 Annual increment of plant growth parameters of ‘Kinnow’ mandarin under various 
irrigation treatments in 2010 and 2011.

Treat-
ments

Annual increment of plant growth parameters

2010 2011 Mean

PH* 
(m)

STGD**

(mm)
SGD+ 
(mm)

CV++ 
(m3)

PH* (m) STGD**

(mm)
SGD+ 
(mm)

CV++ 
(m3)

PH* 
(m)

STGD**

(mm)
SGD+ 
(mm)

CV++ 
(m3)

RDI0 28.31a 17.14a 24.64a 0.66a 22.16a 15.21a 21.75a 0.57a 25.23a 16.17a 23.20a 0.62a

RDI50 37.90b 20.81a 29.91b 0.79b 30.72b 19.90a 25.22b 0.69b 34.31b 20.36a 27.57b 0.74b

FI 40.72c 26.22a 48.74e 0.86c 36.05c 25.64a 32.35c 0.78c 38.39c 25.93a 40.54c 0.82c

*PH: Plant height; **STGD: Stock girth diameter; +SGD: scion girth diameter; ++CV: canopy volume.
Data in one column followed by different letter are signifi cantly different at P < 0.05, as per separation by Duncan’s 
multiple range test.
RDI0 = No irrigation at early fruit growth period (EFGP); RDI50 = Irrigation at 50% crop evapotranspiration at EFGP.

19.3.7 FRUIT YIELD AND WATER USE EFFICIENCY
Table 6 presents the fruit harvested (number of fruits tree–1, average fruit weight and 
total fruit yield) and irrigation water use efficiency under different irrigation treat-
ments. The number of fruits harvested and total fruit yield increased with increase in 
irrigation regime from no irrigation to FI. Conversely, the highest fruit weight was 
recorded with RDI50 followed by FI. The lower fruit weight in FI treatment over RDI50 
treatment might be due to the higher fruit number under the former treatment over later 
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one. However, the fruit yield recorded with fully irrigated plants was statistically (P < 
0.05) at par with that under RDI50.

TABLE 6 Number of fruits harvested, average fruit weight, fruit yield and irrigation water 
use efficiency (IWUE) of ‘Kinnow’ mandarin under regulated deficit irrigation (RDI) and full 
irrigation (FI) during 2010 and 2011.

Treat-
ments

Fruit yield parameters and irrigation water use efficiency

2010 2011 Mean

No. 
fruits 
tree–1

Fruit 
weight 
(g 
fruit–1)

Fruit 
yield (t 
ha–1)

IWUE 
(t ha–1 
mm–1)

No. 
fruits 
tree–1

Fruit 
weight 
(g 
fruit–1)

Fruit 
yield 
(t 
ha–1)

IWUE 
(t ha–1 
mm–1)

No. 
fruits 
tree–1

Fruit 
weight 
(g 
fruit–1)

Fruit 
yield 
(t 
ha–1)

IWUE 
(t ha–1 
mm–1)

RDI0 487.3c 125.7b 30.6b 0.07 °C 502.1c 129.4b 32.5b 0.101c 494.7c 127.6b 31.6b 0.086c

RDI50 703.4b 169.5a 59.6a 0.092a 726.5b 171.7a 62.4a 0.135a 715.0b 170.6a 61.0a 0.114a

FI 763.7a 162.3a 62.0a 0.073b 776.1a 162.8a 63.2a 0.105 b 769.9a 162.6a 62.6a 0.089b

Data in one column followed by different letter are significantly different at P < 0.05, as per separation by Duncan’s 
multiple range test.

RDI0 = No irrigation at early fruit growth period (EFGP); RDI50 = Irrigation at 50% crop evapotranspiration at EFGP.

The IWUE decreased with increase in irrigation regime from RDI50 to FI and the 
values were comparatively higher than that with RDI0. The higher IWUE under RDI50 
was attributed to higher increase in fruit yield with comparatively less water supply 
in this treatment over other treatments. However, the possible reasons for higher fruit 
yield per unit quantity of water applied under RDI50 treatment may be due to sup-
pressed vegetative growth without bringing much effect on leaf photosynthesis rate 
under this treatment. An improvement in IWUE in response to optimum RDI over FI 
was also reported earlier in citrus [9, 23].

19.3.8 FRUIT QUALITY
The effect of irrigation on fruit quality parameters (juice content, TSS, TA, ascorbic 
acid) is presented in Table 7. Juice percent increased with increase in irrigation level 
from no irrigation to FI in EFGP. However, juice percent under irrigation at 50% ETc 
and FI did not differ significantly, indicating the excess dehydration of juice sacs of 
fruits with no irrigation, which could not be fulfilled by osmotic adjustment to main-
tain sufficient turgidity of fruits in this treatment.
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TABLE 7 Fruit quality parameters (juice content; Total soluble solids, TSS; Titrable acidity, 
TA and ascorbic acid) of ‘Kinnow’ mandarin under different irrigation treatments during 2010 
and 2011.

Treat-
ments

Fruit quality parameters

2010 2011 Mean

Juice 
content 
(%)

TSS 
(0Brix)

TA 
(%)

Ascor-
bic acid 
(mg/l)

Juice 
content 
(%)

TSS 
(0Brix)

TA 
(%)

Ascorbic 
acid 
(mg/l)

Juice 
content 
(%)

TSS 
(0Brix)

TA 
(%)

Ascor-
bic acid 
(mg/l)

RDI0 42.5b 9.7c 1.04a 101.3c 43.8b 10.2c 1.02a 103.6c 43.2b 10.°C 1.03a 102.5c

RDI50 47.3a 10.8a 0.76c 116.8a 48.6a 10.9a 0.74c 119.1a 48.0a 10.9a 0.75c 118.0a

FI 49.6a 10.2b 0.81b 105.3b 50.8a 10.4b 0.79b 106.9b 50.2a 10.3b 0.80b 106.1b

Data in one column followed by different letter are signifi cantly different at P <0.05, as per separation by Duncan’s 
multiple range test.
RDI0 = No irrigation at early fruit growth period (EFGP); RDI50 = Irrigation at 50% crop evapotranspiration at EFGP.

The TSS in juice increased from RDI0 to RDI50 and then decreased at FI. The higher 
juice content is one of the reasons for dilution of soluble solids concentrations in fruits 
with FI. Moreover, the TA percentage in juice was recorded maximum with RDI0. The 
higher TA and lower TSS with the fruits in RDI0 treatment compared to that in RDI50 
was probably caused by enhanced transformation of acids to sugars in dehydrated 
juice sacs which is required to maintain the osmotic pressure of fruit cells under mild 
water defi cit condition prevailed under RDI50. Earlier studies also demonstrated the 
higher TSS in citrus fruits under soil water defi cit condition in root zone of plants [15]. 
However, the TSS and TA did not show any signifi cant difference at RDI50 and FI. The 
ascorbic acid concentration in juice, which is a vital vitamin of citrus fruits, increased 
from RDI0 to FI. However, the RDI50 and FI were statistically at par (P < 0.05) in rela-
tion to ascorbic acid content.

19.3.9 ECONOMICS
The net income (NI), which is the subtraction of total annual cost from annual gross 
return was observed to be highest under FI, followed by RDI50 (Table 8). The net in-
come under FI was higher (INR 30000) than RDI50.However, the maximum return per 
unit investment, otherwise called benefit-cost ratio (B: C) was estimated to be highest 
under RDI50 (13.0). Also, RDI50 produced the highest economic water productivity 
(INR 1720 per mm water used) among the treatments.
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TABLE 8 Economics of Kinnow production under drip irrigation with RDI and PRD treatments 
in 2010–2011.

Treat-
ments

Yield

(tons

ha–1)

Gross in-
come (INR*

ha–1)

Fixed cost 
(INR

ha–1)

Operat-
ing cost

(INR

ha–1)

Total

cost

(INR

ha–1)

Net

income 
(INR

ha–1)

B/ C Economic

water pro-
ductivity

[INR (mm 
irrigation

water

used)–1]

RDI0 30.6c 707,00 °C 12,600a 120,000a 132,000a 575,00 °C 5.3ab 1,100ab

RDI50 59.6a 1,380,000a 12,600a 93,000d 106,00 °C 1,270,000a 13.0b 1,72 °C

FI 61.9a 1,430,000a 12,600a 122,000a 132,000a 1,300,000a 10.8d 1,370d

Wholesale price of Kinnow = Rs. 2,310 per 100 kg; * Land charge is not considered assuming the land 
belongs to the grower. Electric power cost is assumed at Rs. 5 per kwh; B/C = Benefit-cost ratio. INR = 
Indian rupees, Rs. 

19.4 CONCLUSIONS

The vegetative growth and fruit yield of the ‘Kinnow’ mandarin plants need for higher 
irrigation water quantity. However, deficit irrigation scheduled at 50% ETc at early 
fruit enlargement period improved irrigation water use efficiency substantially, due to 
higher water saving with a minor decrease in yield over FI. Moreover, better quality 
citrus fruits were harvested from the deficit-irrigated trees. The higher leaf nutrient 
concentration under FI was associated with higher availability of such nutrients in soil 
under this treatment. However, the consistent reduction of micronutrients in soil advo-
cates for the application of appropriate quantity of the nutrients to the plants. Based on 
these results, it can be inferred that application of irrigation water at 50% ETc at early 
fruit enlargement period could be better option for ‘Kinnow’ mandarin cultivation in 
water scarce northern India.

19.5 SUMMARY

The shortage of irrigation water is emerging as the major abiotic constraint limit-
ing the productivity of citrus in arid and semiarid regions. Regulated deficit irriga-
tion (RDI) is the recently proposed water saving technique in irrigated agriculture. 
However, the information on response of citrus to RDI is very limited worldwide. 
Keeping this in view, the present study was conducted to explore the feasibility of 
RDI in drip-irrigated ‘Kinnow’ mandarin (Citrus reticulata Blanco) plants in a semi 
arid climate of northern India. Two RDI treatments: no irrigation (RDI0) and irriga-
tion at 50% crop-evapotranspiration (RDI50) in early fruit growth period (EFGP) were 
compared with full irrigation (FI: irrigation at 100% crop-evapotranspiration) in the 
crop. RDI50 proved superior, producing the fruit yield at par with FI, with better quality 
fruits. Moreover, RDI50 resulted in 35% improvement in irrigation water use efficiency 
(IWUE) and generated higher net return and benefit–cost ratio compared with FI. The 
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significant variation in soil water content at 0–40 cm depth indicated the confine-
ment of effective root zone of the plants in top 40 cm soil. The maximum rate of net-
photosynthesis, stomatal conductance and transpiration of leaves was recorded with 
FI. However, the plants under RDI50 exhibited the highest leaf water use efficiency. 
Overall, the study concludes that adoption of RDI50 with drip-irrigation could be the 
viable water saving technique in commercial ‘Kinnow’ mandarin cultivation in north-
ern India and elsewhere having similar agro-climate of the study region.
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CHAPTER 20

PERFORMANCE OF GRAPEVINES 
UNDER IRRIGATION SYSTEMS

HANI A. A. MANSOUR

In this chapter, one feddan (Arabic: faddān, non-SI units of area in Egypt) = 4200 m2 = 1.038 acres = 0.42 
hectare, ha = 10000 m2. It is used in Egypt, Sudan, and Syria. The feddan in Arabic means ‘a yoke of oxen’: 
implying the area of ground that can be tilled by an animal in a certain time.
The Egyptian pound (E£ or EGP, Arabic, Genēh Maṣri) is the currency of Egypt. The ISO 4217 code is EGP. 
Locally, the abbreviation LE or L.E. (stands for livre égyptienne: French for Egyptian pound) is frequently 
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20.1 INTRODUCTION

According to the limited water resources of 55.5 billion-m3/year in Egypt from 
the River Nile, the required demand for reclamation more land, to facilitate the fast 
growing population climate, must use more efficient irrigation systems and tech-
nique than that of the traditional surface one.

Nowadays, all concerned with irrigation must plan to use more modifi ed irrigation 
methods. Hence increasing water use effi ciency through decreasing water losses, plant 
selection and fertilization is one of the important factors in irrigation policy. In addi-
tion, increasing fertilizers use effi ciency through fertigation may increase both plant 
yield and water use effi ciency.

Most of the agricultural land in the Valley (Wadi and Delta) of the River Nile in 
Egypt are mainly irrigated by using surface irrigation method, with an irrigation ef-
fi ciency of less than 40%. Therefore, one will save irrigation water and fertilizer using 
the more developed irrigation methods and systems to replace the surface irrigation

Grape is the second major fruit crops in Egypt and it is the fourth crop of high 
potentiality for export. World production is 64.4 million tons and the total area is 7.6 
million-hectare (8.5 tons/ha). The total grape production in Egypt is 1.196 million 
tons. The grape area in the Wadi valley occupies 50% of total area. In 2004 it reached 
about 155,743 Feddans.

This chapter discusses the response of grapevines (var. Thomposon seedless) and 
attributed changes in some soil physical and chemical properties under localized ir-
rigation systems, maximizing water and fertilizers use effi ciencies, and improving the 
quality of grape fruits.

20.1.1 IRRIGATION SYSTEMS

20.1.1.1 DRIP IRRIGATION
In Egypt, the first drip irrigation system was installed and tested in 1975, however, it 
was operated at a very low pressure of about 40 cm head [23]. Tsipori and Shimshi [78] 
described the drip irrigation as a discharge of a low flow of water from small diameter 
orifices connected to, or a part of distribution tubing’s situated on above or immedi-
ately below the soil surface. Nakayama and Bucks [64] defined trickle irrigation as 
a slow application of water on above or beneath the soil by surface drip, subsurface 
drip, bubbler spray, mechanical-move, or pulse systems. Water is applied as discrete 
or continuous drops, tiny screams, or miniature spray through emitters or applicators 
placed along a water delivery line near the plant. Larry [53] described the drip irriga-
tion system as the frequent slow application of water onto the land surface or into the 
root-zone of crop. He stated also that drip irrigation encompasses several methods of 
irrigation, including drip, surface, and spray and bubbler irrigation system.

Hillel [39] mentioned that several problems have been encountered in the me-
chanics of applying water with drip equipment for some soils, water qualities, and 
environmental conditions. Some of the more important possible disadvantages of drip 
irrigation compared with other irrigation methods include: 1) emitter clogging, 2) ro-
dent or other animal damage, 3) salt accumulation near plant, 4) inadequate soil water 
movement and plant-root development, and 5) high initial cost and sophisticated 
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technical know-how. James [44] indicated several problems associated with drip ir-
rigation, such as, emitter clogging which can cause poor uniformity of water applica-
tion. He added that a special equipment was needed to control clogging; and the size of 
pipes, emitters type, valves type, etc., in drip system often contributes to high cost per 
ha cost compared to solid-set sprinkler system).

FIGURE 1 Typical diagram of low-head bubbler irrigation system [33].

20.1.1.2 LOW-HEAD BUBBLER IRRIGATION
Behoteguy and Thornton [12] defined the bubbler system as a type of drip irriga-
tion that typically delivers flow rates of 2 to 4 L per minute through a small di-
ameter of polyethylene (P.E) delivery tube attached to a large diameter of corrugated 
(P.E) pipe (buried lateral). Uniform irrigation is achieved by filling small basins 
or channels with equal quantities of water, as shown in Fig. 1. The bubbler irriga-
tion system operates at low pressure (0.3 to 1 meter of water head) and by using 
38.1 to 120 mm diameter of (P.E) lateral pipe. Conveying water down the lateral to 
the point is transferred to each tree basin by means of a 9.4 to 16 mm diameter (P.E) 
tube. They indicated several advantages of the bubbler irrigation system, such as: low 
maintenance of irrigation equipment, higher water application uniformity than furrow 
or flood irrigation, reduced tail water, the ability to more precisely apply nutrients to 
the tree, and lower water application rate. The bubbler irrigation system has also the 
advantage of being adaptable to existing pipeline delivery system.

Hull [41] stated that the advantages of bubbler irrigation system are: 1) higher 
fl ow rate and larger diameter pipe used, result in fewer blockages compared with 
drip systems, 2) elaborate-fi ltration equipment is unnecessary and the associated 
head loss resulting in increased pumping costs is therefore eliminated, 3) quality of 
the water is not critical, 4) operates at low heads associated with surface irrigation 
systems and 5) relatively low overall cost compared with other solid-set sprinkler 
irrigation. According to Hull, the disadvantages of the bubbler irrigation system are: 
1) restricted use for slight slopes (1–3%), 2) usually greater water consumption than 
trickle system, 3) limited to orchard and plantation type crops because of costs, 
4) possibly more leaching and evaporation losses than with trickle irrigation system 
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and 5) not feasible in soils with faster infi ltration rate. And also, bubbler irrigation is 
very sensitive to changes in pressure head and a constant head-source is essential 
for a commercial orchard or plantation. A change in pressure head at the inlet results 
in nonuniformity of application at each outlet. He found also that pressure head of 
one meter is very small and small changes in head can thus have a marked effect on 
the fl ow rate, which is fi xed once the system is installed and is not easily changed.

Larry [53]  showed that in bubbler-irrigation system water is applied to the land 
surface as a small stream. Habib and El-Awady [33] stated that the discharge uni-
formity of bubbler irrigation system can be controlled by varying the tube diameter 
and/or length and/or using a valve for each bubbler in a long lateral line. Yitayew 
et al. [86] showed that the name of that low-head bubbler system is derived from 
the fountain of water streaming out from the hoses, and from the bubbling noise 
made as air escapes from the pipeline when the system is turned on. Yitayew and 
Reynolds [87] compared the low head gravity fl ow bubbler irrigation system that is 
commonly used for tree crops. The bubbler system has a defi nite advantage in 
cost savings in addition to reduced water usage and equal or better water distribu-
tion uniformity.

20.1.1.3 MODIFIED SURFACE IRRIGATION WITH GATED PIPES
Layei et al. [54] studied the effect of irrigation methods and levels on yield and 
quality of hybrid tomato seeds and found that seed yield obtained from furrow irriga-
tion was significantly lower than those of bucket watering and drip irrigation. Fur-
row irrigation also resulted in higher proportion of fruits that shown a symptom of 
blossom and rot. In clay soil, bucket watering and drip irrigation gave a significantly 
higher fruit weight and seed yield than furrow.

Charles [20] reported that furrow spacing was easy to adjust when furrows 
are used to irrigate permanent crops such as trees or vines, and the number of fur-
rows/row can be varied. The same effect can be achieved by irrigation every other 
furrow on row crops when it is desired to apply a small depth of water during 
one irrigation.

El-Sayed [27] studied the different orifi ce discharge rates ranging from 0.1 L/
sec (ls–1) to 0.6 ls–1. From the view point of the allowed discharge in irrigation fur-
row, he found that a discharge of 2 ls–1 is recommended for each-one meter of fur-
row width. And the proposed system can be used to irrigate long line and long strips 
with lengths between 100 to 180 m, ii) pressure head needed to operate the system 
(ranged between 15 cm to 100 cm), and the required head to operate the system 
in the fi eld was 50 cm or less, therefore pumping unit is not a must. His results 
indicated that there is an agreement between the theoretical predicted hydraulic pa-
rameters and the actual ones.

20.1.2 EFFECTS OF IRRIGATION SYSTEMS ON GRAPE YIELD AND WATER 
USE EFFICIENCY
Grape is the second major fruit crop in Egypt. However, the grape area in the Wadi 
and valley Delta occupied about 50% of total area in 2004 (about 155,743 feddans). 
The total grape production was 1.196 million tons [60]. Matthews [58] suggested that 
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optimum growth, grape yield and grape quality was possible with controlled irrigation 
during certain phenological stages of vine growth. Rakhlmanina et al. [69] indicated 
that the grape yield under drip irrigation were 4.50, 10.13 and 18.50 tons/ha in  1985, 
1987 and 1988, respectively; compared to 1.50, 4.38 and 4.25 tons/ha under furrow 
irrigation and, respectively.

Kramer and Boyer [52] stated that the leaf photosynthetic production was decreased 
if vines experience drought stress during ripening. The vine stomatal is sensitive to 
water defi cits and will close to prevent excessive loss of water through transpiration. 
Stomata closure during part of the day prevents carbon dioxide from entering the leaves 
and inhibits photosynthesis. Bravdo et al. [14] reviewed grape vine response to crop 
load and irrigation treatments. Three drip irrigation schedules were applied. Crop load 
(yield/pruning weight) was affected by irrigation due to a differential effect of irriga-
tion on fruit bud differentiation and on vegetative growth. Ginestar et al. [32] indicated 
that under different levels of irrigation based on transpiration data measured using sap-
fl ow sensors were applied to grape vines grown on a two-wire vertical system. Data 
for the vines on the upper and lower wire were studied separately. Leaf area, yield and 
water use of vines in different treatments were closely related to the intensity and dura-
tion of stress in each treatment. Irrigation increased grape yield and differences in vine 
water status led to differences in the leaf area to fruit weight ratio. It was concluded that 
data from the sap-fl ow sensors can be used as a basis for calculating irrigation amounts 
to infl uence vine water status, canopy size, and grape yield.

Karasov [46] defi ned water use effi ciency (WUE), which is the ratio of economic 
yield to total crop water use. WUE can also be defi ned as the ratio of weight of har-
vested crop to total crop water use (cm). Sinclair et al. [74] described WUE on various 
scales from the leaf to the yield. In its simplest terms, it is characterized as crop yield 
per unit of water used. At a more biological level, it is the carbohydrate formed through 
photosynthesis from CO2, sunlight, and water per unit of transpiration. Brown [16] has 
proposed that the upcoming benchmark for expressing yield may be the amount of wa-
ter required to produce a unit of crop yield, which is simply the long-used transpiration 
ratio, or the inverse of WUE. Often the term WUE becomes confounded when used in 
irrigated agriculture.

Tosso And Torres [77] evaluated effects of four irrigation levels (0.2, 0.5, 0.8 and 
1.1 class A pan evaporation, Epan) and three irrigation systems (drip, sprinkler, fur-
row) on Muscat Rose var. Mosada. The lowest level of irrigation resulted in soil water 
defi cits in all irrigation systems. Water application corresponding to 0.5Epan through-
out the season satisfi ed the grape water requirements. WUE was the highest with drip 
irrigation, which used 50–60% less water than sprinkler and furrow irrigation and pro-
duced up to 60 kg of grapes per mm of water applied. Araujo et al. [5] studied the re-
sponse of three years old grapevines to furrow and drip irrigation; and the results were 
expressed in terms of water status, crop growth and WUE. Drip irrigation was applied 
daily according to best estimates of vineyard ET, while furrow irrigation was applied 
when 50% of the plant available soil water content had been depleted. Drip and fur-
row irrigated vines showed similar water status and shoot growth patterns throughout 
the season. Dry weight partitioning was not signifi cantly different between treatments 
but root mass was somewhat larger for the furrow than for drip irrigated vines. Similar 
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WUE [kg fruit weight (FW) kg–1 water] was obtained in the two treatments indicating 
that drip irrigation may increase the potential for control of vine growth by making 
vines more dependent on irrigation and N fertilization than furrow irrigation.

Burt et al. [17] stated that irrigation was an effective means to improve WUE 
through increasing crop yield, especially in semiarid and arid environments. Even in 
subhumid and humid environments, irrigation is particularly effective in overcoming 
short duration droughts. However, irrigation by itself may not always produce the 
highest WUE possible. Masood et al. [57] stated that WUE may be improved with 
some management practices such as: changing sowing time, irrigation effi ciency, bal-
anced nutrition, mulching, and tillage management. They found a negative signifi cant 
correlation between WUE and irrigation requirements. Veeranna et al. [79] conducted 
fi eld experiments in Bangalore, Karnataka, India, during the Rabi season of 1997 and 
1998 to investigate the effects of fertigation and irrigation methods on chili cv. By-
adagi Dabba. The treatments comprised of soil application of normal fertilizers (N, P, 
K applied as urea, single superphosphate and muriate of potash, respectively) at 100% 
recommended dose, in combination with furrow irrigation or drip irrigation. WUE 
was signifi cantly higher with drip fertigation of water soluble fertilizer (WSF) at 80% 
recommended dose (2.81 kg.ha–1.mm–1), which was closely followed by drip fertigation 
of 100% recommended level of WSF (2.77 kg.ha–1.mm–1). The two treatments were 
signifi cantly superior to the rest of the treatments. Higher dry fruit yield coupled with 
lower water use (450.21 and 446.80 mm at 80% and 100% recommended level of 
WSF, respectively) were responsible for high WUE.

20.1.3 EFFECTS OF IRRIGATION SYSTEMS ON FERTILIZATION AND 
FERTILIZER USE EFFICIENCY
Barber [11] defined fertilizer efficiency as “the amount of increase in yield of the har-
vested portion of the crop per unit of fertilizer nutrient applied where high yields are 
obtained.” Many factors soil, plant, and climatic contribute to the efficiency of applied 
fertilizer in croplands. In addition, the nature of fertilizer materials and the methods of 
use also affect their availability. He mentioned three important soil parameters, which 
are responsible for the rate of supply of nutrients from the soil to the root: diffusion 
coefficient, nutrient concentration in soil solution, and buffering capacity. The diffusion 
coefficient is the most important factor and its magnitude is influenced by volumetric 
water percentage, the tortuosity of the diffusion path and the buffer capacity. By in-
creasing the water content of soil, a reduction in tortuosity was observed. Baligar and 
Bennett [10] stated that the efficiencies of added N, P2O5 and K2O are of the order 
<50%, 10%, and 40%, respectively. For enhancing efficiency of applied fertilizers, it is 
essential to approach the problem on many fronts, namely: (1) increasing the efficiency 
of crop plants to absorb and use the nutrients, (2) reducing or using existing fertilizer 
to improve their efficiency either by rate or method of applications, (3) use of fertilizer 
reaction modifiers such as nitrification and urea hydrolysis inhibitors, (4) correcting the 
soil acidity or alkalinity by amendments so that crops and soil microbial populations 
are at their greatest potentials, and (5) exploiting the nature of interaction of soil es-
sential elements and crop growth.
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Gerstl and Yaron [31] found that the adsorption and movement of chemicals in the 
soil are affected by several factors such as soil texture, type of soil minerals, and organ-
ic matter content. Moderately adsorbed chemicals were found concentrated around the 
emitters, and lateral movement of these chemicals was more pronounced than the ver-
tical movement, after several irrigation cycles. Weekly adsorbed chemicals were uni-
formly distributed in the soil and leached out of the wetted zone more readily, although 
some retardation was noticed. These results indicate that different fertigation strategies 
should be used for different fertilizers and different soil types. Gad [28] reported that 
on active surfaces in fi ne textured soils absorb a portion of the fertilizer. On the other 
hand, coarse textured soils do not adsorb a large portion of the applied chemicals. This 
concludes that any fertilizer that is not absorbed by the plants in irrigation cycle might 
be leached out of the root zone during the following irrigation. Therefore, intelligent 
management of fertilizer application is a must.

Kovacs et al. [51] used the isotopic technique (N15) to evaluate the effects of irriga-
tion on the nitrogen fertilizer use effi ciency for seven irrigation treatments at two fertil-
izer levels. Irrigations were applied at four different growth stages of maize, soyabean 
and potato (vegetative, fl owering, yield formation and ripening) in four replications. 
Every irrigation treatment was equipped with neutron access tubes in two replications 
at a depth from 10 to 130 cm. The study compared the impact of defi cit irrigation (i.e., 
water stress imposed during one growth stage) with normal and traditional irrigation 
practices. The relationships were determined between relative yield decrease and rela-
tive evapotranspiration, and between the crop yield and water use.

Neill et al. [65] reported that drip irrigation allowed the fertilizer application 
through the irrigation water, and this process is known as fertigation. Although adding 
fertilizers in a drip irrigation system is quite simple several precautions are necessary. 
He found also that for a successful fertigation, one should take into consideration sev-
eral factors, namely: the fertilizer must be soluble in water; it does not precipitate or 
react to form precipitate with other soluble salts in the irrigation water; the application 
should place the fertilizer in the root zone at the right time; and it must be also mobile 
into the root zone.

Soil characteristics, moisture status, discharge rate, irrigation interval affect the 
status of micro and macronutrients, and type of added fertilizer.

Threadgill [76] reported the application of chemicals through irrigation systems 
poses several environmental benefi ts. Four categories of these potential environmental 
impacts are: Potential backfl ow of chemicals to the irrigation water supply or to the soil 
surface around the chemigation system; Potential positive and negative impacts on no 
point source pollutant potential of materials applied by chemigation; Potential positive 
and negative impacts on operator safety; and Potential effects on chemical residues in 
food and fi ber production. The application of good management techniques by chemi-
gation operators will allow signifi cantly less exposure of operator to chemicals during 
application.

Veeranna et al. [79] found that drip fertigation of water soluble fertilizers (WSF) at 
80% recommended dose produced signifi cantly higher dry fruit yield of 1268.00 kg.
ha–1 (chili cv. Byadagi Dabba) over all the treatments, but was on par with drip fertiga-
tion of WSF at 100% recommended dose (1237.38 kg/ha). Drip fertigation of WSF at 
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80% recommended dose registered 22.37 and 31.00% higher dry fruit yield over drip 
and furrow irrigation methods, respectively, even with the same level and method of 
normal fertilizer application.

Roubelakis and Kleiwer [70] stated that fruit quality may be affected due to abun-
dant or insuffi cient available nitrogen. They also found that the total amount of nitrog-
enous compounds in grapevines depends on genetic factors, environmental conditions, 
and cultural practices. Atallah [7] reported that plant analysis is a diagnostic tool for 
optimum fertilization and indicated that no fertigation could be successful unless the 
soil fertility status is also considered. Guidelines integrating both crop requirements 
and nutrients availability are essential. Concerning the soil, the levels of major elements 
and the properties are liable to change such as the salinity, pH and organic matter.

Hajrasuliha et al. [34] found that most of the N organic fertilizer for both NO3 and 
NH4 applications was in the top 60 cm of soil where the vine roots were of greatest 
density. There was no indication of signifi cant N leaching below 2.4 m or denitrifi ca-
tion of fertilizer N for the trickle irrigated vines during the growing season. Mussaddak 
and Somi [63] stated that nitrogen fertilizer of cotton plant under different irrigation 
methods is the key factors for yield increase and yield quality improvement. With 
good management of these two factors, both production and quality can be attained 
simultaneously.

20.1.4 EFFECTS OF IRRIGATION SYSTEMS ON GRAPE YIELD QUALITY
Rakhlmanina et al. [69] indicated that the juice sugar content of grapes varied between 
22.3 and 23.4% under drip and furrow irrigation, respectively, and ranged from 20.6 
to 22.3 in the control. Saayman and Lambrechts [71] stated that the table grapes on 
grayish, sandy soil responded to irrigation applied N fertilization levels, patterns of 
N application, crop load and preplant P and K fertilization. Potassium applied in this 
manner was found to be ineffective due to leaching and regular irrigation-applied K 
fertilization had to be adopted. Increased crop load had a marked negative effect on 
shoot growth and grape quality, comparable in magnitude to that of too high N levels. A 
balanced crop load of 22 bunches per vine with a shoot mass of 1822 kg was calculated 
for this trial, but a crop load of 18–19 bunches per vine was maximum still ensuring 
the best quality. According to Pire and Ojeda [67], different irrigation regimes affected 
the overall grape fruit quality. They added that lower irrigation volumes consistently 
decreased fruit acidity and plant shoot growth.

Ashcroft et al. [6] studied the effects of irrigation methods (trickle and furrow), N 
and K application on fruit yield and quality of processing tomatoes were investigated 
in three fi eld experiments with different cultivars (FM 785, Pacesetter and Alta), soil 
types (loam, clay loam and sand). Ripe fruit yield increased with increasing N ap-
plication rate at all sites. The optimum yields were obtained at 280–300 kg of N.ha–1. 
The number of green and rotten fruits increased signifi cantly with increasing N rate 
at the two trickle-irrigated sites but not at the furrow-irrigated ones. Fruit size was not 
consistently affected by N or K. The TSS content increased with increasing N rate at 
two of the sites. Although K alone had no signifi cant effect on TSS content, yet there 
was a signifi cant N × K interaction at one site, possibly due to an osmotic effect of the 
potassium salt applied as a concentrated dose.
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Kadam and Sahane [45] studied the effect of NPK fertilizers and irrigation meth-
ods on the growth and quality of tomato cv. Dhanshree. Treatments comprised: of 
75 and 100% recommended rate of fertilizers (RRF; 160:80:80; kg of NPK ha–1) in 
briquette and nonbriquette forms through drip or surface irrigation. The drip irrigation 
recorded signifi cantly higher total soluble solids, higher plant height and higher dry 
matter content than surface irrigation. Treatment with NPK at 100% RRF resulted 
in signifi cantly higher total soluble solids, higher plant height and higher dry matter 
content compared to treatment with NPK at 75% RRF. The total yield was positively 
correlated with yield contributing characters such as fruit weight and fruit number per 
plant, and quality characters such as pH.

Abou-Salama et al. [3] used different irrigation methods to conserve water con-
sumption of sugarcane and to improve its water use effi ciency under Upper Egypt 
conditions. They found that most of the juice quality parameters were not affected by 
irrigation treatments. Azzazy et al. [8] used three irrigation systems (drip, developed 
surface and traditional surface irrigation systems) to irrigate sweet sorghum. They 
found that type of irrigation system signifi cantly affected forage yield. They added that 
the highest sucrose and purity percentages were obtained under drip irrigation system.

20.1.5 EFFECT OF IRRIGATION SYSTEMS ON SOIL CHARACTERISTICS

20.1.5.1 SOIL MOISTURE CONTENT AND MOISTURE DISTRIBUTION
Drip or high frequency irrigation will often maintain low soil moisture suction (high 
moisture content) in the effective root zone. Root growth can possibly augment the 
influence of low soil moisture suction and maintain more favorable soil water intake 
characteristics around the emitters. Gerard [30] mentioned that the wetting pattern 
can be affected by the soil hydrological properties. The reduction in the ability of 
soil to conduct water can be serious enough to create saturated soil conductions and 
significant loss of effective roots. Earl and Jury [22] reported that moisture profiles for 
the daily irrigation treatment under cropped conditions showed that downward water 
movement is restricted to 60 cm depth when lateral movement occurs no further than 
60 cm from the emitter. They observed water movement is observed up to 100 cm from 
the emitter, while downward movement was restricted to about 75 cm. The rate of wa-
ter application in drip irrigation will affect the distribution of the applied chemicals. By 
varying the parameters of the irrigation regime, different distribution may be obtained. 
Levin et al. [55] studied the soil moisture distribution pattern when amount of water 
was applied form a point source, but with different discharge rates. The continuous ir-
rigation treatment showed a loss due to deep percolation, of 26% of the total amount 
of irrigation water below 60-cm depth after 12 h. The lateral distribution, in the same 
treatment, showed that 80% of the water in the wetted volume was distributed up to 45 
and 43 cm horizontally from the point source after 12 and 24 h, respectively. Only 12% 
loss below 60 cm depth was found with pulsed irrigation,  and 29 and 40 cm lateral 
distribution after 12 and 24 h, respectively. Bacon and Davy [9] observed that irrigation 
resulted in outward movement of water from the application point to a wetted zone in 
the shape of a shallow dish. The size and duration of the wetted zone depended on the 
length and season of irrigation while the shallow depth was caused by the low hydraulic 
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conductivity of the subsoil. Norris and Tennessee [66] indicated that lateral movement 
is enhanced if the soil is stratified, the initial soil moisture is low, and the application 
rate is low. They also observed that at high moisture tension (low moisture content) 
lateral movement was more pronounced in finer soil layers than in coarser layers. El-
Gindy [25] reported that the moisture content of the top soil (0–20 cm) was higher in 
the drip-irrigated field than those of surface, and sprinkler systems. Meanwhile the 
lowest moisture content in the same layer was in the surface irrigated field. Hanafy 
[35] indicated that the major fluctuations in soil water tension occurred in the top 30 
cm of the soil profile. This is mainly due to that most crops moisture withdrawal from 
the soil is near the surface where more roots are normally growing.

20.1.5.2 SOIL INFILTRATION RATE
Mousavi et al. [62] stated that infiltration is an important physical property of soil 
affecting irrigation. Lodge and Baker [56] stated that soil physical properties of three 
types of golf green construction in the UK, were a sandy loam top soil with pipe drain-
age and two suspended water table constructions, one with a root zone of pure sand, 
the other with a root zone conforming to the US Golf association specifications. The 
irrigation treatments represented replacement of 75, 100 and 125% of evapotranspira-
tion losses in 1990 and 60, 100, and 140% of losses in 1992. Soil pore structure of 
the sand-based root zone changed slowly over time. Infiltration rates fell significantly 
over time. Infiltration rates on the sand-based root zones were greater at higher rate of 
nitrogen fertilizer application (410 kg ha–1 per year) than the lower rate (110 kg ha–1 
per year). The soil constructions showed a reduction in the proportion of pore spaces in 
the top 10–90 mm of the profile, probably due to compaction process. Infiltration rates 
were consistently very low, but increased for a short period following the application of 
a ‘Verti-Drain’ treatment. Yapa [85] stated that in the ‘very rapid’ and ‘rapid’ infiltration 
categories, the drainage problems are unlikely, so it is recommended to use overhead 
irrigation methods for high water use efficiency (WUE).

Wang et al. [82] mentioned that the time required to infi ltrate a prescribed amount 
of water or chemical increased from sprinkler to furrow to drip irrigation. Furrow 
irrigation leached the chemical more rapidly than either drip or sprinkler irrigation. 
Sprinkler irrigation was less susceptible to cause ground-water contamination than 
furrow or drip irrigation. They added that the interactive effect of irrigation methods 
and spatial variability of saturated hydraulic conductivity (Ks) was determined with 
the combined use of a two-dimensional deterministic solute transport model and a 
stochastic parameter generator. In a homogeneous Ks fi eld, the time required to infi l-
trate a prescribed amount of water or chemical increased from sprinkler to furrow to 
drip irrigation. Furrow irrigation leached the chemical more rapidly than either drip or 
sprinkler irrigation. Assuming the spatial distribution of Ks to be a stationary stochastic 
process, increased spatial variability in Ks reduced the infi ltration rate. When Ks was 
spatially correlated, sprinkler irrigation was less susceptible to cause groundwater con-
tamination than furrow or drip irrigation. The concentration distributions in the uncor-
related Ks fi eld were not very different from those in the homogeneous fi eld.

Minhas et al. [59] monitored the hydraulic conductivity (K) and related soil prop-
erties of a noncalcareous (CaCO3 0.8%) and a calcareous soils (25.7%) with similar 
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textural constituents. The soils were subjected to six consecutive cycles of irrigation 
with saline waters (SW). Depth distributions of salinity, pH, dispersible clay and hy-
draulic head showed that disaggregation and dispersion of surface soil was the cause 
of reduced K in each followed by simulated rain water (SRW), whereas “washed in” 
subsoil became restrictive, and controlled the K values with SW under alternations of 
SW and SRW. Salt release (<1 meq/L) was insuffi cient to avoid dispersion and sustain 
K even in the calcareous soil.

20.1.5.3 SALT DISTRIBUTION
Abd El Razek et al. [4] demonstrated that the maximum salinity was found near the 
soil surface at the midpoints between emitters and laterals as well as at the deeper 
depths. The 70 cm emitter spacing resulted in a relative reduction in salt content after 
irrigation by 5.5 and 10.5% from the original values before irrigation. Ismail et al. [42] 
demonstrated that salt distribution varies as a function distance from the dripper and 
layer depth under drip irrigation system before and 24 h after irrigation. Hanson and 
Bendixen [36] investigated patterns of soil salinity under surface and subsurface trickle 
irrigation at water salinity of 2.2 dS/m. High soil salinity occurred midway between 
drip laterals for both irrigation methods and above the drip tape for subsurface drip 
irrigation. Leaching fractions of 14–26% may be needed under trickle irrigation to 
prevent yield reductions of vegetable and fruit crops for irrigation water of EC 2 dS/m. 
Minimum leaching fractions are less with lower-salinity irrigation water. Abo-soliman 
et al. [3] found a slight decrease in amount of water irrigation values under subsurface 
drip system compared to surface drip one. On the other hand the EC values decreased 
by about 4 and 11% for subsurface and surface drip systems,  respectively.

Chandio et al. [19] stated that soil salinity developed under drip and furrow irriga-
tion methods. Water used was less with the drip method. Soil salinization occurred at 
the wetted periphery under drip irrigation. The problem of secondary salinity did not 
occur in the furrow-irrigated plots. Hicklenton and Cairns [37] used drip, sub irrigation 
and sprinkler irrigated methods. They found that soil EC was highest for subirrigation, 
intermediate for drip and pulse irrigation, and lowest for overhead irrigation. It appears 
that superior growth of subirrigated plants is due more to better nutrient retention in the 
medium than to any effect on plant water status. El-Morsy [26] demonstrated that the 
salt distribution was related to the soil moisture distribution. The salt accumulated at 
the soil surface and at the boundaries of the wetted zone. The EC values increased in 
the surface layer from the source point toward the outer periphery of the wetted zone. 
However, the values decreased by going down in the soil profi le from the surface layer 
to the bottom one.

Santos and Ribeiro [72] stated that irrigation and cropping affected soil proper-
ties. Chemical properties were differently affected depending upon the management 
practices. They added that sites with tree crops and sprinkler or drip irrigation systems 
showed increases in the soil pH and exchangeable bases.

20.2 MATERIALS AND METHODS

This study was conducted at the Experimental Farm of Faculty of Agriculture of Ain 
Shams University. It is located at Shalaqan village 1 km from El-Kanater El-Khairea 
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District (latitude 30.13° N, altitude 31.25° E, and 41.9 m high above sea level), Qalu-
bia Governorate, Egypt.

TABLE 1 Soil physical properties of the experimental site.

Soil 
sample

Depth

(cm)

Particle size distribution (%)
Texture

class

*

FC

*

PWP

*

AW BD

(g/

cm3)

**

HC

(cm/

h)
Coarse

sand

Fine

sand
Silt Clay ∅w%

 0–15

15–30

30–45

45–60

0.8

0.7

0.6

0.6

27.8

27.5

27.9

28.7

41.6

41.2

38.5

37.0

29.8

30.6

33.0

33.7

SCL

SCL

CL

CL

35.46

35.21

34.72

34.78

19.10

19.24

19.76

20.10

16.36

15.97

14.96

14.68

1.25

1.28

1.28

1.29

3.12

2.36

1.74

1.56

*Determined as percentage in weight basis; **HC: Hydraulic conductivity;

SCL: Silty clay loam and CL: Clay loam.

Field experiments were carried out through two successive growing seasons 
(2002/2003 and 2003/2004) under three irrigation systems drip, low-head bubbler and 
the modifi ed surface by using gated pipes that considered as control. Soil of experi-
mental fi eld represents the (Nile alluvial) silty clay loam.

Soil particle size distribution was carried out using pipette method after Gee and 
Bauder [26] as shown in Table 1. Soil bulk density (B.D.) was measured according to 
Black and Hartge [13].

Soil moisture content at fi eld capacity (F.C) and permanent wilting point (P.W.P) 
were measured according to Walter and Gardener [81] as shown Table 1. The available 
water (AW) was calculated from the following equation:

 AW = F.C – P.W.P (1)

where: AW = available water (w%), F.C = field capacity (w%) and P.W.P = perma-
nent wilting point (w%).

Soil aggregate stability aggregation percentage (Agg.%) and mean weight diam-
eter (MWD) was carried out using wet sieving technique without using a dispression 
agent after Kemper and Rosenau [48]. Soil hydraulic conductivity (HC) was deter-
mined under a constant head technique [48]. HC was calculating using the following 
formula:

 HC = (QL)/(A.t .H) (2)

where: Q = volume of water flowing through the sample per unit time (L3/T), A = cross 
sectional flow area (L2), L = length of the sample (L), and H = differences in hydraulic 
head across the sample (L). Soil intake rate was determined with double wall ring 
infiltrometer technique [50]. Kostikove equation was used to represent the infiltration 
process:
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 I = k tn (3)

 D = k tn (4)

where: I = the infiltration rate at time t (mm/min), t = is the time that water is on the 
surface of the soil (min), k = the intercept of the curve which represents the infiltra-
tion rate at unit time (instantaneous infiltration rate, mm/min), and n = the slope of 
the curve which represent the relation between log I and log t; and D = accumulative 
intake rate (mm/min), and Soil pH and EC were measured in 1:2.5 soil water suspen-
sions and in soil past extract, respectively, [43]. The CaCO3 content, soluble Cations 
and anions were measured by Scheibler calcimeter [75] as shown in Table 2. Ground 
water was source of irrigation water. Irrigation water analysis is given in Table 3.

Grapevines farm three years old (Thomposon seedless variety) were used in the 
present work. Grape yield was harvested in the last half of July (2003 and 2004). The 
vines were grown at spacings of 2 × 3 (700-vine/fed). The plots devoted for low-head 
bubbler, drip, and gated pipe irrigation 50 × 27 m (1350 m2), 50 × 27 m (1350 m2) and 
50 × 54 m (2700 m2), respectively.

The meteorological data of the Central Laboratory for Agricultural Climate 
(CLAC), for Shalaqan Weather Station were used to estimate irrigation requirements 
as shown in Table 4.

TABLE 2 Chemical analysis of the soil.

Soil
sample
depths
(cm)

Cations (Meq/l) Anions(Meq/l)

pH
E.C
(dS/m)Ca++ Mg++ Na+ K+ CO3

– – HCO3
– Cl– SO4

– –

0–15

15–30

30–45

45–60

0.40

0.46

0.57

0.48

0.48

0.35

0.55

0.66

0.41

0.51

0.62

0.67

0.19

0.18

0.20

0.16

0.00

0.00

0.00

0.00

0.63

0.76

0.79

0.86

0.49

0.51

0.75

0.66

0.30

0.24

0.40

0.46

7.7

7.6

7.4

7.2

0.26

0.23

0.25

0.27

TABLE 3 Chemical analysis of irrigation water.

Grow-
ing

Season

Cations (Meq/l) Anions (Meq/l)
pH

E.C
(dS/m)

S.A.RCa++ Mg++ Na+ K+ CO3
= HCO3

– Cl– So4
=

1st
2nd

2.73
2.81

1.4
1.3

2.19
2.16

0.21
0.23

0.0
0.0

2.4
2.3

2.5
2.7

1.0
1.0

7.3
7.4

0.37
0.35

1.52
1.50
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TABLE 4 Water requirements for grapevines at Shalaqan (CLAC), during 2002–2003 and 
2003–2004.

Month Mar Apr May Jun Jul Aug Sep Oct Nov

Season 2002–2003

Periods(day) 31 30 31 30 31 31 30 31 30

ETo (mm/
day) 3.40 4.60 8.50 8.20 7.10 6.60 5.60 3.70 3.3

Kc 0.30 0.50 0.60 0.75 0.85 0.85 0.80 0.50 0.40

Kr% 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53

ETc (mm/day/
vine) 0.54 1.22 2.70 3.26 3.20 2.97 2.37 0.98 0.47

ETc (mm/
month/vine) 16.76 36.57 83.79 97.79 99.16 92.17 71.23 30.40 13.99

Season 2003–2004

Periods(day) 31 30 31 30 31 31 30 31 30

ETo (mm/
day) 3.10 5.20 7.30 7.00 6.90 7.00 6.60 4.50 2.20

Kc 0.30 0.50 0.60 0.75 0.85 0.85 0.80 0.50 0.40

Kr% 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53

ETc (mm/
day/vine) 0.49 1.38 2.32 2.78 3.11 3.15 2.80 1.19 0.70

ETc (mm/
month/vine) 15.28 41.34 71.96 83.48 96.36 97.76 83.95 36.97 20.99

20.2.1 IRRIGATION SYSTEMS
Irrigation networks included the components that are indicated in Fig. 2. The system 
consisted of following subsystems:
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FIGURE 2 Layout of different irrigation systems for grapevines.

1.  Control head: It was located at the water source supply. It consisted of cen-
trifugal pump 4”/4,” driven by diesel engine (pump discharge of 100 m3/h and 
50 m lift), sand media filter 48” (two tanks), screen filter 2” (120 mesh) back 
flow prevention device, pressure regulator, pressure gauges, flow-meter, con-
trol valves and chemical injection.
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2.  Main line: PVC pipes of 125 mm in diameter (OD) to convey the water from 
the source to the main control points in the field.

3.  Sub-main lines: PVC pipes of 75 mm diameter (OD) were connected to with 
the main line through a control unit consists of a 2” ball valve and pressure 
gauges.

4.  Manifold lines: PVC pipes of 40 mm in diameter (OD) were connected to the 
sub main line through control valves 1.5.”

5.  Distributor subsystem:
• Emitters: These emitters (GR) were built of PE tubes: 16 mm in diameter 

(OD) and 50 m in length. Emitter discharge was 4 lph at 1.0 bar operating 
pressure, and the emitter spacing was 50 cm.

• Bubblers: PE tube 8 mm diameter (OD), with discharge of 40 lph at 0.15 
bar operating pressure. These tubes were connected to PVC pipes 32 mm 
in diameter (OD) and 50 m in length. The head was adjusted by steel stand 
of 180 cm in height and 50 cm diameter. These were in the ring pattern. 
The spacing between bubblers was 2 m.

• Discharge was 4.0 m3/h. Distance between gates was 3 m, at 0.15 bar pres-
sure. Water flow in furrows was at 1 °Cm from vine. The furrow dimen-
sions were: 10 °Cm width, and 25 cm depth, 1:1 side slopes and bed slope 
of 0.01 with flow direction as shown in Fig. 3.

FIGURE 3 Furrow dimensions and sampling locations for the irrigation systems.

20.2.2 MATHEMATICAL EQUATIONS FOR IRRIGATION REQUIREMENTS
Table 5 indicates irrigation efficiencies for this chapter. Irrigation requirements for 
grapevines were calculated from the following equation [80].

 IR=[(ETo × Kc × Kr × A/Ei) + lR] × [I] (5)

where: IR = irrigation water requirements, liter/tree/interval; ETo = reference evapo-
transpiration, mm/day; Kc = crop coefficient for grape; Kr = reduction factor due to 
ground cover; A = ground area per tree, m2; Ei = irrigation system efficiency in %; 
LR= leaching requirements = (ECiw/ECdw) × 100, and I = time interval, days.
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TABLE 5 Irrigation efficiency for different irrigation systems.

Irrigation 
systems

Application effi ciency,
%

Distribution 
effi ciency,

%

Irrigation ef-
fi ciency

%

2002–2003

Drip 94.0 90.0 84.6

L-H Bubbler 90.0 89.0 80.1

Gated pipes 81.0 80.0 64.8

2003–2004

Drip 95.0 92.0 87.4

L-H bubbler 92.0 88.0 80.9

Gated pipes 80.0 79.0 63.2

L-H = Low head.
Irrigation effi ciency = Application effi ciency × Distribution effi ciency.

20.2.3 IRRIGATION SCHEDULING
Irrigation interval was 4 days for drip and low head bubbler irrigation systems, while 
it was 7 days for gated pipes irrigation system. Irrigation interval was calculated using 
Eq. (6). The Eq. (7) was used to estimate net water depth applied per each irrigation 
(mm).

 I = d/(ETc) (6)

 d = MAD × WHC × Rd × P (7)

 ETc = ETo × Kc (8)

where: d = net water depth applied per each irrigation (mm); WHC = (AW)(B.D) = 
water holding capacity, (mm water/m soil); MAD = management allowable deficit of 
30 and 50% for drip and gated pipe irrigation, respectively; Rd = effective root zone 
depth (m); P = percentage of soil area wetted (%); ETc = crop evapotranspiration (mm/
day) given by Eq. (8); ETo = reference evapotranspiration (mm/day); and Kc = crop 
coefficient

20.2.4 FERTILIZATION AND FERTIGATION
Fertilization scheduling was followed according to the recommended doses through-
out the two growing seasons (2002/2003 and 2003/2004) for grapevines in each ir-
rigation system by fertigation technique. The amounts of fertilizers were 350 kg/fed 
of ammonium sulfate (20.6%N) and 225 kg/fed of potassium sulfate (48.7% K2O). 
While 175 kg/fed of super phosphate (15.5%P2O5) was applied in top dressing during 
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the soil preparation. These amounts of fertilizers were divided into three doses and 
applied during the vegetative growth, during flowering and fruiting stage under gated 
pipe irrigation system, while 14 equal doses were fertigated in both drip and low-head 
bubbler irrigation systems (one dose every two weeks).

20.2.4 MEASUREMENT METHODS
20.2.4.1. SOIL MOISTURE DISTRIBUTION
Soil moisture percentage was determined gravimetrically on oven dry basis before 
and after irrigation from planting to harvesting. On each sampling date, duplicate soil 
samples were taken from soil at 0–15, 15–30, 30–45, 45–60 cm depths and at 0–15, 
15–30,30–45 cm distance away from grape tree. The samples were immediately trans-
ferred into tightly closed aluminum cans to the laboratory. They were weighed, dried 
in an electrical oven at 105 °C for 24 h then reweighed and the soil moisture contents 
on the dry weight basis (w) were determined. The data were analyzed by SURFER 
program under Windows computer application. The “Kriging” regression method was 
used for analysis and contour maps were developed.

20.2.4.2 PLANT MORPHOLOGY
Leaf area (L2) by digital planimeter and leaves dry weight at 70 °C in (gm) were de-
termined [15]. Both length (cm) and dry weight (gm) of branches were determined in 
the field after crop harvesting. The pruning weight per vine was determined in gm per 
vine.

20.2.4.3 YIELD AND QUALITY PARAMETERS
Grape clusters were harvested when the total soluble solids (TSS) reached about 16 to 
17 (prix) in berry juice [24]. Yield per vine was recorded in kg.vine–1 at harvest time 
during July of each season. Yield productivity (kg.fed–1) was determined by the fol-
lowing formula:

 Yield product (kg/fed) = (Average Number of Clusters per vine ´ average weight   
cluster ´ Number of vine per fed)  (9)

A sample of 100 berries was randomly selected from different bunches for each irriga-
tion system. The berries were weighed and the average weight of berries per treatment 
was recorded. Volume of berries was determined by immersing the 100 berries in a 
graduated cylinder containing water at a fixed mark (V1). Water level was recorded 
after immersion (V2). The volume of berries in cm3 was calculated as (V2 – V1). Juice 
volume was determined by blending 100 grams of berries for each irrigation method 
and by filtering through a fine muslin cloth. The pomace was pressed by hand until 
no more juice was obtained. Juice volume in cm3 was then measured in a graduated 
cylinder. All observations were replicated thrice.

Sugar percentage (prix number) was carried out for the fresh extracted juice, which 
was obtained by blending 100 berries, and total soluble solids content was also ob-
served using a hand refractometer [15]. The juice was thoroughly stirred and few of 
drops were mounted on the clean stage of the refractometer after which the readings 
were recorded.
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Cluster volume was determined by immersing the cluster in a graduated cylinder 
containing water at a fi xed mark. The rise in water level was recorded to obtain the 
volume of cluster (cm3). The clusters were weighed on accurate balance and the aver-
age weight of clusters was calculated. Cluster density (gm/cm3) was determined by the 
following formula:

 D = W/ V (10)

where: W= weight of cluster (gm) and V= volume of cluster (cm3). Cluster width and 
length were determined with a measuring tape. Berry diameter (mm) was determined 
by digital micrometer and the radius (r, mm) was calculated. Berry volume was calcu-
lated for a perfect sphere [Eq. (11)]. Crop load [14] was determined by Eq. (12).

 Berry volume = 4/3 Л r3 (11)

 Crop load = (Yield weight, kg/fed)/(Pruning weight, kg/fed) (12)

20.2.5 ESTIMATION OF EFFICIENCIES (11, 38)
The water utilization efficiency (WUTE in Kg/m3) was determined with “(Yield, kg/
fed) ÷ (applied water in m3/fed).” The applied water was measured with a flow meter. 
The water use efficiency (WUsE in kg/m3) was determined with “(Yield, kg/fed) ÷ 
(calculated ETc in cm3/fed).” The fertilizer use efficiency (FUE, Kg of fruit per kg fer-
tilizer) was estimated with “(Yield (kg/fed) ÷ (Fertilizer rate of N, P or K in kg/fed).”

20.2.6 ESTIMATION OF ECONOMIC FEASIBILITY COSTS FOR 
GRAPEVINES
Total production cost of grape yield included costs for irrigation, fertigation, weed 
control, and pest control. In this chapter, the Table 6 presents capital costs for different 
irrigation systems that were computed based on the market price for 2004.

TABLE 6 Capital cost for each irrigation method for grape crop.

Items

Life
span

Cost of irrigation system

Drip
L-H
bubbler

Gated
pipes

Year LE per feddan

Electrical pump and control head 15 800** 500 200

Main and sub main lines (PVC) 25 550 450 450

Main flood (PVC) 32 mm 15 — 350 —

Steel stand for low head 10 — 100 —

Laterals (PE) 16 mm with built in

drippers 
5 400 — —
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Items

Life
span

Cost of irrigation system

Drip
L-H
bubbler

Gated
pipes

Year LE per feddan

Gated pipes 10 — — 550

PE tubes (bubblers) 8 mm 5 — 40 —

Fertigation unit 10 100 100 100
Valves and controllers 10 200 120 30

Total capital costs LE/feddan — 2050 1660 1330

Fed is abbreviation for feddan.

One feddan (non-SI Units of area in Egypt) = 1.038 acres = 0.42 hectare (ha) = 4200 m2. 2.47 acres = 
1 ha.

One LE (Egyptian currency) = 0.1437 $US or one $US = 6.94 LE.

**EXAMPLE 1. Convert 800 LE per feddan to US$/acre and US$/ha.

800 (LE/feddan) = 800 (LE)(0.1437 US$/LE)(1/feddan)(1 feddan/1.038 acre) 

= 110.8 US$ per acre.

= 110.8 US$ (1/acre)(2.47 acres/1 ha) = 273.6 US$ per ha.

The annual cost for each irrigation system consisted of fi xed cost and the operating 
cost [83]. The annual fi xed costs were calculated using Eq. (13). Depreciation cost dif-
fers from one system to another, according to the life span of the different components 
of each system. Depreciation was calculated with Eq. (14). Taxes and overhead ratios 
were assumed as 1.5–2.0% of the initial cost. Operating costs were calculated with 
Eq. (15).

 F.C = D + I + T1 (13)

 D = (I.C. – Sv)/ E (14)

 O.C. = L.C + E.C + (R&M)  (15)

where: F.C.= annual fixed cost, LE/year; D = depreciation rate, LE/year; I = interest, 
LE/year = [(I.C. + Sv) × (I.R.)] ÷ [2]; T1 = taxes and overhead ratio, LE/year; I.C. = 
initial cost of irrigation system, LE; Sv = salvage value after depreciation, LE; E = 
expectancy life, year; I.R. = interest rate per year,%; O.C. = annual operating costs, 
LE/year; L.C = labor costs, LE/year; E.C = energy costs, LE/year; and R&M = repair 
and maintenance costs, LE/year.

Repair and maintenance cost was assumed as 2, 3, and 0.5% of the initial cost 
for bubbler, drip, and gated pipe irrigation system, respectively. Labor to operate the 

TABLE 6 (Continued)
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system and to check the system components will depend on irrigation duration, which 
can be different for each irrigation system according to the irrigation application rate. 
Labor cost was estimated with Eq. (16). Energy cost was calculated with the Eq. (17). 
Total annual irrigation cost was the total sum of fi xed cost and operating cost.

 L.C = T2 × N × P (16)

 E.C = Bp × T3 × Pr (17)

where: L.C = annual labor cost, LE/year; T2 = annual irrigation time, hours/year; N = 
number of farm workers per feddan; P = labor cost, LE/hour; E.C. = energy cost, LE/
year; Bp = the brake power, kW; T3 = annual operating time, hours; and Pr = cost of 
electrical power, LE/kW-hour.

Fertilization process was carried out by fertigation under drip and low-head bub-
bler and modifi ed surface irrigation by using gated pipes irrigation for ammonium 
sulfate and potassium sulfate and using the traditional method (top dressing) for super-
phosphate. Fertilization cost was calculated with the Eq. (18). Pest control was carried 
with the sprayer. Pest control cost was calculated with the Eq. (19). Weed control was 
manual and weed control cost was calculated with the Eq. (20).

 Fr = (Wf × Pr) + Ac (18)

 Pc = (Wp × P) + Ac (19)

 Wc = N × L × T4 (20)

where: Fr = fertilization cost, LE/fed; Wf = amount of fertilizers, kg/fed; Pr = fertil-
izers price, LE/kg; Ac = application cost of fertilizers, LE/fed; Pc = pest control cost, 
LE/fed; Wp = amount of pesticides, kg/fed; P = pesticides price, LE/kg; Wc = weed 
control cost, LE/fed; N = number of farm workers per faddan; L = labor cost, LE/hour; 
and T4 = time used, hours/fed.

The net profi t of grapevines for each irrigation system was calculated with Eq. (21) 
[88]. The production cost (LE/kg) was estimated with the Eq. (22).

 P = (Yt × d) – Ct (21)

 LE/kg = (Total cost in LE/fed)/(Total yield in kg/fed) (22)

where: P = net profit, LE/fed; Yt = total yield, tons/fed; d = market price, LE/ton (It 
was assumed as 1250 LE for each one ton of grape); Ct = total production costs, LE/
fed.

20.2.7 STATISTICAL ANALYSIS
The statistical analysis was conducted for all collected data for analysis of variance 
(ANOVA) and the least significant difference (L.S.D) among the irrigation systems at 
5%. The randomized complete block design [21] was used for the experimental setup.
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20.3 RESULTS AND DISCUSSION

20.3.1 EFFECT OF IRRIGATION SYSTEMS ON SOIL CHARACTERISTICS

20.3.1.1 WATER INTAKE
The Figs. 4 to 6 indicate the effects of drip irrigation system (DIS), low head 

bubbler irrigation system (LHBIS) and gated pipe irrigation system (GPIS) on water 
intake rate (IR) and accumulative intake rate (ACC-IR) in cm/h. In each of the three 
irrigation systems, IR decreased, whereas the (ACC-IR) increased with time. This 
general trend can be attributed to one or more of the following reasons: 1) occurrence 
of water column above the soil surface during measuring process may have hindered 
escaping the trapped air bubbles, 2) an inevitable decrease in matric gradient constitut-
ing one of the main forces drowning water into the soil which usually occurs as water 
intake process proceeds, 3) large easily accessible pores in the soil may have been 
fi lled with irrigation water before the smaller ones, 4) breakdown some soil aggregates 
due solubility and relaxation of some bonds and increasing trapped air pressure within 
the aggregates.

FIGURE 4 Water intake into soil in drip irrigation system.
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FIGURE 5 Water intake into soil in low-head bubbler irrigation system.

FIGURE 6 Water intake into soil in gated pipes irrigation system.
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Figure 7 shows exponential relationships between water intake rate and elapsed 
time under different irrigation systems (DIS, LHBIS and GPIS) during 2002/2003 and 
2003/2004. It can be concluded that water IR into the soil in the ascending order was 
GPIS<LHBIS<DIS during 2002/2003. This may be attributed to rapid soil wetting 
under GPIS and LHBIS relative to DIS. It will deteriorate soil aggregates and subse-
quently water IR into the soil. The results were similar to those of Kemper et al. [47]. 
At the end of season 2003/2004, the difference in water intake rate into the soil among 
irrigation systems disappeared. This may be due the offsetting effect of salt accumula-
tion on aggregate disintegration.

FIGURE 7 The relationship between water intake rate and elapsed time for three irrigation 
systems.

20.3.1.2 SOIL SALINITY
Salts distribution patterns for each irrigation system are plotted in Figs. 8 and 9. Re-
gardless of the irrigation systems used, salt concentration before irrigation exceeded 
than the one after irrigation. 
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FIGURE 8 Contour maps for salt distribution patterns (dS/m) before and after irrigation in 
each irrigation method, during the growing season 2002–2003.

FIGURE 9 Contour maps for salt distribution patterns (dS/m) before and after irrigation in 
each irrigation method, during the growing season 2003–2004.

At the beginning of season 2002/2003, salt concentration increased with depth, but 
the opposite was true at the end of season 2003/2004. The mean soil salinity in LHBIS 
was lowest (0.28 dS/m), while it was highest in other two irrigation systems (DIS and 
GPIS) and equal (0.35 dS/m) at the beginning of season 2002/2003. In other words, 
the mean soil salinity in DIS and GPIS overpasses than the one in LHBIS by 25.9%.

At the end of season 2003/2004, the mean soil salinity in GPIS was highest (0.57 
dS/m), followed by the values in DIS and LHBIS (0.47 dS/m). It can be concluded that 
the mean soil salinity increased by 34.3, 67.9, and 62.9% in DIS, LHBIS, and GPIS, 
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respectively, within two years. This may be attributed to soil aggregation deteriora-
tion and decreasing water intake into soil. This draws our attention to the importance 
of attainment of the salt balance in localized irrigation systems and improving the 
farm drainage to facilitate salt leaching process, especially in heavy textured soils. 
Based on the mean soil salinity, the ascending order of three irrigation systems was: 
LHBIS<[DIS=GPIS] and [LHBIS=DIS]<GPIS at the beginning and end of seasons, 
respectively.

Differences in the mean soil salinity between LHBIS from one side and both DIS 
and GPIS from the other side (season 2002/2003) and between GPIS from one side 
and both DIS and LHBIS from the other side (2003/2004) were signifi cant at the 5% 
level. Also the differences in the mean soil salinity between any two soil depths was 
signifi cant at the 5% level with exception of those between the following layers: 15–
30 cm and 30–45 cm under DIS, 30–45 cm and 45–60 cm under LHBIS, both at the 
beginning of season 2002/2003 and 15–30 cm and 30–45 cm at the end of season 
2003/2004. The effect of the interaction irrigation systems × Sample depth on soil 
salinity showed that the maximum (0.88 dS/m) and minimum soil salinity (0.25 dS/m) 
were achieved in the following conditions: 1) GIPS, in soil layer 45–60 cm and at the 
end of season 2003/2004; and 2) LHBIS, in soil layer 15–30 cm at the beginning of 
season 2002/2003, respectively.

20.3.1.3 SOIL MOISTURE
Figures 10 and 11 indicate that the mean soil moisture contents (w) were 24.76, 

25.98 and 26.17% in DIS, LHBIS, and GPIS, respectively, before irrigation, whereas 
the values were 43.7, 45.97 and 44.93% in the same sequence, at the beginning of sea-
son 2002/2003. On the other hand, the mean w were 24.37, 25.42 and 25.05% before 
the irrigation while these were 44.59, 45.00 and 42.79% after irrigation in DIS, LHBIS 
and GPIS, respectively, at the end of season 2003/2004. There was slight increase in 
w with depth, whether soil moisture was measured before or after irrigation. This 
may be attributed to increasing clay fraction with depth.

FIGURE 10 Contour maps for soil moisture distribution by weight before and after irrigation 
application in each irrigation system at first season 2002–2003.
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FIGURE 11 Contour maps for soil moisture distribution by weight before and after irrigation 
application in each irrigation system at first season 2003–2004.

According to the mean soil moisture content (w), irrigation systems can be ar-
ranged in the following ascending orders: [LHBIS=DIS]<GPIS before irrigation, and 
GPIS<DIS<LHBIS after irrigation at the beginning of season 2002/2003. Differences 
in w between any two irrigation systems were signifi cant at the 5% level except that 
between LHBIS and DIS before irrigation.

According to w, the irrigation systems can be arranged in the following ascend-
ing orders: GPIS<LHBIS<DIS before irrigation and DIS<GPIS<LHBIS after irriga-
tion, both at the end of season 2003/2004. Difference in w between GPIS from one 
side and both DIS and LHBIS from the other side was signifi cant at the 5% level at the 
end of season 2003/2004. It may be due the deterioration of both soil aggregates and 
water intake rate into soil and increasing salt accumulation under GPIS in comparison 
with DIS and LHBIS.

Maximum and minimum values of moisture content w were 27.47% (45–60 
cm) and 23.78% (0–15 cm) before irrigation and 47.61% (45–60 cm) and 40.80% 
(0–15 cm) in LHBIS and DIS, respectively, after irrigation at the beginning of season 
2002/2003. However, at the end of season 2003/2004, the values of w were 26.30 
(30–45 cm) and 23.88% (0–15 cm) for DIS and LHBIS before irrigation and 45.97 
and 42.33% at the same depth (45–60 cm) under GPIS and LHBIS, respectively, after 
irrigation.

20.3.1.4 SOIL AGGREGATION
The Table 7 shows the effects of drip irrigation system (DIS), low-head bubbler 

irrigation system (LHBIS) and modifi ed surface by using gated pipes irrigation system 
(GPIS) on both mean weight diameter (MWD) and aggregation percent (Agg.%).
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TABLE 7 Effects of irrigation systems on soil aggregation.

Season
Irrigation
systems

MWD
(mm)

Aggregation
(%)

2002/2003

Drip
Low-head bubbler
Modified gated pipes

16.23

17.09

13.86

36.15

38.76

27.79

LSD 0.05 0.01 0.001

2003/2004

Drip
Low-head bubbler
Modified gated pipes 

17.6

13.34

15.21

32.93

32.05

31.91
LSD 0.05 0.02 0.002

Both MWD and aggregation percentage were affected each irrigation system. Ac-
cording to the value of the MWD and Agg.%, irrigation systems followed the ascend-
ing order of GPIS<DIS<LHBIS at the beginning of season 2002/2003. Differences in 
both the MWD and Agg.% between any two irrigation systems were signifi cant at the 
5% level. In other words, the changes in both MWD and Agg.% were (17.1; 30%) and 
(23.3; 39.5%) when DIS and LHBIS were compared with GPIS, respectively, at the 
beginning of season 2002/2003.

At the end of season 2003/2004, irrigation systems followed the order of 
DIS>GPIS>LHBIS for MWD and DIS>LHBIS>GPIS for Agg%, respectively. The 
changes in both MWD and Agg% were (15.6; 3.2%) and (–12.3; 4.4%), when both 
DIS and LHBIS were compared with GPIS, respectively. Generally, the differences in 
both MWD and Agg.% between any two irrigation systems were signifi cant at the 5% 
level in the two seasons.

For forming a seed bed with a good tilth, clay soil must be: 1) wetted slowly and 2) 
dried thoroughly. Since the GPIS in grapevines is considered furrow irrigation (broad 
ridges), the soil is rapidly wetted relative to DIS and LHBIS.

Also in localized irrigation systems, soil is not dried thoroughly before irrigation. 
This can lead to aggregates deterioration for the following reasons: 1) ion hydration 
and osmotic swelling forces pull water in between clay platelets pushing them apart 
and causing swelling of the aggregates; 2) the wetted portion of the aggregates can 
swell appreciably compared to the dry one causing a shear plane to accompany the 
wetting front which can break many of the bonds; 3) some of the bonding materials 
are soluble and dissolve while others are hydratable and may become weaker and more 
fl exible as water enters the soil; and 4) displacing the O2 and N2 molecules by the more 
tightly adsorbed water molecules and joining the air entrapped inside the aggregates 
pores leading to increasing pressure, aggregate ruptures and emerging air bubbles.
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20.3.2 VEGETATIVE GROWTH OF GRAPEVINES FOR DIFFERENT 
IRRIGATION SYSTEMS

This section will include vegetative growth parameters of grapevines: leaf area 
(cm2), leaf dry weight (gm), branch number, branch length (cm) and pruning weight 
(kg/fed).

20.3.2.1 LEAF AREA
Leaf area for both seasons is shown in Fig. 12 for each irrigation system. During 

2002–2003, it was 143.6 cm2 and highest in drip irrigation system (DIS) compared to 
142.8 cm2 in the low head bubbler irrigation system (LHBIS). The lowest value was 
142.7 cm2 for gated pipes irrigation system (GPIS). There was signifi cant difference 
at the 5% level in leaf area between DIS from one side and both of LHBIS and GPIS 
from the other side. During 2002–2003, it was 151 cm2 and highest in DIS compared 
to 148.6 cm2 in LHBIS. The lowest value was 145.3 cm2 for GPIS. There were sig-
nifi cant differences at the 5% level in leaf area between any two irrigation systems. 
The increase in leaf area during 2003/2004 were 5.2, 4.1 and 1.8% in comparison with 
season 2002/2003 in DIS, LHBIS, and GPIS, respectively.

FIGURE 12 Leaf area in each irrigation method during the 2002–2003 and 2003–2004.

20.3.2.2 LEAF DRY WEIGHT
In each DIS, LHBIS, and GPIS, the leaf dry weight was 1.52, 1.24, and 1.23 gm (sea-
son 2002/2003) and 1.83, 1.65 and 1.29 gm (season 2003/2004), respectively, (Fig. 
13). In both seasons, the difference in leaf dry weight between any two-irrigation sys-
tems was significant at the 5% level. The increases in leaf dry weight for 2nd season 
were 20.4, 33.1 and 4.9% in DIS, LHBIS and GPIS, respectively.
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FIGURE 13 Leaf dry weight (gm/leaf) for each irrigation.

FIGURE 14 Number of branches per vine in each irrigation system.
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FIGURE 15 Effect of type of irrigation system on branch length.

20.3.2.3 NUMBER OF BRANCHES
Number of branches per grapevine (Fig. 14) was 6, 5, and 4 in DIS, LHBIS and GPIS, 
respectively, during 2002/2003. Number of branches per grapevine was 8, 7, and 6 in 
DIS, LHBIS and GPIS, respectively, during 2003/2004. The difference in number of 
branches/vine between DIS and GPIS was significant at the 5% level only at the 1st 
season. The increase in number of branches/vine was 33.33, 40 and 50% in DIS, LH-
BIS and GPIS, respectively, during 2nd season compared to the 1st season.

20.3.2.4 BRANCH LENGTH
Figure 15 shows the effects of irrigation systems on branch length (cm). In DIS, LH-
BIS, and GPIS, the branch length was 342.4, 338.5, and 320 cm during the first season 
and 343.6, 335, and 326 cm during the 2nd season, respectively. Based on the branch 
length, irrigation systems were in the following ascending order: GPIS<LHBIS<DIS 
in both seasons. There were significant differences in branch length between any two 
irrigation systems, in both seasons. The changes in branch length at the 2nd season 
relative to the 1st one were 0.35, −1.03 and 1.88% for DIS, LHBIS and GPIS, respec-
tively. The small changes and the negative one can be attributed to variation in vine 
pruning process.

20.3.2.5 PRUNING WEIGHT
Pruning weights (PW) for two seasons are shown in Fig. 16. In under DIS, LHBIS, 
and GPIS, the PW was 984, 978 and 959 kg/fed during first season; and 1190, 1176 
and 1066 kg/fed during the 2nd season, respectively. The PW for DIS exceeded that 
the value for GPIS. Based on pruning weights, the irrigation systems can be arranged 
in the following ascending order: GPIS<LHBIS<DIS. Difference in pruning weights 
between any two irrigation systems were significant at the 5% level except those be-
tween LHBIS from one side and both DIS and GPIS from the other side at the 1st 
season. The pruning weights in 2003/2004 exceeded that for 2002/2003 by 20.9, 20.27 
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and 11.09% in DIS, LHBIS, and GPIS, respectively. The superiority of the studied 
growth parameters for DIS and LHBIS compared to GPIS may be attributed to aggre-
gate and water intake into the deterioration and salt accumulation.

FIGURE 16 Effects of irrigation methods on pruning weight (kg/fed).

20.3.2.6 CROP LOAD
Crop load of the vineyard in the 1st season was 1.4 and highest for drip system. 

The value was 1.2 for low head bubbler irrigation system, and 1.1 for gated pipe ir-
rigation system. Crop load of the vineyard in the second season was 3.3 and highest 
for drip system. The value was 2.6 for low head bubbler irrigation system, and 2.1 for 
gated pipe irrigation system.

The LSD at P = 0.05 value was 0.12 and it shows that there are signifi cant differ-
ences in crop loads among all irrigation systems, with the exception of that between 
low head bubbler and gated pipes irrigation systems in the 1st season. The increases 
in crop load for 2003/2004 were 135.7, 116.6 and 90.9% compared to the values for 
2002/2003 in DIS, LHBIS, and GPIS, respectively.

20.3.3 EFFECT OF IRRIGATION SYSTEMS ON CROP YIELD
The Fig. 17 shows the crop yield (kg per feddan) for each irrigation system. During 
2002–2003, the highest yield was 2166.4 for drip irrigation system (DIS), followed 
by low-head bubbler irrigation system (LHBIS: 2059.3 kg/fed). The lowest yield was 
1982.2 kg/fed for gated pipes irrigation system (GPIS). During 2003–2004, the high-
est yield was 3776.3 for drip irrigation system (DIS), followed by low-head bubbler 
irrigation system (LHBIS: 3506 kg/fed). The lowest yield was 2888.5 kg/fed for gated 
pipes irrigation system (GPIS).
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FIGURE 17 Effects of type of irrigation method on grape yield (kg per fed).

The differences in yield between any two-irrigation systems were signifi cant at the 
5% level in the two seasons. The results are in agreement with Ginestar et al. [32]. The 
data showed that yield increase for 2nd season compared to the 1st season was maxi-
mum for DIS (42.64%), followed by LHBIS (41.26%), while the lowest percentage of 
increase was 31.37% for GPIS.

20.3.4. WATER USE EFFICIENCY (WUSE) AND WATER UTILIZATION 
EFFICIENCY (WUTE)
Table 8 and Fig. 18 indicate the effects of irrigation methods on water use efficiency 
(kg/m3) and water utilization efficiency (kg/m3). During 2002–2003, the WUsE was 
0.84 and highest in DIS compared to 0.8 in LHBIS and 0.77 for GPIS. The WUTE was 
1.07 and highest in DIS compared to 0.97 in LHBIS and 0.51 for GPIS.

During 2003–2004, the WUsE was 1.45 and highest in DIS compared to 1.35 in 
LHBIS and 1.1 for GPIS. The WUTE was 1.87 and highest in DIS compared to 1.54 in 
LHBIS and 0.76 for GPIS.

TABLE 8 Effects of irrigation systems on water use efficiency and water utilization efficiency.

Irrigation 
systems

Crop water 
requirements (m3/

fed)

Crop
yield

(Kg/fed)

WUsE WUTE

Actual applied (kg/m3)

First season 2002/2003

Drip
L-H. Bubbler
Gated pipe

2019.0

2110.0

3820.0

2166.4

2059.3

1982.2

0.84

0.80

0.77

1.07

0.97

0.51

LSD0.05 0.9 0.001 0.002



280 Management, Performance, and Applications of Micro Irrigation Systems

Irrigation 
systems

Crop water 
requirements (m3/

fed)

Crop
yield

(Kg/fed)

WUsE WUTE

Actual applied (kg/m3)

Second season 2003/2004

Drip
L-H. Bubbler
Gated pipe

2016.0

2277.0

3763.0

3776.3

3506.1

2888.5

1.45

1.35

1.11

1.87

1.54

0.76

LSD 0.05 2.7 0.002 0.002

FIGURE 18 Effects of irrigation methods on water use efficiency (WUsE) and water utilization 
efficiency (WUTE).

LSD0.5 value for WUsE was 0.001 in 2002–2003, and 0.002 in 2003–2004 for the 
three different irrigation systems. LSD0.5 value for WUTE was 0.002 in 2002–2003, 
and 0.002 in 2003–2004 for the three different irrigation systems. The results are in 
agreement with Brown [16] and Hiler et al. [40]. The increase at the 2nd season com-
pared to the 1st season was 42% for WUsE and 43% for WUTE. These values were 
maximum in DIS and minimum in GPIS.

20.3.5. FERTILIZERS USE EFFICIENCY (FUE)
The effects of irrigation systems on fertilizers use efficiency (FUE, kg yield/kg 
fertilizers) for two growing seasons are shown in Table 9 and Fig. 19. During the 
2002–2003season, drip irrigation system (DIS) gave highest values of FUE as 35.06, 
93.18 and 22.24 for N, P2O5, K2O, respectively, In the low head bubbler irrigation sys-
tem (LHBIS), FUE was 33.32 for N, 88.57 for P2O5 and 21.15 for K2O, respectively. 

TABLE 8 (Continued)
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The lowest FUE was 32.07 for N, 85.26 for P2O5, and 20.36 for K2O, respectively, in 
gated pipe irrigation system (GPIS).

TABLE 9 Effects of irrigation systems on fertilizer use efficiency for two growing seasons.

Irrigation
System

N, P, K fertilizer
rate, kg/fed

Crop
Yield
(Kg/fed)

Fertilizers use efficiency
(kg yield/ kg fertilizer)

N P2O5 K2O N U E P U E K U E

First season 2002/2003

Drip

L-B. Bub-
bler
Gated 
pipe

—

61.8

—

—23.25

—

—97.4

—

2166.4

2059.3

1982.2

35.06

33.32

32.07

93.18

88.57

85.26

22.24

21.15

20.36

LSD 0.05 0.9 0.7 0.3 0.6

Second season 2003/2004

Drip
L-h. Bub-
bler
Gated 
pipe

—

82.4

—

—31.1

—

—121.7

—

3776.3

3506.1

2888.5

45.83

42.55

35.06

121.42

112.74

92.88

31.03

28.81

23.74

LSD 0.05 2.7 0.1 0.1 0.02

FIGURE 19 Fertilizer use efficiency (N, P, K) for each irrigation system.

During the 2003–2004season, drip irrigation system (DIS) gave highest values 
of FUE and was 45.83, 121.42 and 31.03 for N, P2O5, and K2O, respectively, In the 
low head bubbler irrigation system (LHBIS), FUE was 42.55 for N, 112.74 for P2O5 
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and 28.81 for K2O, respectively. The lowest FUE was 35.06for N, 92.88 for P2O5, and 
23.74 for K2O, respectively, in gated pipe irrigation system (GPIS). These data are in 
agreement with Baligar et al. [10] and Barbar [11]. In both seasons, the differences 
were at P = 0.05 signifi cant both WUSE and WUTE among the irrigation systems.

The increase in FUE in DIS and LHBIS compared to FUE in GPIS may be attrib-
uted to negative effect of GPIS on MWD, aggregation%, IR, and soil salinity. FUE in 
the 2nd season exceeded the FUE in the 1st season one due to age of grapevines and 
the increase in yield (45.7–74.4%) according to irrigation systems overpassed that in 
fertilizers applied (24.2–33.8%). In other wards 1% increase in fertilizer application 
increased the yield by 2% under the experiment conditions.

20.3.6 EFFECT OF IRRIGATION SYSTEMS ON FRUIT QUALITY
The parameters for fruit quality were: Juice volume (cm3), TSS (prix number), sugar 
percentage (prix number), cluster density (gm/cm3) and crop load.

Figure 20 shows the juice volume for both seasons. During 2002–2003 and in 
drip irrigation system (DIS), it was highest (40.7 cm3), followed by low head bubbler 
irrigation system (LHBIS, 39.8 cm3), while lowest value was 38.8 cm3 in gated pipe 
system (GPIS). The differences in juice volume between any two irrigation systems 
were signifi cant at the 5% level.

FIGURE 20 Effect of irrigation methods on volume of juice of grape.

During 2003–20034 and in drip irrigation system (DIS), it was highest (46.9 cm3), 
followed by low head bubbler irrigation system (LHBIS, 45.5 cm3), while lowest 
value was 44.4 cm3 in gated pipe system (GPIS). There were signifi cant differences 
at 5% level in juice volume between DIS from one side and both LHBIS and GPIS 
from the other side. High of juice volume in the fruit berries under DIS and LHBIS 
irrigation systems may be due to great volume of berries under ones. The increase in 
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juice volume during 2003–2004 was 15.2, 14.3 and 14.40% in DIS, LHBIS, and GPIS 
compared to 2002–2003, respectively.

For both seasons and each irrigation system, sugar percentage (prix number) is 
shown in Fig. 21. During 2002–2003, it was 21.8 prix and highest in DIS, followed 
by 21.1 prix in LHBIS. The lowest sugar percentage was 20.2 prix for GPIS. During 
2003–2004, it was 23 prix and highest in DIS, followed by 21.5 prix in LHBIS. The 
lowest sugar percentage was 21 prix for GPIS. LSD at P = 0.05 was 0.02 showing 
signifi cant differences in sugar content among all irrigation systems. High content of 
sugar percentage in the DIS and LHBIS system may be due to greater values of WUE 
and FUE compared to the values in GPIS. The sugar percentage during 2003/2004 
exceeded that for 2002/2003 by 5.5, 1.86 and 3.96% in DIS, LHBIS, and GPIS, re-
spectively. For both seasons and each irrigation system, TSS (prix number) is shown 
in Fig. 22.

FIGURE 21 Effects of irrigation methods on sugar content in grape berry during 2002–2003 
and 2003–2004.
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FIGURE 22 Effects of irrigation methods on TSS in grape berry.

FIGURE 23 Effects of irrigation methods on cluster density.

The cluster density (gm/cm3) is shown in Fig. 23 for irrigation methods and both 
seasons. During 2002–2003, it was 1.12 and lowest in DIS, 1.18 in LHBIS, and 1.19 
gm/cm3 in GPIS. LSD value at P = 0.05 was 0.02, thus indicating signifi cant differ-
ences in cluster density for LHBIS and in any of DIS and GPIS. During 2003–2004, 
it was 1.04 and lowest in DIS, 1.2 in LHBIS, and 1.17 gm/cm3 in GPIS. LSD value at 
P = 0.05 was 0.02, thus indicating signifi cant differences in cluster density for LHBIS 
and in any of DIS and GPIS. Highest value of cluster density in GPIS may be due to 
small volume of berries compared to other irrigation systems. The reductions in cluster 
density were −7.14 for DIS and –1.7% in GPIS, respectively. The increase in cluster 
density was 1.6% in LHBIS during the second season compared to the fi rst season.
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The cluster width increased by 4.7 in DIS and 3.5% in LHBIS compared to the 
one in GPIS during 2002–2003. During the second season, the average increase was 
3.2% in DIS and 2.1% in LHBIS compared to the one in GPIS. Based on the cluster 
width, irrigation systems followed the descending order: DIS>LHBIS>GPIS for both 
seasons. The differences between any two irrigation systems were signifi cant at the 
5% level in both seasons. The cluster length increased by 6.8% in DIS and 6.2% in 
LHBIS compared to the one in GPIS during the fi rst season. The average increase was 
7.3 in DIS and 1.1% in LHBIS compared to the one in GPIS. There was signifi cant 
difference among the irrigation systems at the 5% level in the two growing seasons.

Figure 24 shows that berry diameter increased by 32.9 in DIS and 24.1% in LHBIS 
than the one in GPIS through the fi rst season. During the second season, the average 
increase was 31.7 and 20.7% in DIS and LHBIS, respectively, compared to the one in 
GPIS. Based on the berry diameter, irrigation systems can be written in the ascending 
order of DIS>LHBIS>GPIS in both seasons.

FIGURE 24 Effects of irrigation systems on berry diameter (mm).

Figure 25 shows that the highest value of berry volume in DIS was 4.85 during 
2002–2003, and 5.27 cm3), respectively; and the lowest berry volume in GPIS was 
2.06 in fi rst season and 2.31 cm3 in the second season. LSD value at P = 0.05 show 
that there were signifi cant differences in berry volume among all irrigation systems. 
High value of berry volume in DIS and LHBIS system may be due to greater WUE 
and FUE compared to DIS.
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FIGURE 25 Effects of irrigation systems on the berry volume (cm3).

20.3.7 COST OF IRRIGATION SYSTEMS
The cost of production of grapevines indicated that the grape yield varies according to 
the irrigation systems. Total irrigation cost is a major capital input for most farms and 
for most crops. The capital and annual costs (fixed and operating) for three irrigation 
systems are presented in Table 10.

The results in Table 10 indicates that capital and annual costs were 1330 and 300.1 
LE/fed, respectively, and were considerably lower for the gated pipes irrigation system 
(GPIS), followed by the LHBIS (1660 and 417 LE/fed), while the highest value of 
capital and annual irrigation costs was (2050 and 544.3 LE/fed) for the drip irrigation 
system.

Table 11 illustrates that the total production cost was 1260.1 LE/fed and was mini-
mum in gated pipes irrigation system, while the maximum value was 1414.3 LE/fed 
for the drip irrigation system. The highest value of net profi t was 3335.7 LE/fed in drip 
irrigation system, followed by 3058 LE/fed in the low head bubbler irrigation, while 
the lowest net profi t was 2364.9 LE/fed in gated pipes irrigation system (Fig. 26).

TABLE 10 The annual cost for different irrigation systems.

Items
Irrigation system

Drip Low head bub-
bler Gated pipe

Annual cost, LE per feddan

Capital cost, LE/fed. 2050 1660 1330

Fixed cost:
–Depreciation
–Interest
–Taxes, etc.(2% of capital costs)

199.2

122.6

41.0

156.0

94.6

33.2

78.6

58.3

26.6
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Items
Irrigation system

Drip Low head bub-
bler Gated pipe

A = Subtotal 362.8 283.8 163.5

Operating cost:
Labor
Power

Repair and maintenance

40.0

80.0

61.5

40.0

60.0

33.2

100.0

30.0

6.65

B = Subtotal 181.0 133.2 136.6

Total cost = A + B, LE/fed. 544.3 417.0 300.1

TABLE 11 Total production cost for grapevines for different irrigation systems.

Items
Drip

Irrigation system

L-H. bub-
bler Gated pipes

Irrigation costs, A

LE
/fe

d

544.3 417.0 300.1

Fertilization cost, B 710.0 710.0 710.0

Pest control cost, C 100.0 100.0 100.0

Weed control cost, D 60.0 90.0 150.0

Total production cost,
A + B + C + D = E

1414.3 1317.0 1260.1

Total sale, F 4750.0 4375.0 3625.0

Net profit, F – E = 3335.7 3058.0 2364.9

Grape yield ton/fed 3.8 3.5 2.9

TABLE 10 (Continued)
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FIGURE 26 Economic cost for each irrigation system.

20.4 SUMMARY

The field research was conducted during two successful growing seasons 2002/2003 
and 2003/2004 at the Experimental Farm of Agriculture Faculty of Ain Shams Univer-
sity. It is located at Shalaqan village 1 km from El Kanater El Khairea District, Qalubia 
Governorate. Three years old grapevines (700 vines.fed–1) were irrigated using drip 
irrigation system (DIS), low head bubbler irrigation system (LHBIS) and gated pipes 
irrigation system (GPIS). Soil at site represents the Nile alluvial, and silty clay loam. 
Irrigation requirements were calculated according to the procedures by Nakayama et 
al. [33]. The objectives of this research were: to encourage replacing the surface irriga-
tion system by a localized irrigation systems in the old lands of the Delta and Valley 
in Egypt; increase the water and fertilizers use efficiencies; study the changes in some 
soil physical properties; and to study the performance of grapevines for three irriga-
tion systems. Data obtained were subjected to statistical analysis. Also, the costs were 
economically evaluated.

The irrigation systems in this study can be arranged in the ascending order 
GPIS<LHBIS<DIS, according to the values of the water intake rate (IR) into the soil 
during 2002/2003. According to the average soil salinity, the irrigation systems can be 
arranged in ascending order LHBIS<DIS=GPIS and LHBIS=DIS<GPIS at the begin-
ning and end of seasons, respectively. Differences in soil moisture percentage between 
any two irrigation systems were signifi cant at 5% level except that between LHBIS 
and DIS before irrigation.

For the two seasons 2002/2003 and 2003/2004, the leaf area differences between 
any two irrigation systems were signifi cant at 5% level. The increase in leaf area for 
the 2nd season compared to the 1st season was 5.2, 4.1 and 1.8% for DIS, LHBIS and 
GPIS, respectively. The differences in leaf dry weight between any two irrigation sys-
tems were signifi cant at the 5% level. The increase in leaf dry weight for the 2nd sea-
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son compared to the 1st season was 24.84, 16.93 and 4.87% in LHBIS, DIS and GPIS, 
respectively. The differences in pruning weights between any two irrigation systems 
were signifi cant at 5% level except those between LHBIS from one side and both DIS 
and GPIS from the other side for the 1st season. The increase in pruning weight for 
the 2nd season was 20.9, 20.27 and 11.09% in DIS, LHBIS and GPIS, respectively.

Based on crop yield, WUSE, WUTE and FUE, irrigation systems can be arranged 
in the ascending order DIS>LHBIS>GPIS during 2002/2003 and 2003/2004. The dif-
ferences in yield between any two irrigation systems were signifi cant at 5% level for 
both seasons. The increase in crop yield for the 2nd season compared to the 1st season 
was maximum in DIS (42.64%), followed by LHBIS (41.26%), while the minimum 
value (31.37%) was obtained under GPIS. Also the increases in both WUSE and WUTE 
for the 2nd season compared to the 1st season were maximum in DIS (42 and 43%, 
respectively), followed by the LHBIS (40.7 and 37%), while the minimum increase in 
WUSE and WUTE was (30.6 and 32%, respectively) for GPIS. The increase in FUE of 
N, P2O5, and K2O for 2nd season compared to the 1st season was (24, 23, 28%), (22%, 
21%, 27%) and (9%, 8%, 14%) for DIS, LHBIS and GPIS, respectively.

The data reveal that total production cost was minimum (1260.1 LE/fed) in GPIS, 
while the maximum value was 1414.3 LE/fed in DIS. On the other hand, total produc-
tion cost in LHBIS was 1317 LE/fed.

Net profi t of grape yield was 3335.7, 3058 and 2364.9 LE/fed in DIS, LHBIS and 
GPIS, respectively.

The effects of both DIS and LHBIS were favorable on: water intake rate into the 
soil, both moisture and salt pattern distributions, grapevine growth (leaf area, leaf dry 
weight, branch number/vine, branch length, pruning weight, and crop load), yield, 
water use effi ciency, water utilization effi ciency, fertilizer use effi ciency, yield quality 
(juice volume, TSS, sugar content, cluster density, cluster length, cluster width, berry 
diameter; berry volume). Since the net profi t in DIS and LHBIS exceeded than that of 
GPIS, therefore DIS and LHBIS can be recommended to irrigate the old lands in both 
the Delta and the Valley in Egypt.
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21.1 INTRODUCTION

The nursery and floricultural industry is highly dependent on container plant produc-
tion. Utilizing sustainable inputs and adopting sustainable practices have become a 
significant trend for horticultural production world-wide. This has led to a significant 
increase in pot-in-pot (PIP) nursery production, especially for large caliper trees tradi-
tionally produced as field-produced balled and burlapped crops [27]. PIP tree produc-
tion is a combination of traditional container and field production where the growing 
container (production pots) is placed tightly within a semipermanent, underground 
socket pot [26, 31, 37, 38]. Pot sizes have varied from 3 to 30 gallons (Fig. 1). A plant 
is usually in the production container from six to nine months but not more than two 
years.

FIGURE 1 Pot-in-pot nursery production in various size containers using micro irrigation: (A, 
B) – Small caliper size shade trees with nursery fabric between the containers; (C, D) – Large 
caliper size shade trees grown with a turf strip (C) or gravel (D) between the rows.
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PIP was originally developed as the “Minnesota System” in the 1980s [32] as an 
alternative to fi eld and above-ground container production for tap-rooted shade trees 
[33]. The system proved to be equally useful for general shade tree production [45]. 
Although initially costly to establish [27], PIP is arguably the most sustainable produc-
tion system for nursery shade trees. Compared to fi eld produced trees, PIP uses water 
and fertilizer more effi ciently and eliminates “soil mining” because it uses a renew-
able bark-based growing substrate rather than digging trees from the nursery fi eld. 
For large caliper tree production, about 170 metric tons of soil is removed per hectare 
of production [7]. Compared to above-ground container production, PIP results in a 
reduced use of plastic where Quonset structures are required for overwintering.

This chapter describes the current features of pot-in-pot nursery production sys-
tems with particular emphasis on micro irrigation.

21.2 POT IN POT (PIP) NURSERY PRODUCTION SYSTEM

Establishing a PIP nursery can involve extensive first year preparation. Installation 
procedures are detailed step-by-step in the University of Kentucky video available 
on-line at: <http://www.youtube.com/watch?v=wNeBurkznIk>. PIP systems are ei-
ther established in extremely well-drained soils or a drainage line must be installed 
just below the bottom of the socket pot. PIP system allows closer spacing and permits 
precision application of irrigation and fertilizer compared to typical field production. 
Production pots with plants are easily harvested at any time of year providing market-
ing flexibility and potential profits whereas field-grown plants require machines, and 
harvesting cannot occur during ve ry dry or wet periods as that could cause root dam-
age [19]. Other advantages of PIP compared to above ground container production 
include: no blowing over as plants are anchored in the ground saving labor and money 
required to upright plants. Under PIP system, roots experience a moderated tempera-
ture similar to the soil temperature below ground, which reduces evapotranspiration, 
and ensures higher root quality and faster plant growth than above ground container 
production [24, 39, 58]. The system protects roots from temperature extremes avoid-
ing the need for moving to an overwintering structure or to provide shade during hot 
summer. Table 1 presents a comparison of key features of PIP with field and above-
ground containers.

TABLE 1 Comparison of key features of pot-in-pot nursery production compared to above-
ground or in-ground shade tree production.

Pro-
duction 
system

Irriga-
tion type

Substrate Staking Over win-
tering

Harvest 
time

Plants 
per 
hect-
are**

Cost 
per 
plant 
($)**

Pot-in-
pot

Micro ir-
rigation 

Bark-
based

For plant 
structure 

No special 
require-
ments

Any 
time of 
year

950 21.50
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Pro-
duction 
system

Irriga-
tion type

Substrate Staking Over win-
tering

Harvest 
time

Plants 
per 
hect-
are**

Cost 
per 
plant 
($)**

Field Prin-
cipally 
overhead 
irrigation

Soil For plant 
structure 

No special 
require-
ments

Primari-
ly Spring 
and Fall

770 23.71

Above-
ground 
con-
tainer

Overhead 
irrigation

Bark-
based

For plant 
structure 
and blow 
over sup-
port

Quonset 
structures 
in Northern 
production 
areas

Any 
time

870 23.73

** Plants per hectare and costs were from a 1996study for three-year crape myrtle (Lagerstroemia) 
production on a typical 15 acre (6 hectare) USA nursery with plants grown on a spacing of 5.6, 6.3, and 
6.2 plants per m2 for pot-in-pot, field and above-ground containers, respectively [27].

21.3 IRRIGATION OVERVIEW OF SHADE TREE NURSERIES

Many container nurseries irrigated with overhead sprinklers [4] even those growing 
larger trees. Overhead irrigation has great disparity in water output across an indi-
vidual zone [55]. Yeager et al. [54] reported that irrigation zones can have as much as 
300% variability in water output within a single zone. Container nurseries using over-
head irrigation could use more than 40,000 gallons of water per acre per day during 
the peak-growing season with 40% to 90% losses through evaporation and runoff [52]. 
Also, efficiency and nonuniform wetting decrease with increasing container volume 
[4] along with nonuniform wetting pattern. Beeson and Knox [4] reported overhead-
irrigation application efficiency of 37% when plants were adjacent to each other and 
25% at a spacing of 3.0 inches (7.6 cm) between containers. It is estimated that 50% 
to 75% of the water applied through overhead irrigation systems misses the containers 
completely [59].

Nurseries have two main strategies for alleviating competition for water: improved 
irrigation effi ciency and use of alternative, possibly lower-quality water from non-
traditional sources. Many practices infl uence effi ciency, including irrigation schedul-
ing, irrigation system selection and delivery, substrate composition, plant spacing, and 
plant grouping based on water requirements within irrigation zones [15]. Increasing 
irrigation effi ciency can reduce both over and under irrigation, which cause issues dur-
ing nursery production. Over irrigation can cause problems related to wasted water and 
environmental pollution due to nutrient and pesticide contaminated runoff (removing 
nutrients and pesticides from the foliage, root zone and production surfaces), energy 
costs for pumping water, vulnerability to biotic and abiotic stresses; reduced plant 
growth and consequent increased production duration. The potential consequences of 
under-irrigation include reduced plant quality and growth and consequent increased 
production duration and increased susceptibility to diseases and arthropods.

TABLE 1 (Continued)
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PIP uses an alternative to standard overhead irrigation by using either trickle emit-
ters or spray stakes in each individual container (Fig. 2) alleviating some of the prob-
lems associated with container production for water application, water use and nutrient 
runoff [38, 39]. Loss from wind and evaporation is considerably reduced in this type 
of micro irrigation system because only the container surface is watered, not the entire 
container yard surface [6]. Weatherspoon and Harrell [52] reported that irrigation ap-
plication effi ciencies of overhead sprinklers averaged 13% to 26% over the course of 
a year. Typically irrigation application effi ciency is around 90% for PIP. Haydu and 
Beeson Jr. [20] reported that microirrigated plants reached market size in signifi cantly 
shorter time than those irrigated with conventional overhead systems (28 weeks versus 
82 weeks for live oak). However, irrigation practices with PIP production method have 
raised concerns over water use effi ciency because of drainage water loss through the 
containers is not readily detectable [57]. Nurseries can be a source of pollution that 
runoff water can contain pesticides, fertilizers and other chemicals released into sur-
face and ground water. To obtain high water use effi ciency and to automate irrigation 
control, it is important to implement various water management strategies.

21.4 MICRO-IRRIGATION MANAGEMENT OPTIONS FOR PIP

Although micro irrigation is the standard method for irrigating trees in PIP, there is 
limited research based information on irrigation automation and scheduling. Limited 
rooting volume and low water holding capacity of the porous substrate necessitates 
irrigation scheduling in PIP to be much more frequent with lower volumes per irriga-
tion event, compared with growing similar species in field soils [5]. There is potential 
for increasing irrigation application efficiency through improved irrigation scheduling 
[49] by improving water management within a container. Grower-friendly irrigation 
strategies to optimize water use efficiency for PIP production that will minimize water 
use while maximizing high quality plant growth are presented in the following sec-
tions.

Irrigation scheduling is the method used to determine the amount of water (how 
much?) to be applied to a plant and the timing (when to irrigate?) and length (how long 
irrigation should last?) of application. Irrigation scheduling has a signifi cant impact on 
water use effi ciency. Inadequate irrigation management can result in ineffi cient water 
use and excessive irrigation result in nutrient and pesticide leaching into ground water. 
Scheduling can be relatively static and arbitrary (timer-driven), substrate moisture-
based, based on environmental models, or plant-based. The goal of an effi cient irriga-
tion program is to supply the crop with enough water to maximize crop growth while 
minimizing water waste due to runoff and leaching.

21.4.1 STATIC SCHEDULING
The conventional container production practice is to irrigate once per day by auto-
matic timers or based on growers’ experience. Many growers continue to follow fixed 
predetermined schedules with quantities of water that often exceed crop needs [10]. 
With static irrigation, application is not linked directly to plant or substrate moisture 
status and thus may result in short drought periods during critical crop stages lead-
ing to serious consequences: increase production time, lower plant quality and plant 
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diseases. Irrigation is not adjusted often for changes in evaporative demand due to 
weather changes, but rather is limited to gross changes when the seasons change [16].

FIGURE 2 Micro-irrigation systems for pot-in-pot nursery production: (A) typical micro 
irrigation system with main lines running adjacent to the container row and single spray stakes 
from the main line to the container; (B) pot-in-pot prior to planting. The main irrigation line is 
under the nursery fabric; (C) microsprinkler; and (D) spray stakes in each individual container.

21.4.2 SUBSTRATE MOISTURE-BASED SCHEDULING
Substrate moisture sensors (SMS) have emerged as a smart tool for implementing 
precision irrigation in intensive agriculture. SMS measure real time substrate moisture 
status, whenever a preset threshold water content is reached, an irrigation control-
ler calculates the timing, amount and duration of irrigation required to replenish the 
water in a growing substrate to a preset level (generally container capacity) as evalu-
ated in Hydrangea quercifolia ‘Alice’ [18] and in H. macrophylla ‘Fasan’ and Garde-
nia Jasminoides ‘Radicans’ [48]. SMS match plant water requirements considering 
evapotranspiration, substrate water storage changes, plant available water, rainfall, 
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etc. SMS-based irrigation works for any type of plant, as long as the set-points for the 
irrigation controller are correctly chosen and there is no variation in factors that affect 
drying, such as uneven substrate compaction at potting, uneven shading, etc. Types of 
sensors that have been employed to automatically control irrigation events based on 
preset substrate matric potential limits include tensiometers, which measure substrate 
suction directly without calibration for substrate type, salinity or temperature but have 
contact issues with coarse and dry substrates [43] and dielectric sensors [28, 30]. Use 
of SMS was reported to be very promising in the cultivation of plants under PIP. SMS 
significantly reduced water use and improve plant growth of many crops under PIP 
[8].

21.4.3 ENVIRONMENTAL-BASED SCHEDULING
Most commonly used environmentally based irrigation scheduling methods are based 
on real time or historic weather and consider various weather parameters (light radia-
tion, temperature, wind speed, relative humidity, rainfall, etc.) to estimate the evapo-
transpiration (ET) as a function of weather conditions and plant type. ET is defined 
as the quantity of moisture that is both transpired by the plant and evaporated from 
the substrate surface. Since the two processes occur simultaneously and are very dif-
ficult to separate, they are combined into one process [2]. In this method rainfall and 
irrigation are balanced with withdrawals such as ET and runoff. The water balance 
technique involves determining the change in soil moisture over time based on refer-
ence evapotranspiration (ETo) adjusted with a crop coefficient (Kc) specific to growth 
and/or developmental stage, canopy coverage, plant population and exposure [34].

Irrigation based on crop ET values requires periodic modifi cations by the grower 
as the method is specifi c to plant type, growth stage, microclimate, and is subject to 
variations in local conditions such as plant spacing, canopy coverage, cultivar, root 
depth, and production practices [2]. Additionally, time-costly manual fi eld observa-
tions are required to develop accurate crop coeffi cients. Lack of suffi ciently local 
weather data and the programs necessary to use it to schedule irrigation lead to errors 
in calculating ETo and with a resulting misapplication of water [1, 2].

Scheduling irrigation based on crop ET has limited utility under nursery produc-
tion because of the diversity of crop species being grown, the lack of crop coeffi cient 
information for woody shade trees [36], and the open canopy.

21.4.4 PLANT-BASED SCHEDULING
Innovative methods based on the direct monitoring of plant water relations have been 
considered to be highly relevant and allow for environmental influence. Irrigation con-
trol devices have been designed to exploit micro measurements of stem sap flow and 
stem diameter [44], leaf temperature [35], plant water potential [17], and modeling 
based on empirically derived plant characteristics [29] are plant-based techniques that 
have been used to gauge water loss in horticultural crops. But the plant-based irriga-
tion systems are still scarcely employed in commercial operations as low plant water 
status induced by high vapor pressure deficit conditions could trigger irrigation when 
the substrate moisture is not limiting [13], they lack the ability to assess the volume of 
water required for irrigation and are difficult to automate [21].
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21.5 SUBSTRATE MOISTURE BASED IRRIGATION STRATEGIES FOR PIP

21.5.1 DAILY WATER USE REPLACEMENT (DWU)
The DWU irrigation system was developed to replace water used during the previ-
ous day’s use for container production [51]. DWU is the combined loss of water due 
to plant transpiration and evaporative water loss from the substrate [47]. Irrigation 
based on DWU has been conducted on nursery crops using daily pre and postirrigation 
substrate moisture probe or gravimetric measurements to determine DWU [51, 56]. 
Warsaw et al. [51] used a SMS to determine daily water use requirements in container 
production for 24 taxa of commonly used woody shrubs. Additionally, irrigating based 
on 100% DWU or alternating with up to 2 days at 75% DWU followed by 100% 
DWU did not reduce plant growth of woody ornamental shrubs in 10-L containers and 
possibly increased nutrition of plants compared to a well-watered control [51]. Using 
DWU to schedule irrigation reduced the amount of irrigation applied by as much as 
75%, runoff volume by up to 79%, nitrate quantity by up to 59% and phosphate quan-
tity moving in runoff by as much as by 74% compared to standard nursery irrigation 
practices (19 mm per application) [51].

21.5.2 SET POINT ON-DEMAND IRRIGATION
A plant demand-based irrigation system models plant response to environmental 
changes to predict amount and timing of irrigation. A simple on-demand irrigation 
scheduling system has been developed to calculate an irrigation set point adjusted to 
the substrate water content at which plant photosynthetic rate began to be reduced by 
water deficit [12]. It is assumed that growth is not be compromised when an irriga-
tion set point was used based on the substrate water content where photosynthesis 
begins to decline due to water stress. Because photosynthesis is closely linked with 
stomatal conductance, and stomatal conductance is controlled by both root to shoot 
signaling and the environment, photosynthesis is a sensitive indicator of water status. 
An irrigation model was developed using Hibiscus rosa-sinensis [13]. An irrigation 
set point was established that reflected the substrate water content at which photosyn-
thesis began to drop (photosynthetic rate was reduced to 98% of maximum), which 
corresponded with a reduction in stomatal conductance. By maintaining the substrate 
moisture content just above this set point, a crop could be produced using 27% less 
water than the control, and without adversely impacting quality, or production time 
[14]. Development of an irrigation system based on photosynthetic rates would require 
a minimum of data collection for model development and could easily be modified for 
use with other species. The plant on-demand irrigation scheduling system has since 
been employed successfully on a number of crops including dogwood (Cornus sp.), 
oakleaf hydrangea (Hydrangea quercifolia), and boxwood (Buxus sp.) for example, 
in Boxwood (Buxus microphylla ‘Green Ice’), overall water use as well as water use 
efficiency (WUE) were improved using either the DWU or demand-based scheduling 
system without reducing plant biomass and plant quality under outdoor nursery condi-
tions. An irrigation system predicated on maximizing photosynthesis has also been 
developed for container-grown apple (Malus xdomestica Borkh.) trees. This system 
uses sap flow and stem diameter variations to predict the amount of water required 
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by the plant and established a set point based on the relationship between maximum 
photosynthesis and midday stem water potential [44] to control timing of irrigation.

Both the photosynthesis-based irrigation scheduling system [12] and daily water 
replacement irrigation [51] appear to meet water conservation criteria compared to 
a timer-based irrigation strategy. The major difference between the photosynthesis-
based irrigation system vs. daily replacement is that the photosynthesis-based system 
irrigates based on instantaneous water use, while daily water replacement only ap-
plies irrigation once per day. Therefore, plants irrigated under daily replacement could 
experience periods of water stress on days with signifi cant transpirational demand at 
the expense of plant growth and water use effi ciency. In contrast, the photosynthesis-
based model was developed to schedule irrigation on-demand whenever container 
moisture was reduced to a level where stomata were predicted to begin to close re-
stricting carbon.

21.6 ADVANCED IRRIGATION STRATEGIES TO ENHANCE IRRIGATION 
EFFICIENCY

21.6.1 CYCLIC IRRIGATION
Cyclic irrigation is a conservative irrigation strategy for PIP production system where-
by plant’s daily water allotment is applied as multiple smaller volume of water at 
predetermined intervals instead of a conventional single application [8, 55, 25]. Most 
soilless container substrates have a low capacity for retaining nutrients and water, and 
large irrigation volume results in significant nutrient loss, particularly nitrates [11]. 
Cyclic irrigation was found to improve irrigation application efficiency by allowing 
time for water to move through the micropore system of container substrate [22] by 
around 38% over single water applications [47].

Tayler et al. [46] reported that cyclic irrigation increased plant height and relative 
caliper growth of Pinus strobus by over 80% and 35%, respectively, compared with 
once-daily irrigation. Nursery studies testing cyclic irrigation on woody ornamentals 
have attributed the resulting increase in growth to cumulative reductions in midday 
water stress [41] and subsequent maintenance of stomatal conductance rates, therefore 
increasing net photosynthesis [50]. In a study conducted using ‘Okame’ cherry mul-
tiple irrigation cycles resulted in increased stem diameter, shoot dry weight and total 
biomass compared to a single irrigation application [40]. A PIP study reported about 
25% increase in the trunk diameter of red maple and oak plants [8, 23] receiving three-
cycle irrigation compared to those trees grown with single irrigation.

Cyclic irrigation was found to reduce nutrient leaching by 41% and irrigation run-
off by 30% [11]. A 30% to 89% reduction in nitrate and ammoniacal nitrogen 1each-
ing was observed with cyclic irrigation by allowing effi cient plant nitrogen uptake 
compared to a single watering [9, 22] and by decreasing runoff volume [11]. A wire-
less sensor-controlled set-point based cyclic irrigation in PIP was found to reduce 
daily water applications to dogwood (Cornus fl orida ‘Cherokee Brave’) and red maple 
(Acer rubrum ‘Autumn Blaze’) trees by 63% and 33%, without affecting the growth 
of either species and with signifi cant labor savings in daily irrigation management, 
which translated into an annual net savings of $5,263 for this operation and a payback 
period of 2.7 years [5].
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21.6.2 IRRIGATION TIMING
Most of the plants grown in PIP require irrigation on a daily basis considering low 
water holding capacity and high porosity of container substrate. Current best manage-
ment practices in the US on above ground container production recommend single 
irrigation to occur during early morning hours to reduce drift and evaporative loss of 
water [55]. Beeson [3] reported increased growth of four woody ornamentals when 
irrigation was applied during the day in contrast to early morning irrigation. Irriga-
tion during the afternoon hours increased top and root growth of Rhododendron × 
‘Hershey’s Red’ compared to an evening irrigation by reducing substrate heat load and 
minimizing water stress during later part of the day [50]. A PIP study conducted using 
Cotoneaster dammeri ‘Skogholm’ showed that plants that were irrigated both during 
the afternoon and all day significantly outperformed plants irrigated during predawn 
hours [53] showed that plants that were irrigated both during the afternoon and all 
day significantly outperformed plants irrigated during predawn hours. However, some 
sources [42] recommend, from a water conservation standpoint, daytime as a poor 
time to irrigate considering high water loss due to evapotranspiration during the hot-
test ours of the day (10:00 am to 4:00 pm). These studies suggest a lack of information 
on optimal irrigation timing under PIP conditions and growers may want to consider 
irrigating at times other than early morning to increase growth by minimizing sub-
strate dry down and reducing heat load in the later part of the day.

21.7 CASE STUDY

A PIP study was conducted at the University of Kentucky Horticulture Research Farm 
in Lexington, KY (lat. 38º3’N, long. 84°30’W, msl elevation 381 m) to evaluate timing 
of cyclic irrigation in redbud (Cercis canadensis). Hourly weather data were obtained 
from an on-farm weather station and monthly mean air temperature, solar radiation 
and cumulative precipitation were reported as August (23 0C, 624 MJ m–2, 18 cm), and 
September (20 0C, 549 MJ m–2, 3.6 cm). Liners were grown in either 7-gallon or 15 
gallon containers filled with 85% pine bark: 15% peat (vol/vol) in PIP systems. Sub-
strate moisture content were continuously monitored using EC5 (Decagon, IL) sensors 
inserted into three representative containers per irrigation treatment. Acquisition and 
control of water content were carried out using a Campbell CR–1000 data logger. Ir-
rigation was scheduled to replace 100% daily water used for evapotranspiration [51].

The quantity of water determined by the daily water use method was applied in 
three equal amounts and applied at the following times: cyclic irrigation starting at (i) 
7, 8, and 9 am; (ii) 12, 1, and 2 pm; or (iii) at 5, 6,and 7 pm. A timer and switches in 
the control unit regulates the irrigation valve in calculated pulse intervals, for example, 
8–12 min and cease operation and reset the system, awaiting the next ‘on’ signal at 
the specifi ed time. Irrigation in each treatment replicate was controlled by a solenoid 
valve (The Toro Co., Riverside, CA). Irrigation was delivered with one Tornado ray 
jet emitter at ~6 gph (Plastro Irrigation Systems Ltd.) per container. Substrate water 
content and crop water use were monitored at a 15 min frequent interval throughout 
the season. Main stem diameter (caliper) was measured at 3 feet above the substrate 
surface after initial potting and at the end of growing season.
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As expected, 15 gallon containers have higher water usage than 7 gallon containers 
and that could be due to higher evapotranspiration rate of plants in them compared to 
plants grown in 7 gallon containers (Fig. 3). It is evident from the fi gure that during 
warm periods of the year the daily water usage is signifi cantly higher but it started to 
decline as the temperature cooled down in September in both container sizes. Thus the 
daily water use was well correlated with environmental factors such as air temperature 
and solar radiation.

Volume of irrigation water applied was infl uenced by the timing of irrigation in 
7 gallon containers (Table 2). Irrigation volume applied per day was highest in the 
noon followed by PM and AM. Total water use for the irrigation treatment beginning 
in noon was approximately 15% more than AM irrigation and about 10% more than 
PM irrigation. But the variation in water use was not refl ected in main stem diameter 
even though plants watered beginning at noon were the biggest. No change in stem 
diameter could be attributed to a higher evaporative water loss even though cooling of 
substrate in noon irrigation is an advantage. Total water use and daily water use were 
not different between different timings of cyclic irrigation in a 15 gallon container. 
Main stem diameter also did not differ between AM and noon treatments, however 
plants irrigated in the evening (PM) had 30% smaller stem diameter compared to AM 
and noon irrigations. Optimal irrigation timing could not be derived mainly due to 
high precipitation and mild weather during the study period. This could be because 
the plants might have experienced a mild water defi cit during midday period before 
irrigation as Scagel et al. [41] noticed in container grown Rhododendron. From a wa-
ter conservation perspective, AM irrigation is better than other times and also plant 
growth was similar to irrigation at other times of the day.

FIGURE 3 Water use (Liters per day) in redbud liners produced in 7 or 15 gallon pot-in-pot 
containers over a 20 day period in August-September, 2013.
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TABLE 2 Total and daily water use as well as final stem diameter in eastern redbud plants 
exposed to a three-part cyclic irrigation event at three irrigation times (AM – 7 to 9 AM; Noon 
– noon to 2 PM; PM – 5 to 7 PM).

Irrigation time Total water use
(L × plant –1 × day–1)

Daily water use
(L × plant –1 × day–1)

Main stem diam-
eter (cm)

7 – gallon container size

AM  59.9cz 3.°C 0.29a 

Noon  71.1a 3.6a 0.36a 

PM  64.9b 3.2b 0.30a

15 – gallon container size

AM  131.7 6.6 0.51a 

Noon  136.5 6.8 0.51a

PM  129.4 6.5 0.35b 

 zIt means followed by the same letter within a column were not different using Turkey’s test (a = 0.05).

21.8 CONCLUSIONS

This chapter discusses: Micro-irrigation scheduling strategies under PIP; and the need 
to consider plant, environment, and substrate conditions in making accurate irrigation 
decisions on a daily or more frequent basis. A case study has been presented. Recent 
advances in substrate moisture sensing and wireless data communication may play a 
major role in saving water and enhancing economic and environmental sustainability 
of the PIP production system.

21.9 SUMMARY

Pot-in-Pot is an emerging sustainable nursery production system being used as an 
alternative to field production for large shrubs and shade trees. Pot-in-Pot tree produc-
tion is a combination between traditional container production and field production 
where the growing container is placed within a semipermanent, underground socket 
pot. This system allows closer spacing compared to field production and permits pre-
cision application of irrigation and fertilizer. Pot-in-Pot has unique substrate water-
plant-atmospheric relationships compared to other nursery production methods. The 
chapter discusses current micro irrigation practices for Pot-in-Pot nursery production 
and highlight the impact of conservative irrigation scheduling strategies such as con-
trolled irrigation using substrate moisture sensors and cyclic irrigation on crop growth, 
water and nutrient use efficiency. A case study has been presented.
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APPENDICES

(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
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WEIGHT

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

YIELD AND RATE

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

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

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

SPECIFIC SURFACE

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

PRESSURE

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

To convert the Column 1 Column 2 To convert the column

column 1 in the Unit Unit 2 in the column 1

Column 2, SI Non-SI Multiply by

Multiply by    
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TEMPERATURE

1.00 (K-273)--- Kelvin, K centigrade, °C -------- 1.00 (C+273)
(1.8 C + 32)--- centigrade, °C Fahrenheit, °F -------- (F--32)/1.8

ENERGY

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

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

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

WATER REQUIREMENTS

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

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

CONCENTRATION

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

NUTRIENTS FOR PLANTS

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

NUTRIENT EQUIVALENTS

Conversion Equivalent

Column A Column B A to B B to A

N NH3 1.216 0.822

 NO3 4.429 0.226

 KNO3 7.221 0.1385

 Ca(NO3)2 5.861 0.171
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Conversion Equivalent

Column A Column B A to B B to A

 (NH4)2SO4 4.721 0.212

 NH4NO3 5.718 0.175

 (NH4)2 HPO4 4.718 0.212

P P2O5 2.292 0.436

 PO4 3.066 0.326

 KH2PO4 4.394 0.228

 (NH4)2 HPO4 4.255 0.235

 H3PO4 3.164 0.316

K K2O 1.205 0.83

 KNO3 2.586 0.387

 KH2PO4 3.481 0.287

 Kcl 1.907 0.524

 K2SO4 2.229 0.449

Ca CaO 1.399 0.715

 Ca(NO3)2 4.094 0.244

 CaCl2 × 6H2O 5.467 0.183

 CaSO4 × 2H2O 4.296 0.233

Mg MgO 1.658 0.603

 MgSO4 × 7H2O 1.014 0.0986

S H2SO4 3.059 0.327

 (NH4)2 SO4 4.124 0.2425
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Conversion Equivalent

Column A Column B A to B B to A

 K2SO4 5.437 0.184

 MgSO4 × 7H2O 7.689 0.13

 CaSO4 × 2H2O 5.371 0.186

APPENDIX B

PIPE AND CONDUIT FLOW
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APPENDIX C

PERCENTAGE OF DAILY SUNSHINE HOURS: FOR NORTH AND SOUTH 
HEMISPHERES

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NORTH

0 8.50 7.66 8.49 8.21 8.50 8.22 8.50 8.49 8.21 8.50 8.22 8.50

5 8.32 7.57 8.47 3.29 8.65 8.41 8.67 8.60 8.23 8.42 8.07 8.30

10 8.13 7.47 8.45 8.37 8.81 8.60 8.86 8.71 8.25 8.34 7.91 8.10

15 7.94 7.36 8.43 8.44 8.98 8.80 9.05 8.83 8.28 8.20 7.75 7.88

20 7.74 7.25 8.41 8.52 9.15 9.00 9.25 8.96 8.30 8.18 7.58 7.66

25 7.53 7.14 8.39 8.61 9.33 9.23 9.45 9.09 8.32 8.09 7.40 7.52

30 7.30 7.03 8.38 8.71 9.53 9.49 9.67 9.22 8.33 7.99 7.19 7.15

32 7.20 6.97 8.37 8.76 9.62 9.59 9.77 9.27 8.34 7.95 7.11 7.05

34 7.10 6.91 8.36 8.80 9.72 9.70 9.88 9.33 8.36 7.90 7.02 6.92

36 6.99 6.85 8.35 8.85 9.82 9.82 9.99 9.40 8.37 7.85 6.92 6.79

38 6.87 6.79 8.34 8.90 9.92 9.95 10.1 9.47 3.38 7.80 6.82 6.66

40 6.76 6.72 8.33 8.95 10.0 10.1 10.2 9.54 8.39 7.75 6.72 7.52

42 6.63 6.65 8.31 9.00 10.1 10.2 10.4 9.62 8.40 7.69 6.62 6.37

44 6.49 6.58 8.30 9.06 10.3 10.4 10.5 9.70 8.41 7.63 6.49 6.21

46 6.34 6.50 8.29 9.12 10.4 10.5 10.6 9.79 8.42 7.57 6.36 6.04

48 6.17 6.41 8.27 9.18 10.5 10.7 10.8 9.89 8.44 7.51 6.23 5.86

50 5.98 6.30 8.24 9.24 10.7 10.9 11.0 10.0 8.35 7.45 6.10 5.64

52 5.77 6.19 8.21 9.29 10.9 11.1 11.2 10.1 8.49 7.39 5.93 5.43

54 5.55 6.08 8.18 9.36 11.0 11.4 11.4 10.3 8.51 7.20 5.74 5.18

56 5.30 5.95 8.15 9.45 11.2 11.7 11.6 10.4 8.53 7.21 5.54 4.89

58 5.01 5.81 8.12 9.55 11.5 12.0 12.0 10.6 8.55 7.10 4.31 4.56

60 4.67 5.65 8.08 9.65 11.7 12.4 12.3 10.7 8.57 6.98 5.04 4.22

  SOUTH

0 8.50 7.66 8.49 8.21 8.50 8.22 8.50 8.49 8.21 8.50 8.22 8.50

5 8.68 7.76 8.51 8.15 8.34 8.05 8.33 8.38 8.19 8.56 8.37 8.68

10 8.86 7.87 8.53 8.09 8.18 7.86 8.14 8.27 8.17 8.62 8.53 8.88

15 9.05 7.98 8.55 8.02 8.02 7.65 7.95 8.15 8.15 8.68 8.70 9.10

20 9.24 8.09 8.57 7.94 7.85 7.43 7.76 8.03 8.13 8.76 8.87 9.33

25 9.46 8.21 8.60 7.74 7.66 7.20 7.54 7.90 8.11 8.86 9.04 9.58

30 9.70 8.33 8.62 7.73 7.45 6.96 7.31 7.76 8.07 8.97 9.24 9.85

32 9.81 8.39 8.63 7.69 7.36 6.85 7.21 7.70 8.06 9.01 9.33 9.96

34 9.92 8.45 8.64 7.64 7.27 6.74 7.10 7.63 8.05 9.06 9.42 10.1

36 10.0 8.51 8.65 7.59 7.18 6.62 6.99 7.56 8.04 9.11 9.35 10.2

38 10.2 8.57 8.66 7.54 7.08 6.50 6.87 7.49 8.03 9.16 9.61 10.3
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40 10.3 8.63 8.67 7.49 6.97 6.37 6.76 7.41 8.02 9.21 9.71 10.5

42 10.4 8.70 8.68 7.44 6.85 6.23 6.64 7.33 8.01 9.26 9.8 10.6

44 10.5 8.78 8.69 7.38 6.73 6.08 6.51 7.25 7.99 9.31 9.94 10.8

46 10.7 8.86 8.90 7.32 6.61 5.92 6.37 7.16 7.96 9.37 10.1 11.0

APPENDIX D

PSYCHOMETRIC CONSTANT (Γ) FOR DIFFERENT ALTITUDES (Z)

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

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

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

ε, ratio molecular weight of water

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

= 2.45 MJ kg–1 at 20°C.

Z
(m)

γ 
kPa/°C

z
(m)

γ 
kPa/°C

z
(m)

γ 
kPa/°C

z
(m)

γ
kPa/°C

0 0.067 1000 0.060 2000 0.053 3000 0.047

100 0.067 1100 0.059 2100 0.052 3100 0.046

200 0.066 1200 0.058 2200 0.052 3200 0.046

300 0.065 1300 0.058 2300 0.051 3300 0.045

400 0.064 1400 0.057 2400 0.051 3400 0.045

500 0.064 1500 0.056 2500 0.050 3500 0.044

600 0.063 1600 0.056 2600 0.049 3600 0.043

700 0.062 1700 0.055 2700 0.049 3700 0.043

800 0.061 1800 0.054 2800 0.048 3800 0.042

900 0.061 1900 0.054 2900 0.047 3900 0.042

1000 0.060 2000 0.053 3000 0.047 4000 0.041

APPENDIX E

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

T
°C

es
kPa

T
°C

es
kPa

T
°C

es
kPa

T
°C

es
kPa

1.0 0.657 13.0 1.498 25.0 3.168 37.0 6.275

1.5 0.681 13.5 1.547 25.5 3.263 37.5 6.448

2.0 0.706 14.0 1.599 26.0 3.361 38.0 6.625

2.5 0.731 14.5 1.651 26.5 3.462 38.5 6.806
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3.0 0.758 15.0 1.705 27.0 3.565 39.0 6.991

3.5 0.785 15.5 1.761 27.5 3.671 39.5 7.181

4.0 0.813 16.0 1.818 28.0 3.780 40.0 7.376

4.5 0.842 16.5 1.877 28.5 3.891 40.5 7.574

5.0 0.872 17.0 1.938 29.0 4.006 41.0 7.778

5.5 0.903 17.5 2.000 29.5 4.123 41.5 7.986

6.0 0.935 18.0 2.064 30.0 4.243 42.0 8.199

6.5 0.968 18.5 2.130 30.5 4.366 42.5 8.417

7.0 1.002 19.0 2.197 31.0 4.493 43.0 8.640

7.5 1.037 19.5 2.267 31.5 4.622 43.5 8.867

8.0 1.073 20.0 2.338 32.0 4.755 44.0 9.101

8.5 1.110 20.5 2.412 32.5 4.891 44.5 9.339

9.0 1.148 21.0 2.487 33.0 5.030 45.0 9.582

9.5 1.187 21.5 2.564 33.5 5.173 45.5 9.832

10.0 1.228 22.0 2.644 34.0 5.319 46.0 10.086

10.5 1.270 22.5 2.726 34.5 5.469 46.5 10.347

11.0 1.313 23.0 2.809 35.0 5.623 47.0 10.613

11.5 1.357 23.5 2.896 35.5 5.780 47.5 10.885

12.0 1.403 24.0 2.984 36.0 5.941 48.0 11.163

12.5 1.449 24.5 3.075 36.5 6.106 48.5 11.447

APPENDIX F

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

∆ = [4098. e0(T)] ÷ [T + 237.3]2

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

T
°C

Δ 
kPa/°C

T
°C

Δ 
kPa/°C

T
°C

Δ 
kPa/°C

T
°C

Δ 
kPa/°C

1.0 0.047 13.0 0.098 25.0 0.189 37.0 0.342

1.5 0.049 13.5 0.101 25.5 0.194 37.5 0.350

2.0 0.050 14.0 0.104 26.0 0.199 38.0 0.358

2.5 0.052 14.5 0.107 26.5 0.204 38.5 0.367

3.0 0.054 15.0 0.110 27.0 0.209 39.0 0.375

3.5 0.055 15.5 0.113 27.5 0.215 39.5 0.384

4.0 0.057 16.0 0.116 28.0 0.220 40.0 0.393

4.5 0.059 16.5 0.119 28.5 0.226 40.5 0.402

5.0 0.061 17.0 0.123 29.0 0.231 41.0 0.412

5.5 0.063 17.5 0.126 29.5 0.237 41.5 0.421

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

7.0 0.069 19.0 0.137 31.0 0.256 43.0 0.451

7.5 0.071 19.5 0.141 31.5 0.262 43.5 0.461

8.0 0.073 20.0 0.145 32.0 0.269 44.0 0.471

8.5 0.075 20.5 0.149 32.5 0.275 44.5 0.482

9.0 0.078 21.0 0.153 33.0 0.282 45.0 0.493

9.5 0.080 21.5 0.157 33.5 0.289 45.5 0.504

10.0 0.082 22.0 0.161 34.0 0.296 46.0 0.515

10.5 0.085 22.5 0.165 34.5 0.303 46.5 0.526

11.0 0.087 23.0 0.170 35.0 0.311 47.0 0.538

11.5 0.090 23.5 0.174 35.5 0.318 47.5 0.550

12.0 0.092 24.0 0.179 36.0 0.326 48.0 0.562

12.5 0.095 24.5 0.184 36.5 0.334 48.5 0.574

APPENDIX G

NUMBER OF THE DAY IN THE YEAR (JULIAN DAY)

Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1 1 32 60 91 121 152 182 213 244 274 305 335

2 2 33 61 92 122 153 183 214 245 275 306 336

3 3 34 62 93 123 154 184 215 246 276 307 337

4 4 35 63 94 124 155 185 216 247 277 308 338

5 5 36 64 95 125 156 186 217 248 278 309 339

6 6 37 65 96 126 157 187 218 249 279 310 340

7 7 38 66 97 127 158 188 219 250 280 311 341

8 8 39 67 98 128 159 189 220 251 281 312 342

9 9 40 68 99 129 160 190 221 252 282 313 343

10 10 41 69 100 130 161 191 222 253 283 314 344

11 11 42 70 101 131 162 192 223 254 284 315 345

12 12 43 71 102 132 163 193 224 255 285 316 346

13 13 44 72 103 133 164 194 225 256 286 317 347

14 14 45 73 104 134 165 195 226 257 287 318 348

15 15 46 74 105 135 166 196 227 258 288 319 349

16 16 47 75 106 136 167 197 228 259 289 320 350

17 17 48 76 107 137 168 198 229 260 290 321 351

18 18 49 77 108 138 169 199 230 261 291 322 352

19 19 50 78 109 139 170 200 231 262 292 323 353

20 20 51 79 110 140 171 201 232 263 293 324 354

21 21 52 80 111 141 172 202 233 264 294 325 355



Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

22 22 53 81 112 142 173 203 234 265 295 326 356

23 23 54 82 113 143 174 204 235 266 296 327 357

24 24 55 83 114 144 175 205 236 267 297 328 358

25 25 56 84 115 145 176 206 237 268 298 329 359

26 26 57 85 116 146 177 207 238 269 299 330 360

27 27 58 86 117 147 178 208 239 270 300 331 361

28 28 59 87 118 148 179 209 240 271 301 332 362

29 29 (60) 88 119 149 180 210 241 272 302 333 363

30 30 — 89 120 150 181 211 242 273 303 334 364

31 31 — 90 — 151 — 212 243 — 304 — 365

APPENDIX H

STEFAN-BOLTZMANN LAW AT DIFFERENT TEMPERATURES (T):

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

Where: TK = {T[°C] + 273.16}

T σ*(TK)4 T σ*(TK)4 T σ*(TK)4 

Units

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

1.0 27.70 17.0 34.75 33.0 43.08

1.5 27.90 17.5 34.99 33.5 43.36

2.0 28.11 18.0 35.24 34.0 43.64

2.5 28.31 18.5 35.48 34.5 43.93

3.0 28.52 19.0 35.72 35.0 44.21

3.5 28.72 19.5 35.97 35.5 44.50

4.0 28.93 20.0 36.21 36.0 44.79

4.5 29.14 20.5 36.46 36.5 45.08

5.0 29.35 21.0 36.71 37.0 45.37

5.5 29.56 21.5 36.96 37.5 45.67

6.0 29.78 22.0 37.21 38.0 45.96

6.5 29.99 22.5 37.47 38.5 46.26

7.0 30.21 23.0 37.72 39.0 46.56

7.5 30.42 23.5 37.98 39.5 46.85

8.0 30.64 24.0 38.23 40.0 47.15

8.5 30.86 24.5 38.49 40.5 47.46

9.0 31.08 25.0 38.75 41.0 47.76

9.5 31.30 25.5 39.01 41.5 48.06

10.0 31.52 26.0 39.27 42.0 48.37
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T σ*(TK)4 T σ*(TK)4 T σ*(TK)4 

Units

10.5 31.74 26.5 39.53 42.5 48.68

11.0 31.97 27.0 39.80 43.0 48.99

11.5 32.19 27.5 40.06 43.5 49.30

12.0 32.42 28.0 40.33 44.0 49.61

12.5 32.65 28.5 40.60 44.5 49.92

13.0 32.88 29.0 40.87 45.0 50.24

13.5 33.11 29.5 41.14 45.5 50.56

14.0 33.34 30.0 41.41 46.0 50.87

14.5 33.57 30.5 41.69 46.5 51.19

15.0 33.81 31.0 41.96 47.0 51.51

15.5 34.04 31.5 42.24 47.5 51.84

16.0 34.28 32.0 42.52 48.0 52.16

16.5 34,52 32.5 42.80 48.5 52.49

APPENDIX I

THERMODYNAMIC PROPERTIES OF AIR AND WATER

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

[°C].
The value of the latent heat varies only slightly over normal temperature 

ranges. A single value may be taken (for ambient temperature = 20°C): λ = 2.45 
MJ kg–1.

2. Atmospheric Pressure (P)

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

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

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

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

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

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

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

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

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

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

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

6. Psychrometric Constant (γ)

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

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

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

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

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

0.125–[112–0.1Twet]
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8. Short Wave Radiation on a Clear-Sky Day (Rso)
The calculation of Rso is required for computing net long wave radiation and for 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 signifi cantly less than 50° so that the path length of radia-
tion through the atmosphere is increased, an adoption of Beer’s law can be employed 
where P is used to represent atmospheric mass:

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

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

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

approximated as:

sin(Φ24) = sin[0.85 + 0.3 φ sin{(2πJ/365)–1.39}–0.42 φ2]
Where: Φ24, average Φ during the daylight period, weighted according to Ra [rad]

φ, latitude [rad]
J, day in the year
The Φ24 variable is used to represent the average sun angle during daylight hours 

and has been weighted to represent integrated 24-hour transmission effects on 24-hour 
Rso by the atmosphere. Φ24 should be limited to >0. In some situations, the estimation 
for Rso can be improved by modifying to consider the effects of water vapor on short 
wave absorption, so that: Rso = (KB + KD) Ra where:

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

P, atmospheric pressure [kPa]
Φ, angle of the sun above the horizon [rad]
W, perceptible water in the atmosphere [mm] = 0.14 ea P + 2.1
ea, actual vapor pressure [kPa]
P, atmospheric pressure [kPa]

APPENDIX J

PSYCHROMETRIC CHART AT SEA LEVEL
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