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ABSTRACT 

Increasing demand for food, fiber, and clean water resulting from the increase in 
world population is putting significant stress on irrigated agriCUlture. Currently, 
irrigated agriculture supplies nearly 40% of the world food products and is 
expected to contribute more in the future with less water and the same cultivated 
land area. Analysis of the global water supply and existing irrigation management 
reveals many alternatives for irrigated agriculture to meet the production 
challenges with the same water supply while minimizing the environmental 
impact of irrigated agriculture. These alternatives include: improving existing 
water management practices for surface irrigation, switching to alternative 
irrigation systems, improved management to include fertilizer management and 
the use of alternative water supplies including saline drainage water and treated 
effluent. In addition to water application, sustaining irrigated agriculture depends 
on managing the salt in the soil profile and the salt load emanating from the 
irrigated area. This can be accomplished by improving drainage system 
management and changing the drainage design criteria. Data from the U.S. and 
Australia will be used to demonstrate the effect of changes in irrigation system 
management on water use efficiency and drainage system design and management 
on the salt load from irrigated agriculture. 

INTRODUCTION 

Competition for water between urban, industrial, environmental, and agricultural 
interests will become more intense in the future. Recent studies project that the 
world population will increase to 9 billion people by 2050 from a current 
population of approximately 6 billion (UN, 2004).This increase will bring 
additional demands for food, clean water for drinking, water for the environment, 
and production of consumer goods. Currently, irrigation uses approximately 80% 
of the developed water supply worldwide, and this water will be a logical source 
for meeting other demands associated with population growth. Irrigation currently 
supplies approximately 40% of the world food supply on less that 20% of the 
arable land and has a significant future role in meeting the projected world food 
demand (Postel, 1999). The impact of irrigated agriculture on the total food 
supply is demonstrated by the fact that irrigated agriculture in California produces 
55% of all the fruits, nuts, and vegetables in the United States on 3% of the total 
US farmland. 
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376 Water Rights and Related Water Supply Issues 

Most of the land suitable for irrigation in the United States has been developed 
and the lack of water supplies is now the limiting factor in continued 
development. The alternative to new irrigation development will be to increase 
yields on existing agricultural areas through improved irrigation technology, 
improved crops, and improving productivity of lands impacted by high water 
tables and salinity. 

The environmental consequences of irrigation may be significant if the system is 
poorly designed and operated. Poor irrigation practices may result in pollution of 
surface water with soil sediments, pesticides, salts, fertilizers, and agro-chemicals 
while ground water may be contaminated with agro-chemicals, soluble fertilizers 
(e.g., nitrate), and salts transported by deep percolation from irrigation. There will 
always be some salt transport associated with irrigated agriculture resulting from 
the need to leach salt deposited by the irrigation water from the root zone. The 
impact on the environment could be lessened by improved management of 
irrigation and drainage systems resulting in the lowest practical levels of salt 
transport needed to sustain production. 

Integrated management of irrigation and drainage systems will be required for 
irrigated agriculture to be sustainable, which will require the use of new and 
advanced management techniques and equipment. However, the first step prior to 
the adoption of new technologies or management practices is to insure that 
existing technology and methodology have been implemented properly and to the 
fullest extent possible. Improved water management should help to minimize the 
loss of water by evaporation, transpiration, surface runoff, and deep percolation. 
If existing practices are not adequate to achieve the desired conservation goals 
then new technology and practices will need to be adopted. This paper will 
highlight some existing and proposed management practices that result in 
improved water use efficiencies and thus increased food production with the 
existing water supply. 

IRRIGATION WATER MANAGEMENT ALTERNATIVES 

A goal of improving the irrigation and drainage water management is to improve 
the water use efficiency (WUE) of irrigated agriculture. Water use efficiency has 
been defined as "the production of marketable unit of crop yield per unit of water 
consumed by evapotranspiration", Jensen et al. (1990). This does not imply that 
the maximum yield will be obtained for a given crop. One way of achieving 
maximum WUE is to maintain yields while reducing the applied water. This can 
be done by improving the efficiency of the irrigation system or reducing the total 
seasonal application when the irrigation system is already being operated 
efficiently. Three methods that result in a reduction of applied water are regulated 
deficit irrigation (RDI), microirrigation, and irrigation scheduling. Each of these 
methods is discussed in the following paragraphs. 
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Regulated Deficit Irrigation 

Regulated deficit irrigation has the largest potential impact on perennial crops 
that continue to transpire after the harvestable yield has been removed and has 
been applied successfully to tree crops such as pears, peaches (Mitchell et aI, 
1986; Chalmers et aI, 1986; Chalmers et aI, 1981), and plums (Johnson et aI, 
1994). Chalmers et al. (1986) found with Bartlett pears that there were two time 
periods that could be used as part of an RDI scheme. The first period occurred 
prior to fruit expansion and the second occurred after harvest. This resulted in 
significant water savings without a reduction in yield. Application of the process 
requires an understanding of plant physiology such that water is applied during 
critical growth stages that insure development of the fruit and withheld during 
non-critical growth stages. The non critical stages will vary depending on the 
fruit. 

In a three year study on May harvested plum, Johnson et al. (1994) found that 
water could be withheld from plums after the harvest was completed and not 
affect yield. The plums were irrigated at 100% ET until harvest after which the 
stress treatments were applied. One treatment (Tl) received 50% of the water 
applied to the control at the same frequency as the control, while the second 
treatment (T2) was subjected to cyclic stress that varied from year to year. The 
second treatment (T2) received the same amount of water as TI in a different 
sequence. The imposed irrigation treatments resulted in a savings of 300 mm of 
water over the season compared to the control without a loss in yield or quality. A 
total of 889 mm of water were applied to the control treatment so the stress 
treatments resulted in a 33% water savings. The study was done using a low 
volume irrigation system having 2 emitters per tree each with a discharge rate of 
19LIhr on a sandy loam soil with an underlying hard pan. 

Microirrigation 

One of the first suggestions for improving irrigation efficiency or water use 
efficiency is to change the irrigation system being used. If furrow or surface 
irrigation is being used, the recommendation will be to switch to either sprinkler 
or some fonn of micro irrigation (drip, microsprays, bubblers). This switch makes 
it possible to improve the distribution of water over the field and match the 
application rate to the infiltration rate. These systems are also capable of 
automated control enabling higher frequency irrigation and a better match of 
supply and demand. This reduces the plant stress and also deep percolation losses 
if properly operated. 

Studies done over a 6 year period in the San Joaquin Valley using both surface 
and subsurface drip demonstrate the effect of irrigation frequency, drip lateral 
location, and fertigation on yield and WVE. An overview of the materials and 
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methods used in the study are provided here, and the complete details of the 
studies can be found in Ayars, et al. (1999). 

A progression of water management and fertilization experiments was conducted 
at the University of California West Side Research and Extension Center using a 
subsurface drip irrigation system (SOl), a surface drip system (SO), and a 
weighing lysimeter. The cropping pattern was processing tomatoes in 1984, 1985, 
1987, and 1990, cantaloupe in 1986, cotton in 1988, and sweet corn in 1989. The 
design was a randomized block consisting of 3 treatments with 4 replications. 
This was modified in 1987 with the blocks being subdivided into two sub-plots. 
The initial installation was completed in 1984.The plots were 91 m long and 
contained 10 beds spaced 1.63 m from center to center. 

Filtration was by nested screen with 180 mesh being the finest. The headworks 
consisted of 3 sections each with a computer lysimeter feedback control backed 
up by a time clock, electric valve, water meter, pressure regulator, and pressure 
gage leading to a 7.6 em diameter polyvinyl chloride (PVC) mainline. At each 
plot a 2.5 em diameter PVC manifold was connected by a 5.1 cm diameter PVC 
riser assembly to the mainlines. The riser assembly and plot manifold were made 
portable for the surface microirrigation plots. The microirrigation laterals had in
line turbulent flow emitters with flow rates of 4 L h-1 spaced 0.91m apart along 
the lateral. The SOl laterals were in the center of the bed at a depth of 0.45 m. The 
surface laterals were installed after planting and removed before harvest each 
year. The soil is a Panoche clay loam (Typic Torriorthents). 

A large weighing lysimeter was used in feedback mode to schedule irrigation 
automatically in the SOl and SO treatments after 1 mm of crop ETc had measured 
by the lysimeter. An irrigation of 25 mm was applied to the low frequency SO 
after 25 mm of ETc was measured by the lysimeter. The lysimeter was irrigated 
using SOl and corresponded to the high frequency irrigation treatment. 

Irrigation frequency: In this study irrigation was initiated on the high frequency 
plots when approximately 1 mm of ET c had occurred resulting in up to 8 
irrigations a day. The low frequency was 25 mm applied approximately once 
every 3 days during the heat of the summer. In either case the soil water 
depletion was not nearly equal to that expected when furrow irrigating. The data 
in Table 1 are for a tomato crop that was fertilized solely with nitrogen at the 
recommended rates. There was higher evapotranspiration with the low frequency 
surface drip (LFSO) than with either of the high frequency treatments. The data in 
Table 1 show that there was not a statistical difference in the yields (Yr), but when 
crop water use was considered there was a statistical difference in the WUE with 
the high frequency surface drip irrigation (HFSD) having a larger WUE than the 
LFSD. 
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T bl 1 W a e . ater use e ffi' ed lClency r ·th dri . . . 1984 tomatoes grown WI Ip Imgatton In 

Irrigation Etc (mm) Yr(Mglha) WUE (kglmJ
) 

Treatment 
SDI 659 121aa 18a 

HFSD 650 126a 19a 
LFSD 690 114a 16b 

a Columns followed by the same letter are not slgmficantly dIfferent at the 95% 
confidence level, as determined by the Duncan test on separation of means. Yr 
yield of large red tomatoes, Etc crop evapotranspiration, WUE water use 
efficiency. 

High frequency automated control of the drip system was possible because of the 
weighing lysimeter which would not generally be available for commercial 
agriculture. However, there are new control technologies that enable automated 
control of irrigation systems with a frequency comparable to the low frequency 
irrigation in this study (Charlesworth, 2000; Clark and Phene, 1992; Phene et al., 
1992; Phene, 1996) A frequency of application that meets the crop water 
requirement once every one to three days will result in less plant stress than a 
system that applies water once every 2 weeks. This reduced stress will have a 
significant impact on yield in a water stress sensitive crop like tomato. 

Fertigation: The results in Table 1 demonstrate the potential effect of irrigation 
frequency and meeting the crop water requirement on a nearly daily basis. Similar 
studies were done in 1985 and 1987 using the same scheduling methodology with 
fertilization treatments. These data are summarized in Table 2. In 1985 
phosphorus (P) was added with the nitrogen, and in 1987 both P and potassium 
(K) were added with the nitrogen. 

Table 2. Yield of large red tomatoes and WUE for water and fertilization 
treatments in 1985 and 1987 

Irrigation 1985 (N+P) 1987 (N+P+K) 
treatments 

Etc Yr WUE Etc Yr WUE 
(mmt (Mgha-l ~gm-\ (mIl!) (Mg ha- I

) (kgm-3
) 

SDI 751 168aa 22a 708 220a 31a 
HFSD 741 152b 20b 695 20lb 29b 
LFSD 724 130c 18c 709 187c 26c 
a Column means followed by the same letters are not slgmficantly dIfferent at the 
95% confidence level, as determined by the Duncan test on separation of means. 
Yr yield of large red tomatoes, Etc crop evapotranspiration. WUE water use 
efficiency. 

The data in Table 2 show a significant difference in the WUE and yield as 
additional fertilizer components are added to the irrigation water supply. The 
difference in Etc will be in part due to seasonal variability in climate across years. 
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When the WUE is compared between treatments there is a steady increase as 
fertilizer is added. The SDI treatment is consistently the largest producer. The 
addition of phosphorous and potassium to the nitrogen in 1987 nearly doubled the 
yields from 1984 in the high frequency irrigation treatments with a nominal 
increase in the applied water. Similar responses were seen with cantaloupe and 
sweet corn. 

Irrigation scheduling 

Irrigation scheduling should be an important part of water management, but it is 
often given very little consideration. The basic concept is to determine when to 
irrigate and how much to irrigate. This can be done using a water balance 
technique that provides both answers. However, the actual crop water use needs to 
be calculated and the storage capacity of the soil needs to be known. Both of these 
can be determined. The advent of computer control of irrigation systems and the 
potential for feedback control of an irrigation system based on changes in 
measured soil water content has provided additional irrigation scheduling 
opportunities. In feedback control mode a threshold water content is set and the 
irrigation system applies a fixed water volume each time the threshold is met. 
This may result in a high frequency irrigation that matches the crop water use and 
minimizes deep percolation losses. 

Crop coefficient: One problem in the water balance method is the calculation of 
the crop water use. This is typically done by modifying the reference 
evapotranspiration (ET 0) by a crop coefficient (Kc). The ET 0 is available in many 
states from regional climate station networks. The Kc values are often difficult to 
find and are cumbersome to use, so there is a need to provide simplified methods 
to develop the coefficients and to update existing coefficients to reflect new 
varieties. In the past, the Kc has been developed using lysimeters to measure the 
crop water use as a function of plant age or development. As an alternative, 
Grattan et al. (1998) used the Bowen Ratio method to estimate crop water use and 
correlated it to canopy cover. This was done for a wide variety of vegetable crop 
grown in the Central Valley of California. Application of the technique only 
requires the grower to make a simple measurement of ground cover to estimate 
the crop coefficient. It has the advantage of incorporating climatic impact on plant 
development that might not be accounted for in a system that is simply time 
based. 

Shallow groundwater: One component of the water balance equation is the water 
loss or gain from the shallow ground water. When scheduling irrigation this term 
is routinely set to zero, which can lead to significant over irrigation in areas with 
shallow ground water. Including the shallow ground water contribution to the 
crop water use extends the irrigation interval and reduces the total irrigation 
demand. Ayars and Hutmacher (1994) developed crop coefficients for cotton that 
accounted for crop water use from shallow ground water as a function of ground 
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water quality and depth. Similar studies need to be done for other crops. In-situ 
use of ground water in the range of 15 to 60% of the crop water requirement has 
been documented for alfalfa, cotton, peaches, pears, string bean, sugar cane, com, 
and tomato. By managing this resource the WUE will also be improved because 
less water will be used for production. 

DRAINAGE WATER MANAGEMENT ALTERNATIVES 

Drainage water comes from two sources in irrigated agriculture: from surface 
runoff occurring naturally as part of surface irrigation, or from subsurface drains 
installed to control waterlogging. Surface drainage often contains silt, sediment, 
and a minimal amount of salt and chemicals adsorbed to the soil. It generally is 
suitable for reuse on an adjoining field after the sediment is removed. The 
subsurface drainage water will often contain salt and fertilizer. The concentration 
of salt will depend on the existing soil salinity levels and the depth of placement 
of the drains. In the past, subsurface drainage was discharged to surface water 
bodies without regard to the environmental consequences of this procedure. 
However, unregulated release of subsurface drainage and disposal of saline 
drainage water are major problems confronting irrigated agriculture. Several 
alternatives are being evaluated to solve this problem. Reuse of drainage water to 
supplement irrigation water supplies has been investigated (Ayars et aI, 1993; 
Rhoades et aI, 1989; Rhoades, 1989) and found to be a part of the solution. The 
suitability of this water for reuse depends on the crop salt tolerance, and the 
salinity of the water. Reuse of drainage water should be one of the last steps in 
the disposal process because of the potential negative impacts on the soil 
environment with the accumulation of salt and toxic elements. The first step 
should be reduction of the total drainage water volume (source control) which will 
minimize the volume of water requiring disposal. This was the recommendation 
of the San Joaquin Valley Drainage Program study (1990). This means that the 
irrigation efficiency should be improved to the maximum extent possible prior to 
implementing any drainage water reuse programs. 

In addition to improving irrigation efficiency, steps should be taken to actively 
manage the subsurface drainage system. This is a significant departure from 
current practice. In the past, drainage systems were designed to draw the water 
table down to at least 1.2 m below the soil surface at the mid-point between the 
drains and to run continuously. This can result in over-drainage of the soil 
(Doering et al. 1982) and significant load of salt being discharged. Christen and 
Ayars (2001) developed a set of best management practices for the design and 
operation of subsurface drainage systems. They recommended initially improving 
the irrigation system efficiency and then installing control structures on the outlet 
of the drainage system. These structures maintain the water level at a fixed depth 
below the ground surface, prevent excess drainage, and insure that water is 
available for in-situ use by crops. 
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Outlet controls: Controlling the water table at the outlet not only maintains the 
water table closer to the surface but it modifies the flow path to the drains. Wider 
drain spacings have deeper flow paths, and in areas where salt concentrations 
increase with depth more salt will be discharged to the surface. When controls are 
placed on these systems the flow path depth is reduced and less salt is discharged. 
In a study in Australia, Christen and Skehan (2001) demonstrated the impact of 
managing subsurface drainage on salt load. The study evaluated the salt discharge 
from an area with deep drains (2.1 m deep), deep drains with an outlet control, 
and shallow drains (0.9 m deep). The results are given in Table 3. 

Ta e . Sat oa om su sur ace amage systems. hI 3 lId fr b f: dr· 
Treatment Drainage Depth Average Salinity Salt Load (kglha) 

(mm/ha) (dS/m) 
Unmanaged deep 70 11 5867 
drains 
Managed deep 47 7-8 2978 
drains 
Shallow drains 15 1 - 3 319 

These data demonstrate how the electrical conductivity (EC) of the drainage water 
was reduced by managing the drains to create a water table depth of 1.2 m at the 
outlet. A further reduction in EC was achieved by using shallow drains. 
Controlling the drains also significantly reduced the total discharge as did using 
shallow drain placement. The combination of reduced flow and reduced EC 
resulted in significant reductions in salt load. Depending on the configuration of 
the drainage system, alternative designs can be developed to control individual 
laterals or parts of the entire system (Ayars, 1996). 

CONCLUSION 

There exists an extensive body of knowledge on how to manage on-farm 
irrigation and district operations and the challenge for the future is to implement 
this knowledge. The water management challenge in the 21 st century will be to 
shift from a technology based to an information intensive system (postel, 1999) 
that implements intensive management of irrigation systems. The goal will be to 
improve water use efficiency and get more crop for drop of water. This paper 
described alternatives for improved management of pressurized irrigation systems 
that will improve water use efficiency. The need for integrated management of 
irrigation and drainage was also discussed and areas for future research to 
improve water management in irrigated agriculture were also highlighted. There 
will be consequences on a watershed level associated with improved on-farm 
water management that will have to be considered. Less surface runoff and deep 
percolation from inefficient irrigation might affect the return flow to the river and 
impact the downstream water supply later in the irrigation season. There is no 
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simple answer as to the total water savings that will result from the 
implementation of any of these practices. 
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