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WP by increasing yield and/or reducing ET always results in net savings, 
thus reducing agricultural water requirements. This is a key point in 
assessing the opportunities for true water savings in horticultural crop 
cultivation and will be addressed in detail later in this paper.

Water productivity in irrigated agriculture varies widely and depends 
on many biophysical and management factors. Because variations in 
ET among crops are within an order of magnitude apart, by far the most 
important factor infl uencing WP is the economic value of the product. 
Horticultural products are usually high value and thus WP normally 
exceeds that of fi eld and row (agronomic) crops. For example, using 
current values for yield and ET characteristic of California agriculture, 
the WP of corn is about 0.20 $/m3, compared to 0.70 $/m3 for almond, 
5.00 $/m3 for strawberry, and even more for greenhouse and ornamental 
crops. An extreme example of this occurs with vegetable crops grown 
under plastic in southeast Spain during the off-season. The combination 
of high market prices and low ET leads to a WP of about 10 $/m3. While 
impressive, even this value cannot compete with that of industrial and 
urban uses. Nevertheless, it helps explain the trend of shifting irrigated 
acreage from low value fi eld and row crops to horticultural crops in 
many water-scarce areas of the US, a trend that will probably increase 
worldwide (National Research Council, 1996). Indeed, the WP of an 
irrigation district in Southern Spain increased over a four year period 
as the proportion of horticultural crops increased (I. Lorite, L. Mateos, 
and E. Fereres, unpublished data).

This paper describes the evolution of water use as related to pro-
ductivity with an emphasis on the U.S. experience, analyzes how ir-
rigation systems and management have evolved since the early 1900s, 
and explores the challenges and opportunities for water conservation 
in horticulture. Because of the broad scope of the subject and limited 
space, the paper focuses primarily on tree crops although many prin-
ciples are applicable to all horticultural crops.

HISTORICAL PERSPECTIVES

The history of irrigation parallels that of agriculture itself, as the 
early agricultural developments in the Fertile Crescent took place in an 
arid environment and, therefore, were inconceivable without irrigation. 
Janick (1979) reviewed graphically the history of irrigated horticulture 
until about the beginning of the 20th Century, when the ASHS was 
created. After 1900, irrigation development in the US accelerated as 
population growth triggered increased food production and this pattern 
was repeated on a worldwide basis for most of the 20th century (Howell, 
2001). During the last two decades of the century, the irrigated area 
in the US remained relatively stable at about 20M ha although there 
were regional variations and some expansion in the mid-1990s (Howell, 
2001). Currently, irrigated land represents 18% of all cropped lands but 
about 50% of all crop value (Howell, 2001). This high productivity of 
irrigated agriculture, coupled with shifting dietary patterns driven in 
part by the inclusion of fruits and vegetables as necessary components 
of a healthy diet, has led to the situation today where two thirds of 
the vegetables and three fourths of the fruit produced in the US are 
harvested from irrigated areas (Howell, 2001).

THE SEMI-ARID WESTERN U.S. Not surprisingly, irrigation development 
in the US began in the semi-arid southwest, where the very limited 
rainfall made irrigation essential for viable agricultural development. 
There is evidence of extensive irrigation works in the Salt River Val-
ley of Arizona and other arid areas that were constructed by Native 
Americans, including the Hohokam and Pueblo tribes (Jensen, 1982). 
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Because agriculture always has involved economic risks, mankind 
has long sought ways to minimize weather-related hazards that impact 
farming. Even in early civilizations, farmers noted that supplemental 
application of water to the land could minimize the effects of drought. 
The basic irrigation tenants have been understood at least since the time 
of the Sumerian civilization over 6000 years ago: one needed to get water 
on the land, hold it there as long as was needed, dispose of it when it was 
no longer required, and keep unwanted water away (Ryan and Pitman, 
1998). It took many centuries of irrigation, however, for humankind to 
realize that irrigation can have negative environmental consequences, 
primarily from the accumulation of salt, and that irrigation practices 
must be managed for salt control (Gardner, 1993; van Schilfgaarde et 
al., 1974). Such negative impacts coupled with indirect adverse societal 
effects due to diversion of agricultural water, now present a threat to 
the future of irrigation that must be handled adequately if irrigated 
horticulture is to be a sustainable management system. 

Irrigation uses 65% of all water diverted for various uses worldwide. 
The large amounts of water required for food production are primarily 
dictated by the linkage between biomass production and yield. Never-
theless, increased water demand for other uses in our society coupled 
with water scarcity is producing unprecedented pressure for reducing 
the share of freshwater used in irrigation. Until recently, society re-
sponded to increased demands for water by developing new supplies. 
That is no longer possible in many cases today as the economic and 
environmental costs of new water source developments exceed the 
perceived benefi ts. The alternative to new development is conservation 
of existing resources, for which a new conservation ethic is needed in 
all sectors of society. Agriculture, as the primary user of diverted water, 
is therefore under close scrutiny. High water demands and perceived 
wasteful practices make agriculture particularly vulnerable to criti-
cism. Water for agricultural use is the fi rst to be considered as a new 
source of supply for other uses, particularly in situations of scarcity. In 
fact, reallocation of water from agriculture to other sectors has already 
begun in many areas and is expected to increase in the future. At the 
same time that agriculture is being asked to give up water, the worldʼs 
increasing population demands that agriculture increase food produc-
tion. By 2020, the world will need 40% more grain (IFPRI, 1999) and 
also is shifting toward a greater consumption of fruits and vegetables. 
This confl ict will be resolved in the coming years only if we can meet 
the challenge of increasing crop yield per unit water consumed, par-
ticularly in irrigated horticulture, a sector where water has been used 
lavishly until recently.

WATER PRODUCTIVITY IN IRRIGATED HORTICULTURE

Water used in irrigation is consumed via evaporation from crop or 
soil surfaces and may also be lost to runoff and deep percolation. In 
many instances, such water losses may be recovered within the basin 
and reused, albeit with some degradation in quality. Water conserva-
tion aimed at increased irrigation effi ciency by changing the method 
of irrigation, for example, may not lead to net water savings if the 
losses conserved were recoverable (Seckler, 1996). Because of this 
uncertainty, water productivity (WP) is defi ned as the ratio of yield 
(measured as biological or economic output) to crop evapotranspiration 
(ET) (Seckler, 1996). Contrary to effi ciency improvements, improving 
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The Spanish brought irrigation to New Mexico in the 16th century and 
residents of their Missions in California also developed irrigated lands 
after the 17th century. Modern irrigation development took place during 
the 19th Century and by 1870, there were over 60,000 acres of irrigated 
horticultural crops in the plains around Los Angeles alone (Hundley, 
1992). Irrigation expanded signifi cantly in subsequent years and by 
the turn of the century, there were about 1.5 million acres of irrigated 
lands in California with nearly two-thirds devoted to horticultural crops 
(Hundley, 1992). This proportion would not be maintained in that state 
as time passed. Although California led the Western States in irrigation 
development in the early 1900s, the 1922 agreement on the use of Colo-
rado River water accelerated the growth rate of irrigation throughout 
the west. Shortly thereafter, a number of institutional developments, 
including the formation of organized irrigation districts, helped promote 
the growth of irrigation, such that Californiaʼs irrigated land expanded 
to 4.5 million acres by 1930, about 50% of todayʼs acreage (Hundley, 
1992). Thereafter, the expansion of irrigation development slowed 
until the end of World War II. At that time, the irrigated area in the 17 
western states totaled almost 20 million acres, which more than doubled 
in the next 30 years to 43 million acres (Jensen, 1982). Irrigation in 
the remainder of the US also expanded substantially after 1950, going 
from one to seven million acres in 1978 (Jensen, 1982). 

Of the several initiatives launched for conducting research in horticul-
tural irrigation in the west, the 1905 purchase by the State of California 
of a large land parcel near Davisville to be known as the University 
Farm would yield enormous returns over many decades ahead. A few 
years later, research on irrigation started on what soon became the Davis 
Campus of the University of California. The Department of Irrigation 
was established in 1936 with a faculty of 10 under the leadership of 
Frank Veihmeyer and initially focused on the irrigation of tree crops. 
This work continued for the next fi ve decades. The fi ndings of Veih-
meyer and co-workers not only provided practical recommendations for 
effi cient orchard irrigation for Californiaʼs orchardists but also gener-
ated a new set of principles for quantitative irrigation management that 
subsequently guided irrigators around the world. Veihmeyer devised 
the water budget method of irrigation scheduling based on defi ning 
upper and lower limits of soil water storage that he considered readily 
available to plants. The water budget was then applied to minimize the 
number of irrigation applications (and associated labor costs) by allow-
ing the crop to deplete most of the stored soil water between irrigations. 
Characteristic of his research program was his interest in carrying out 
long-term experiments (Veihmeyer, 1927, 1972). This unusual feature 
is highly exceptional in todayʼs agricultural research. Reports of 20 
to 25 years of research results were not uncommon then (Veihmeyer, 
1972). An early Veihmeyer fi nding was that orchards were irrigated too 
early in the season in the Santa Clara Valley despite high water costs. 
He cited one case in the 1920s where water was purchased for 103 
$/acft; an infl ation-adjusted price that would be unaffordable for any 
type of forming today. Additionally, Veihmeyer found that orchardists 
were applying water too early in spring, thus not making effi cient use 
of winter rainfall (Veihmeyer, 1927).

Veihmeyerʼs fi ndings were strongly infl uenced by the nature of 
the soils with which he worked—high soil water storage capacity and 
virtually unlimited depth. He noted and others have verifi ed that tree 
crops can extract 300 to 400 mm of water from those types of soils 
without developing signifi cant tree water stress (Fereres and Goldhamer, 
1990; Veihmeyer, 1927, 1972). Veihmeyer used hand soil sampling to 
calculate consumptive use rates of orchard crops and, together with 
A.H. Hendrickson, a colleague from the Pomology Department at 
University of California, Davis, developed guidelines for irrigation 
management for most California tree crops (e.g., Hendrickson and 
Veihmeyer, 1951).

Veihmeyer in later studies demonstrated that it was possible to delay 
an irrigation until the major part of the root zone (usually above 1.8 
m) was depleted to the permanent wilting point without a yield loss. 
His previous work had shown that signifi cant water extraction could 
occur to a soil depth of 3.6 m (Veihmeyer, 1927). In retrospect, that 
level of water supply must have been suffi cient under the horticultural 
conditions that existed during those times, including widely spaced 
trees, to avoid negative impacts on yield with infrequent irrigations that 
resulted in very dry soil in the bulk of the root zone. Veihmeyer based 

his belief on the fact that more frequent irrigation failed to improve 
yields (Veihmeyer, 1972).

Following the pioneering work of Veihmeyer and Hendrickson, 
irrigation experiments conducted in less than ideal soils and/or with 
crops more sensitive than fruit trees to water defi cits gave results less 
favorable to infrequent irrigation, challenging the views of these inno-
vators. A controversy about the availability of soil water subsequently 
developed and lasted for decades (Uriu and Magness, 1967) until the 
dynamics of water in the soil-plant atmosphere system were understood 
more completely. The fact that Veihmeyerʼs views on soil water avail-
ability were eventually proven incorrect in many situations should not 
detract in the least from his contributions, both applied and theoretical, 
in the area of horticultural water management.

THE HUMID SOUTHEAST. Several states in the humid southeastern US 
have rainfall greater than 1200 mm/year. Through the 1960s, while it 
was obvious that irrigation was essential for crop production in the arid 
western US, it was assumed that irrigation was not an economically 
viable practice in the humid southeast. After all, citrus and many other 
crops were grown successfully in Florida without irrigation. If annual 
rainfall matched or exceeded seasonal ET, why would irrigation be 
needed? In the 1950s, Savage (1953) reported that citrus irrigation 
was not economical in Florida. Later work by Koo (1963) and others 
showed that irrigation increased yield suffi ciently to make it worth the 
investment. Why the change in opinion? The major reasons that irriga-
tion can be advantageous in areas of the humid southeast include soil 
types, rainfall variability, and changes in irrigation technology. From 
the Carolinas through Georgia and Florida, the coastal plain has large 
areas of sandy soils with low water holding capacity. Water content at 
fi eld capacity for some Florida citrus ridge soils can be as low as 6%, 
and available water can be as low as 0.049 cm3·cm–3. Such soils do not 
have the buffering capacity needed to cope with short dry spells and 
irrigation becomes necessary to improve yield. The large variability in 
annual rainfall in parts of the southeast is another factor. Koo (1963) 
noted that rainfall ranged from 836 to 1758 mm in two successive 
years. Recently, several El Niño events have caused record December 
rainfalls in Florida. This is normally a dry month. Periodic droughts 
have also occurred recently in the southeast. Along with reducing crop 
yield, these droughts have led to forest fi res with consequent environ-
mental damage. In addition to the annual variability, rainfall can be 
quite localized in space and time and does not necessarily come when 
needed. In some parts of the southeast, rainfall patterns produce very 
distinct dry and wet periods, as in Florida, where over 60% of the rain 
falls between June and September. Flowering and fruit set are critical 
periods for citrus and many other crops, and they occur during Floridaʼs 
dry season. Inadequate rainfall or irrigation during these periods can 
signifi cantly reduce yields.

When Savage (1953) concluded that irrigation was not economi-
cally viable, the predominant irrigation methods were fl ood (in coastal, 
fl atwoods groves) and overhead sprinkler, portable perforated pipe, and 
volume gun. During dry periods, sprinklers were usually operated every 
10 to 14 days, and growers often would delay the start of irrigation for 
several days, hoping that rain would eliminate that need. Hence, irrigation 
was not always applied on a timely basis. Water stress developed and fruit 
yield decreased. By increasing irrigation frequency, Koo (1963) showed 
that irrigation could be economical in citrus, even in years with above 
average rainfall. By keeping soil moisture above one-third depletion 
of available water from January through June and two-thirds depletion 
for the rest of the year, he increased yields over nonirrigated controls. 
This does not imply that Savage (1953) was incorrect in his analysis. 
At that time, growers did not know how to manage their high-volume 
systems or could not afford the labor costs of frequent irrigation needed 
to improve yield. It was only after permanent systems, particularly 
microirrigation, became available that it was possible to expand the 
area devoted to irrigated horticulture in the southeast. For example, 
microsprinkler irrigation was introduced into Florida from South Africa 
in the early 1970s. When these systems were shown to provide some 
frost protection for citrus (Parsons et al., 1982), microsprinklers were 
installed on thousands of hectares of Florida citrus. Florida became one 
of the most rapidly expanding microirrigation markets in the United 
States during the 1980s when a series of fi ve devastating freezes hit 
the state. Now the majority of Florida citrus acreage is irrigated with 
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microsprinklers because of the dual advantage of high-frequency ir-
rigation plus frost protection. Smajstrla et al. (1995) estimated that in 
1994, about 20% of the total U.S. microirrigated area was in Florida 
fruit crops (primarily citrus).

PROCESSES IN IRRIGATION MANAGEMENT OF 
HORTICULTURAL CROPS

Three questions must be answered by those who irrigate: 1) how 
much water to apply, 2) when to apply it, and 3) how to apply it. Good 
management uses quantitative approaches to provide answers to these 
questions and over the years, a myriad of methods and techniques have 
been developed for this purpose. This is also an indication that irriga-
tion management is a complex subject, not always well understood 
by farmers and the public alike, and subject to variable, site-specifi c 
conditions.

CONSUMPTIVE USE REQUIREMENTS. Theoretical and empirical research 
on evaporation from cropped surfaces has generated many approaches 
to compute ET, which is the basic input for determining how much 
water to apply. Standard procedures for calculating ET were developed 
successfully by Dorenboos and Pruitt (1974) but recently have been 
modifi ed by Allen et al. (1998) and by the ASCE (Walter et al., 2000). 
All methods are based on calculating a reference ET that is multiplied 
by an empirically determined crop coeffi cient (Kc) that incorporates 
specifi c features of each crop. At present, there are good estimates of 
Kc values for most horticultural crops, even though most of the Kc 
research has been conducted on the major fi eld crops (Allen et al., 
1998). One exception is the lack of suffi cient information on orchard 
water requirements for young trees. A relationship between ET and 
ground shaded area, developed for young almond trees (Fereres and 
Goldhamer, 1990) has been used successfully for other deciduous and 
evergreen fruit trees to adjust mature orchard ET to that of a developing 
tree canopy. Despite their empiricism, the accuracy of ET estimates is 
suffi cient for most management applications, although there are more 
mechanistic models based on the theory of evaporation (Monteith, 1965) 
that will be applied in the future as information on their parameteriza-
tion becomes available. 

Water defi cits can reduce crop transpiration (T) either by affecting 
vegetative growth, thus reducing canopy size, or by closing stomata, 
thus reducing canopy conductance. Because of the linearity between 
radiation interception and biomass production, reducing T by develop-
ing smaller canopies normally decreases WP and should be avoided in 
intensive horticulture (Hsiao, 2000). The other option, regulation of 
canopy T via stomata closure, presents some interesting and exploitable 
differences among horticultural crops (see section Towards Reducing 
Irrigation Needs in Horticulture). It is well known that T is controlled 
by stomata, but a distinction must be made between the impact of 
stomatal behavior on T at the leaf or individual plant levels versus 
at the crop canopy level. Transpiration from canopies is regulated by 
the aerodynamic and canopy conductances, and the extent to which 
T is infl uenced by changes in stomatal conductance depends on the 
relative magnitude of the two. Tall, rough canopies such as those of 
orchards, have aerodynamic conductances that are much greater than 
those of the short, smooth canopies of fi eld and vegetable crops. Tree 
canopies are considered to be well coupled to the atmosphere and 
exchange CO2 and H2O effectively with its environment, while short 
canopies, particularly under low wind, are poorly coupled and offer 
much more resistance to mass transfer (Jarvis and McNaughton, 1986). 
Under poor coupling (smooth crop and/or low wind speed), stomatal 
closure increases crop temperature, which in turn, increases the vapor 
pressure gradient between the leaf and the atmosphere, increasing 
T. In this case, stomatal control is not effective in controlling T and 
large reductions in its magnitude (that also affects photosynthesis 
substantially) are needed to decrease canopy T. To the contrary, in 
well-coupled orchards, effective heat transfer from leaves prevents a 
large difference between canopy and air temperature and there is nearly 
a linear relation between transpiration and canopy conductance. For 
instance, working with olive trees with a 3-m height and around 50% 
groundcover, Villalobos et al. (2000) found a relative sensitivity of 
T to changes in canopy conductance of about 0.9 during most of the 
daytime. Thus, a given reduction in stomatal conductance will reduce 

olive T by almost the same magnitude. By contrast, similar measure-
ments over garlic at full cover showed a sensitivity of T to reduction in 
stomatal conductance below 0.3, meaning that the relative decrease in 
T will be less than 30% the reduction in conductance (F.J. Villalobos, 
L. Testi, R. Rizalli, and F. Orgaz, unpublished data). Thus, itʼs clear 
that stomatal closure will have a variable impact on T depending on 
features of the crop canopy and its environment. The extensive body 
of research on stomatal responses to water stress carried out at the leaf 
and individual plant levels has largely ignored this fact. This example 
highlights the risks of investing in crop molecular biology research 
without devoting enough attention to the relevant mechanisms that 
govern crop behavior in the fi eld. 

IRRIGATION METHODS. Surface irrigation is the most common method 
of applying water to the land. There are a number of surface irrigation 
techniques used in horticulture but they all have a fundamental limita-
tion; the depth of water applied is determined by the infi ltration rate of 
the soil. With surface irrigation, better engineering designs, manage-
ment, and land preparation (e.g., laser leveling), new techniques are 
now used to control the application depth and to distribute the water 
as uniformly as possible across the fi eld. However, itʼs not possible 
to overcome the inherent variability in soil water intake rates and, 
therefore, the variability in infi ltrated water within a fi eld. Surface ir-
rigation can be effi cient in uniform soils of moderate to low infi ltration 
rate but ineffi cient in heterogeneous and/or light-textured soils. The 
invention of impact sprinkler irrigation in the 1940s took the control 
of the distribution of infi ltrated water away from the soil and gave it to 
the manager. It was then possible to apply any required depth to areas 
where land leveling was not feasible and, although the initial sprinkler 
systems had even more labor requirements than surface systems, pres-
ent mechanized and solid set systems require little labor. The uniform 
distribution of sprinkler-applied water is affected by wind which also 
leads to increased spray evaporation and drift losses in arid climates. 
Moreover, sprinkler irrigation can be problematic in orchards due to 
canopy interception of the spray patterns resulting in poor distribution 
uniformity.

Both horticulturists and the general public associate drip or trickle 
irrigation with effi cient water application. Drip irrigation consists of 
a permanent system of plastic pipes that uses emitters to localize the 
water placement near individual plants using high frequency appli-
cation and low discharge rates. Drip irrigation development started 
after World War II and was in use in greenhouses in the U.S. in the 
1950s. When S. Blass developed the fi rst commercial drip system for 
agricultural crops in Kibbutz Hatzerim, Israel, in the early 1960s, little 
did he know that he was going to change the landscape of irrigated 
horticulture in more than one sense. Engineering developments preceded 
scientifi c advancement in drip irrigation as the fi rst research reports on 
this method appeared several years after it was commercially avail-
able (e.g., Goldberg et al., 1971). Subsequent research showed that in 
addition to improved uniformity of water distribution, drip irrigation 
could increase fertilizer use effi ciency by using direct injection, allow 
better fi eld access for equipment, reduce humidity-associated fungal 
diseases, and decrease the extensiveness of weeds. On the other hand, 
weed control in the frequently wetted zones proved diffi cult due to the 
accelerated breakdown of herbicides (Fereres and Goldhamer,1990). 
Microsprinklers, an off-shoot of drip technology wet a larger surface 
area with various pattern shapes, and operate on a frequency between 
drip and conventional impact sprinklers. In addition to providing some 
frost protection, their advantages over drip include fewer emission de-
vices required per fi eld, the development of larger plant root volumes 
which would presumably enhance tree anchorage and the mining of 
soil nutrients, and better soil aeration and weed control in the wetted 
zones. It is also easier to detect if microsprinklers are clogged.

Operational and management advantages of sprinklers and microir-
rigation (drip and microsprinkler) systems have led to a large shift in 
the US from surface irrigation to these pressurized methods. Howell 
(2001) reported that between 1979 and 1994, the surface irrigated area 
in the U.S. declined from two-thirds to one-half of the total irrigated 
land and particularly noted that the use of microirrigation grew very 
rapidly during this period with an annual growth rate of over 400%. 
This amounted to one million ha in 2000 or 5% of the total irrigated 
area. Within the US, California has the greatest area in microirrigation 
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but several other states, including Florida, Georgia, Hawaii, Michigan, 
and Texas, have substantial acreage located in humid areas. Irrigation 
hardware that now exists is more than suffi cient to offer horticulture 
a vast range of options for effi cient and uniform water application, so 
much so that economic and social considerations mostly determine the 
fi nal choice of method and equipment.

IRRIGATION SCHEDULING. With surface and portable sprinkler irriga-
tion techniques, each irrigation required,labor to be mobilized and thus, 
a primary management objective was to irrigate as infrequently, as pos-
sible. Other sprinkler and microirrigation methods make the frequency 
issue irrelevant and the primary concern is to match applications to 
crop requirements. While most irrigators take intuitive or qualitative 
approaches to scheduling, this subject has been extensively researched 
in horticulture and many quantitative procedures have been proposed 
based on the water budget, soil, and plant indicators. The water budget 
method is probably the most widely used scheduling technique. With 
surface irrigation, the approach is to compute the available soil water 
storage and a threshold for allowable depletion. Then, rainfall and ir-
rigation inputs adjusted for application effi ciency are balanced against 
crop ET, runoff, and percolation outputs. The increased availability of 
local and regional ET data, and the expansion of microirrigation, where 
water budget information is most easily implemented, has encouraged 
growers to adopt the water budget technique. Additionally, computer 
models pioneered by Marvin Jensen (Jensen et al., 1970), who has pro-
moted scientifi c irrigation scheduling in the U.S. for the last 3 decades, 
also have contributed to the success of this technique.

Monitoring soil moisture is another scheduling procedure that has 
been used in horticulture since the fi rst grower scrutinized a hand full 
of semi-moist soil. The fi rst instrument used to quantify soil water 
status was the tensiometer, developed by L.A. Richards (Richards and 
Neal, 1936). Historically, the chief limitation of tensiometers was their 
relatively narrow working range of soil water potential, which made 
their use with surface irrigation methods problematic due to the wide 
range of soil water contents between irrigation. Thus, they were best 
used in managing irrigation in shallow and/or sandy soils. The expan-
sion of microinigation, where soil moisture is maintained at relatively 
high levels well within the range of tensiometers has helped these tried 
and true instruments make, something of a comeback in irrigation 
management. Rather than assess soil water potential, neutron probes 
measured moisture content and thus could be used to assess amounts 
of water required to refi ll soil profi les. However, the continued decline 
of surface irrigation, where this information is most applicable, and 
increased regulatory requirements for radioactive materials, currently 
dampens enthusiasm for this monitoring technique.

The last decade has seen renewed efforts in developing a new 
generation of soil moisture sensors based on certain electrical proper-
ties, such as resistance, capacitance, and time domain refl ectometry. 
New features include continuous monitoring and trend evaluation with 
appropriate software. All of these new sensors require very careful in-
stallation due to their very small measurement domain. One important 
limitation of soil moisture monitoring is the diffi culty in coping with 
the spatial variability of soil water properties and of irrigation water 
distribution. Another is being able to successfully relate the soil-based 
data to plant performance.

Even though optimizing the plant biomass or fruit production is 
the goal of irrigation, the plant is rarely the primary focus in irrigation 
scheduling techniques. Although a variety of methods exist to evaluate 
plant water status directly or indirectly, there are few proposals to use 
such measurements for irrigation scheduling in horticulture (Goldhamer 
and Fereres, 2001; Peretz et al., 1984; Shackel et al., 1997). Canopy 
temperature as measured by infrared thermometry (Jackson et al., 1977), 
an indirect measurement technique used in agronomic crops, failed with 
tree crops most likely due to the previously mentioned coupling between 
tree canopies and the atmosphere that minimizes leaf temperature in-
creases with water stress. Using directly measured plant water status 
in irrigation management is hampered by the diffi culty of relating the 
measurements to timing and amount of irrigation. At present, improved 
knowledge of plant responses to water combined with recent advances 
in monitoring equipment and sensors is generating renewed interest in 
this scheduling approach for fruit tree irrigation.

The established parameter for quantifying plant water status is water 

potential (ψ; Hsiao, 1990). Shackel et al. (1997) proposed using stem 
ψ, which is measured on a covered leaf, making it less coupled to the 
aerial environment and less variable than leaf ψ measurements that are 
infl uenced by stomatal behavior and leaf shade history. Naor (2000) 
found that stem ψ was a better indicator of water stress than predawn 
or midday leaf ψ. Another water status indicator is based on daily stem 
diameter fl uctuations that are directly related to changes in plant water 
status (Klepper et al., 1971). Recent advances in sensor technology 
allow for the continuous monitoring of stem or fruit diameter (Huguet 
et al., 1992). Commercial adoption of these indicators for scheduling 
requires knowledge of how the measurements impact crop yield, an 
issue complicated by the fact that species and processes differ in their 
sensitivity to water stress. Nevertheless, there are some promising 
commercial plant-based scheduling approaches for fruit tree irriga-
tion, such as that proposed by Lampinen et al. (2001) for using stem 
ψ in prunes. These protocols, which are normalized for evaporative 
demand, already have been adopted by a number of prune growers in 
California. Drawbacks of the method are that it is diffi cult to conduct 
frequent manual stem ψ monitoring and that the measurement cannot 
currently be automated. At the time, the only currently available plant-
based water status monitoring device that can continuously record data 
and potentially be incorporated into a system controller for automated 
irrigation is the trunk diameter sensor. Ebel et al. (1995) proposed the 
use of fruit growth for irrigation scheduling in apple and Goldhamer 
and Fereres (2001) presented protocols based on trunk diameter mea-
surements to schedule orchard irrigations.

TOWARDS REDUCING IRRIGATION NEEDS IN 
HORTICULTURE

As populations grow, there is little doubt that in the near future some 
water currently used by agriculture will be diverted to competing sectors 
of society. This begs an answer to the question of what opportunities exist 
for agricultural water conservation. For horticultural crops in intensively 
irrigated areas such as California and Florida where use of drip and 
microsprinkler irrigation is now widespread, application effi ciencies 
in well designed, maintained, and managed systems are already high. 
The two components required in the water budget approach for irriga-
tion scheduling—Kc and ET—have been established with decades of 
research. Opportunities for improving their accuracy are limited but the 
effectiveness of this and soil-based methods of irrigation scheduling 
can be improved with additional grower education efforts.

REDUCING SURFACE EVAPORATION. One obvious approach to reduc-
ing ET is to reduce or eliminate E since it has no direct impact on 
crop production as does T. There is a perception that microirrigation 
reduces E signifi cantly over that of other irrigation methods. In veg-
etable crops, the potential E savings by shifting to drip are probably 
negligible, as evaluated in a lysimeter study, where the ET of drip and 
furrow-irrigated tomatoes was equal (Pruitt et al., 1984). In tree crops, 
however, E savings in the fi rst years of the orchard are substantial when 
a surface system is changed to microirrigation (Fereres et al., 1982). 
Within the last two decades, drip emitters have been developed that 
combat root intrusion, the single most troublesome factor in the de-
velopment of subsurface drip irrigation systems. The seasonal savings 
possible in permanent crops by eliminating E depend on plant size and 
conventional surface system placement. The E losses from mature and 
young drip-irrigated olive orchards were evaluated by Bonachela et 
al. (2001) who found that E represented about 8% of an orchard with 
a 36% canopy cover, or 38 mm of evaporation. Therefore, the savings 
by going from surface to subsurface drip in mature orchards must be 
small. The overall conclusion is that the potential reduction in E by 
changing the irrigation method to microirrigation or to subsurface from 
surface drip is important only for permanent crops in their fi rst few 
years. For the other sectors of irrigated horticulture, such E reduction 
will have little impact on the ET demand. 

DEFICIT IRRIGATION AND STRESS MANAGEMENT. Short of reducing 
farmed acreage or shifting to lower water use winter crops from summer 
crops, the most direct way to reduce the water demands of effi cient, 
modern-day agricultural operations is to reduce the actual consumptive 
use of the plants. Defi cit irrigation is the application of water below 
the ET rate and can be performed in several fashions. Progressive or 
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sustained defi cit irrigation is the systematic application of water at a 
constant fraction of potential ET throughout the season. Regulated 
defi cit irrigation (RDI) is performed by imposing water defi cits only at 
certain crop developmental stages (Chalmers et al., 1981). It should be 
understood that, depending on the stored soil water levels and on the 
rainfall patterns and amounts, defi cit irrigation may or may not reduce 
ET below its maximum potential. 

We believe that the potential for water savings of defi cit irrigation 
in orchard crops has been relatively unexplored so far. This is due to 
the aforementioned fact that defi cit irrigation in most fi eld and row 
crops—the oldest and most researched crop plants—normally reduces 
yield and therefore, profi t in direct proportion to the magnitude of the 
ET defi cit. The prospects for reducing ET in many vegetable crops are 
also limited because most of the relationships between yield and ET are 
linear. However, the nature of tree crop production, where fruit rather 
than biomass is the marketable product and fruit quality (appearance, 
size, taste, etc.) is important, offers the potential to use defi cit irriga-
tion to reduce water use while maintaining or even improving grower 
profi t without changes in cropping acreage and/or cropping patterns. 
Moreover, the higher WP of horticultural crops likely will attract water 
currently used in low-value fi eld crops, increasing the acreage where 
defi cit irrigation can be effectively used to save water by reducing T.

The goal of the initial RDI work in the 1970s in Australia and New 
Zealand was to reduce vegetative growth and thus, summer pruning, 
in excessively vigorous, late maturing peach trees. Associated water 
savings were of secondary importance. The researchers were successful 
in maintaining or even increasing yield (larger fruit size) when they 
stressed the trees only at stages of slow fruit growth and saved 
about 25% of potential ET (Mitchell et al., 1989). Researchers 
in Spain and California tried to reproduce these results under 
different conditions and failed (Girona et al., 1993, 2002; 
Goldhamer et al., 2002). This illustrates the specifi city of RDI 
results and how transferability requires making adjustments 
to variety, soil type and evaporative demand.

One common feature of many defi cit irrigation regimes is 
the improvement in fruit quality, as reported long ago by Uriu 
and Magness (1967). Proebsting carried out many experiments 
that clearly demonstrated that mild water defi cits enhanced 
the quality of apples (Proebsting et al., 1984). It is unfortunate 
that such quality improvements are not always recognized 
by markets, although the situation may be changing. Fruit 
production has normally two yield components--fruit size and 
load. Often, there is a direct relationship between fruit produc-
tion and ET for fruit trees, similar to those found with fi eld 
crops. Working with mature navel orange trees, Goldhamer 
and Salinas (2000) found that fruit yield and applied water 
correlated linearly but with a slope above the 1:1 relationship 
(Fig. 1a). On the other hand, the relationship between gross 
revenue ($US/ha) and water applied was completely differ-
ent (Fig. 1b). Many of the RDI regimes, especially those that 
imposed water stress early in the season, had higher gross 
revenue than the control while applying 100 to 200 mm less 
water. This was due to signifi cantly lower peel creasing, a 
disorder that reduces fruit value. 

Other than fruit appearance, horticultural crops often 
possess other unique yield components that can be exploited 
to reduce T without reducing grower profi t. An example is 
fruit hydration in prune orchards. Goldhamer et al. (1994) 
and Lampinen et al. (2001) showed that in the 6 to 8 weeks 
before harvest, water stress can reduce fruit hydration without 
affecting dry fruit weight or subsequent fruit load. Additionally, 
energy and 200 to 250 mm of water are saved, since prunes 
must be dried in ovens. Another example where unique fruit 
development patterns can be exploited with RDI is in pistachio 
nuts. Rapid kernel hull and shell growth occurs in the fi rst 
3 to 4 weeks of the season but rapid kernel growth does not 
begin until about week 10. Thus, RDI (100 to 200 mm of water 
less than potential ET) can be imposed between these two 
periods without negative impacts on production (Goldhamer 
and Beede, 1992). In olive, Moriana et al. (2003) showed that 
the relation between ET and yield is curvilinear. That meant 

that WP is not constant, varying from 9 kg·ha–1·mm–1 at maximum ET 
up to 22 kg·ha–1·mm–1 when ET was about 60% of maximum. Thus, 
optimum olive ET is determined by water costs and olive prices and 
will normally be less than maximum ET. Defi cit irrigation after harvest 
may be another way of conserving water in some species. Larson et al. 
(1988) demonstrated with early harvest peach trees that reducing the 
number of postharvest surface irrigations by more than half did not 
negatively affect subsequent orchard production. 

As the knowledge base of exploiting water stress in horticultural 
crops for benefi cial uses is quite limited, a distinction often must be 
made between current and potential positive effects of RDI. An example 
of this can be found in almond trees. Goldhamer and Viveros (2000) 
showed that mild stress imposed with a sustained defi cit irrigation 
(SDI) regime (applied water at 85% of ET) hardly affected production. 
However, a potentially more signifi cant fi nding involved RDI regimes 
that imposed moderate to severe preharvest (April–July) stress. These 
strategies reduced canopy size and individual kernel weight but had 
no infl uence on fruit load. In other words, the smaller, more compact 
RDI trees had higher fruiting density than fully irrigated trees. Thus, 
an increase in planting density under RDI could increase yields com-
pared with fully irrigated orchards at a standard density. Moreover, 
this type of RDI would address two critical health issues facing the 
industry–agricultural burning and dust during harvest. The former 
would be reduced or eliminated due to much lower vegetative growth 
and pruning residues. The latter would be eliminated since earlier hull 
splitting (Goldhamer and Fereres, unpublished data) would allow nuts 
to dry on the trees and be harvested directly into bins or carriers, rather 

Fig. 1. Relationships between (a) gross yield, and (b) gross revenue for numerous regulated 
defi cit irrigation (RDI) regimes in mature navel orange (frost nucellar) trees grown 
under high evaporative demand. Adapted from Goldhamer and Salinas, 2000.
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than drying and being harvested on the ground, which is the current 
practice that produces dust during the sweeping and nut retrieval op-
erations. Ant damage and soil-borne bacteria infection would also be 
eliminated by using this RDI-driven technique. 

Wine grape is another crop where stress management has improved 
fruit quality. Indeed, it was illegal to irrigate wine grapes until recently 
in some countries, such as Spain, simply because of the perceived 
negative impact on wine quality. Water defi cits reduce berry size at 
harvest and thus increase the ratio of skin to pulp, leading to more 
favorable color and fl avor. The yield reduction produced by RDI is 
refl ected in smaller and fewer berries per cluster and fewer clusters 
per vine. However, enologists usually contend that this is more than 
offset by the improved wine quality. Recently, the benefi cial aspects 
of partial root zone drying (PRD)—a technique where the defi cits are 
applied by alternating irrigation on each side of the tree or vine about 
every 2 weeks—on wine grape production have garnered considerable 
interest as a technique that applies RDI to improve wine quality while 
reducing T ( Stoll et al., 2000). The hypothesis behind this approach 
is that hormonal signals from the dry part of the roots alter partition-
ing and reduce vegetative growth allowing for better light penetration 
that improves fruit quality. It is unknown if the same effects could be 
obtained with another RDI regime that would apply the same amount 
of water without placing it on alternate sides, since there are no pub-
lished results that have reported on such a comparison in wine grapes. 
Nevertheless, work by Goldhamer et al. (2002) on peach and by Caspari 
et al. (2002) on apple comparing RDI regimes applied conventionally 
and via PRD reported no differences in yield and quality parameters 
between placement methods and therefore do not support the positive 
claims of PRD proponents for those two species. 

In the future, the reduction of crop water requirements in horticul-
ture must be based on a systematic assessment of the benefi ts of stress 
management. There is an urgent need to invest in research needed to 
document the benefi ts of stress in terms of 1) improved fruit quality, 2) 
reduced consumptive use or irrigation requirements, and 3) improved 
grower profi ts. Without demonstrated benefi ts, stress management 
strategies will not be adopted by most growers. 

INCREASING SUPPLIES: THE USE OF RECLAIMED WATER. An indirect benefi t 
of defi cit irrigation is the more effi cient use of rainfall, as the partial soil 
water depletion allows for capturing rain within the crop root zone, thus 
reducing drainage losses. The current advances in weather forecasting 
can assist in the development of fl exible defi cit irrigation strategies that 
would leave some storage capacity for the anticipated rainfall. Future 
irrigation schedules should be designed to make the most effi cient use 
of seasonal rainfall as a means of increasing available supply. An alter-
native source of supply is reclaimed water. Reclaimed water is treated 
wastewater that is recycled and used again. In the past, urban wastewater 
disposal commonly had been handled by treating the wastewater and 
then disposing of it in the most convenient manner. Usually, this meant 
discharging the water into a nearby river or lake, spraying it onto a 
fi eld, or loading it into a percolation pond. Disposal was the primary 
consideration since the amount of wastewater continued to increase as an 
unavoidable consequence of population growth. As wastewater volume 
increased, concerns were raised about the effects on discharge sites. This 
led to consideration of alternate uses such as irrigation. While the idea of 
converting wastewater to reclaimed water for irrigation was not a new 
one, using reclaimed water for irrigation was a relatively small-scale 
activity in many parts of the U.S. before 1980. 

Florida citrus growers initially rejected the use of reclaimed water 
because of concerns about possible heavy metal contamination, potential 
pathogen problems, fl ooding, and lack of fl exibility in water applica-
tion during periods of high rainfall. Growers also raised concerns over 
public perceptions and feared that there might be a degradation of fruit 
quality from trees irrigated with reclaimed water. The fears proved to 
be unfounded, and citrus did very well even at excessively high (2500 
mm/year) irrigation rates with reclaimed water (Parsons et al., 2001). 
Reclaimed water is now used on about 80,000 ha of public access 
areas, golf courses, and agricultural crops in Florida (Florida DEP, 
2002). Several severe droughts increased interest in use of reclaimed 
water, and Florida now leads the nation in total reuse fl ow, followed 
by California, Texas, and Arizona, all four states representing more 
than 90% of the water reuse in the U.S. Reclaimed water has become a 

reliable water source for irrigation and its use will continue to increase 
in the future.

CONCLUSIONS

Improvements in irrigation system application uniformity, and 
scheduling management have occurred steadily over the past century, 
resulting in higher water productivity, especially for horticultural crops. 
Decreasing water availability, higher costs, and heightened environ-
mental concerns of agricultural water diversions are issues that growers 
will not be able to ignore in the future. Solutions will not be easy and 
likely will be multifaceted. Certainly, waste water reuse on selected 
agricultural crops will expand. However, we believe that opportunities 
to improve application effi ciency and develop new agricultural water 
supplies increasingly will be limited in the future. Greater prospects 
exist for the development of more precise irrigation scheduling ap-
proaches that use soil and more explicitly, crop water status as triggers 
for irrigation water application. This will require better water status 
monitoring techniques, including robust and affordable sensors that 
can be linked to automated system controllers. In the future, regulated 
defi cit irrigation use should become more prevalent, especially in high 
water cost areas and with high value crops. Adoption of RDI will be 
driven by grower awareness that they can save signifi cant amounts of 
water while managing water stress to improve certain yield compo-
nents in a number of important tree crops and vines. On a wider scale, 
improved availability of increasingly more accurate ET information 
will encourage adoption of scientifi c irrigation scheduling where plant 
stress is not desirable. As research continues to supply new information 
and technologies, the often adversarial relationships between urban, 
agricultural, and environmental interests in the water resources area, 
likely will be replaced by a more cooperative atmosphere created 
around fi rm scientifi c facts. 
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