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SUMMARY. Irrigation is a vital component of the world agriculture. It is practiced
worldwide on �270 million hectares and it consents to produce 40% of our total
food. Agricultural water consumption accounts for 70% of total freshwater use. The
competition for this precious resource is increasing tremendously. Therefore, it is
becoming critically important to optimize agricultural water use efficiency (WUE)
defined as the ratio of crop yield over the applied water. This requires a shift from
maximizing productivity per unit of land area to maximizing productivity per unit
of water consumed. To maximize WUE it is necessary to conserve water and to
promote maximal crop growth. The former requires minimizing losses through
runoff, seepage, evaporation, and transpiration by weeds. The latter objective may
be accomplished by planting high-yielding crops/cultivars well adapted to local soil
and climatic conditions. Optimizing growing conditions by proper timing of
planting and harvesting, tillage, fertilization, and pest control also contribute to
improve crop growth. Most of these techniques refer to proven technology, whose
implementation and/or fine-tuning in current farming systems may tremendously
improve water management efficiency. In this paper, after discussing the importance
of irrigation in agriculture, we will introduce basic concepts that define crop WUE
and will finally review the means to improve irrigation efficiency in field vegetable
crop production.

Importance of irrigation in
agriculture

Irrigated agriculture extends over
270 million hectares (Morison et al.,
2008). Although it represents only 17%
of the world cultivated area, it provides
40% to 45% of the world food and fiber
supply (Evans and Sadler, 2008). Irri-
gated areas are increasing at a very slow
rate (1.3% per year) compared with the
years 1960–80 (2.6% to 3.0%) (Postel,
1999). Nevertheless, irrigated agricul-
ture is the major consumer of available
fresh water worldwide and its con-
sumption is estimated at �70% of the
existing freshwater supplies (Evans and
Sadler, 2008). In addition, there is a
general perception that agriculture

water use is often wasteful and highly
inefficient (Hsiao et al., 2007).

Water used by crops in semiarid
environments is only a relative small
percentage of the available water. It has
been estimated that rain fed crops use
15% to 30% of rainfall (Wallace, 2000),
whereas irrigated crops use only 13% to
18% of the available water in similar
environments (Wallace and Gregory,
2002). Even lower values (5% of total
available water) were reported for
western Africa by Rockström and
Falkenmark (2000). The competing
uses for water (domestic, industrial, and

environmental) and the increasing de-
mand for food due to a rapidly grow-
ing world population require an urgent
improvement of productivity per unit
of water consumed in agriculture
(Food and Agriculture Organization
of the United Nations, 2002). This can
be accomplished by both advancing
our understanding of the physiology
and molecular basis of plant WUE and
implementing current knowledge to
improve WUE in agricultural produc-
tions. In the following sections, after
addressing the concept of WUE in the
context of agricultural systems, we
discuss strategies to improve irrigation
efficiency in vegetable crop produc-
tion. We refer to recently published
literature for in-depth analyses on the
physiology and molecular biology of
WUE (Hsiao et al., 2007; Yoo et al.,
2009).

Efficiency in the context of
agricultural irrigation

Efficiency has been defined as the
ability to produce the desired effect
with the minimum effort, expenses,
and waste (Jensen, 2007). It is mea-
sured as the ratio between the energy
expended (input) and the work done
(output). Several authors have debated
the applicability of this general concept
to agricultural WUE since crop pro-
duction involves multiple and interact-
ing factors that cannot be described by
a simple input/output system. In ad-
dition, the amount of water that is not
used by the plant (via transpiration)
cannot necessarily be considered as
wasted (Jensen, 2007). In semiarid
environments, for instance, soil salinity
has to be controlled by soil leaching,
and the quantity of water required to
flush soil salts below the root zone
should also be taken into account for

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

0.4047 acre(s) ha 2.4711
1 cbar kPa 1
0.3048 ft m 3.2808
0.0929 ft2 M2 10.7639
0.0283 ft3 M3 35.3147
0.0700 ft3/acre m3�ha–1 14.2913
2.54 inch(es) cm 0.3937

25.4 inch(es) mm 0.0394
1.1209 lb/acre kg�ha–1 0.8922

16.0185 lb/ft3 kg�m–3 0.0624
0.001 ppm mg�g–1 1000
1 ppm mg�g–1 1
2.2417 ton/acre Mg�ha–1 0.4461
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sustainable irrigated agriculture (Jensen,
2007). Moreover, efficient use of water
in agriculture is a complex subject
that involves a broad range of disci-
plines, including plant physiology,
agronomy, and engineering. In this
respect, efficiency means transpiration
efficiency to physiologists, irrigation
efficiencytoagronomists,andwaterap-
plication efficiency to engineers (Hsiao
et al., 2007). Also, the units used to
measure efficiency are not always easy
to compare. For example, physiolo-
gists refer, at leaf-plant scale, to micro-
grams or milligrams of carbon dioxide
(CO2) absorbed per grams of tran-
spired water with a time scale of sec-
onds; agronomists refer to WUE in
terms of kilograms of biomass pro-
duced (or harvested yield) per cubic
meter of water applied with a time
scale of days, growth stage, or growth
season. At farm level, the water appli-
cation efficiency is measured in cubic
meters of applied water per cubic meter
of water used and the time span is
usually the growth season or one year
(Sinclair et al., 1984). Different def-
initions, dimensions, and time scales
have not contributed to define a unified
concept for WUE and, more impor-
tantly, a common strategy to improve
it (Hsiao et al., 2007). In this article we
will refer to what agronomists often
call ‘‘on-farm application efficiency’’ or
‘‘field application efficiency,’’ defined
as the fraction of the water volume
that is consumed by a crop relative to
the amount of applied water. We will
mainly refer to vegetable crops, which
use a minor share of the total water used
for crop irrigation [in Italy 7% (Istituto
Nazionale di Economia Agraria, 2007)].
Generally, vegetables are crops with
higher economic value and productiv-
ity per unit of applied water compared
with field crops. In commercial veg-
etable productions, irrigation is crucial
to achieve high economic returns,
in terms of both yield and product
quality. That is why farmers tend to
overirrigate vegetable crops and, con-
sequently, to reduce irrigation effi-
ciency. It must be stressed that, at farm
level, water is not only used to fulfil
crop evapotranspiration (ET) require-
ments but also for other purposes, in-
cluding the distribution of fertilizers
and/or pesticides and postharvest
washing. All these variables define po-
tential water use inefficiency niches
that will be discussed in the following
sections.

Crop WUE
At plant level, the ratio of plant

biomass over the evapotranspired wa-
ter is used to define WUE and is
considered a measure of plant’s effi-
ciency in using water. At crop level,
WUE is calculated as the transforma-
tion efficiency of water, through the
cultivation system into yield, accord-
ing to the formula:

water use efficiency =
yield

W
=

biomass

E + T + losses

3 HI ;

where, W is the global amount of
water available (natural rainfall and
irrigation), T = transpiration, E =
evaporation, losses = amount of water
lost at any level of the process, HI =
harvest index. As it is difficult to
separate E and T components, they
are usually included in the term ET.

Water use efficiency can be im-
proved by modifying both terms of the
ratio. Agronomic techniques aimed
at reducing water losses (at irrigation,
field or plant levels) and effectively
conveying water to the root zone will
increase WUE. Similarly any agro-
nomic practice that will increase crop
yield will ultimately enhance WUE.
Other criteria to improve WUE may
involve controlling physiological pro-
cesses that affect plant transpiration and
yield. In this respect, our understand-
ing of abscisic acid (ABA) mechanism
of perception and signaling has greatly
advanced. This will likely open new
avenues for developing commercial
products that modulate/control ABA
action to improve plants WUE (Weiner
et al., 2010). It has been recently dem-
onstrated that overexpression of NCED,
a key gene in ABA biosynthesis, may
cause stomatal closure and reduce
transpiration without affecting CO2

assimilation and biomass accumula-
tion (Thompson et al., 2007).

At plant and leaf levels, WUE can
be expressed as the ratio between the
CO2 fixed by photosynthesis and wa-
ter lost through transpiration. Leaf
transpiration, which is driven by the
vapor pressure difference between in-
side and outside the leaf, encounters
stomatal, cuticular, and boundary
layer resistances. The transpiration rate
increases linearly with stomatal con-
ductance (gS) as net CO2 assimilation
does, but the latter saturates at high gS

due to enzymatic (rubisco) limitation.
It is possible to improve WUE by

reducing stomatal density and stoma-
tal aperture, cuticular transpiration,
and boundary layer conductance, the
latter being related to leaf surface size
and shape, roughness and presence of
trichoma (Yoo et al., 2009).

Variable WUEs among crop spe-
cies are mainly associated to different
carboxylation pathways (Ludlow and
Muchow, 1990). For instance, the
three groups of plants (C3, C4, and
crassulacean acid metabolism) have
increasing transpiration efficiency
(WUE), with C4 species commonly
having twice the WUE of C3 species
(i.e., the majority of vegetable crops).
Genetic variation among genotypes
within the same plant species has been
documented, suggesting that WUE is
under genetic control (Yoo et al.,
2009).

Breeding efforts over the past 50
years have been successful at produc-
ing new, high yield cultivars, but yield
increases have also resulted in higher
crop water consumption. Growth and
yield are generally linearly related to the
amount of water transpired by a crop
throughout the growing season (Bassil
and Kaffka, 2002). A simple analysis
of the data available in the literature
(Hutmacher et al., 1990; Smittle et al.,
1990, 1994) reveals that marketable
yield of vegetable crops such as snap-
bean (Phaseolus vulgaris) and carrot
(Daucus carota) increases linearly with
increasing irrigation, regardless of edi-
ble organ or year (Fig. 1). There are at
least three possible explanations for the
linear relationship between yield and
crop water consumption: 1) CO2 and
water vapor share a common diffusive
pathway at the leaf surface; conse-
quently, stomata must be open and
water transpired in order for crops to
assimilate carbon from air surrounding
leaves; 2) both water loss and photo-
synthesis are driven by absorption of
light (Amthor, 1999); or 3) transpira-
tion significantly cools leaves and
canopies, which alleviates high temper-
ature stress (Lu et al., 1998). In other
words, the same adaptation traits that
favor fast growth in crop plants (e.g.,
leaves with large surface areas, short
diffusive pathways from the leaf interior
to the atmosphere, and high gS) also
favor water loss.

As general rule, WUE can be
enhanced through an appropriate
choice of crop/cultivars and imple-
mentation of strategies that identify
the best match between crop type
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and time of cultivation for a specific
environment. These practices include
selecting the most suitable and adapted

species/cultivar for specific pedocli-
matic conditions, and optimizing the
timing for planting/harvesting (Fig. 2).

To increase WUE at farm level, the
objective should be maximizing the
cultivated area during periods of low
environmental demand for ET and/or
period when rainfall has a greater
likelihood of occurrence, which may
both have beneficial effects on WUE
(Hatfield et al., 2001; Hsiao et al.,
2007). This can be obtained by shift-
ing planting dates in the field or con-
sidering protected cultivation strategies
that would consent to control climatic
variables and decrease crop ET (Baille,
2001).

Over the years, crop WUE has
increased mostly because of higher
harvest index and improved efficiency
of irrigation methods rather than in-
creased biomass production per unit
of water consumed (Passioura, 2006).
During the past 40 years of tomato
(Solanum lycopersicum) cultivation in
California, ET rates have remained
relatively steady at an average of 650
mm, but yields have increased more
than 50% (Hanson and May, 2006).

In irrigated vegetables produc-
tion, it is important to reduce water
loss through evaporation from the soil
uncovered by vegetation. This can be
accomplished by achieving a rapid and
uniform soil coverage through trans-
planting rather than direct sowing
(Leskovar et al., 2001) and choice of
optimal density and planting geometry
(Hsiao et al., 2007). In tomato, de-
creasing the row spacing from 0.7 to
0.5 m and 0.35 m increased fruit
yield when drip irrigation was used
(Yohannes and Tadesse, 1998). Sim-
ilarly, closer row spacing and higher
densities in combination with a re-
duced irrigation regime provided the
highest WUE and economic yield in
lima beans [Phaseolus lunatus (Sirait
et al., 1994)].

The benefit of mulch in the pro-
duction of vegetable crops is well
established. Plastic mulches are used
to increase soil temperature, control
weeds, and consequently improve crop
yields. Plastic mulches reduce nutrient
leaching, and stabilize soil moisture
(Zajicek and Heilman, 1991), which
in turn may enhance rapid and uniform
crop soil coverage and increase yield.
The light reflected from the surface
of plastic mulch can improve the
growth of tomato (Decoteau et al.,
1989) and bell pepper [Capsicum
annuum (Decoteau et al., 1990;
Roberts and Anderson, 1994)]. Al-
though plastic mulching may require

Fig. 2. Water use efficiency of bell pepper with respect to growing season (spring and
fall), soil type [loamy sand soil (80.4% sand, 9% silt, 7% clay, and 3.6% organic
matter) and sand soil (92.1% sand, 2.0% silt, 4.1% clay, and 1.8% organic matter)],
and irrigation regime (irrigation at soil water tensions of 225, 250, or 275 kPa)
(adapted from Smittle et al., 1994); 1 kg�m23 = 0.0624 lb/ft3, 1 kPa = 1 cbar.

Fig. 1. Linear regression between yield and applied water for (A) snapbean and (B)
carrot (Daucus carota) (adapted from Smittle et al., 1990; Hutmacher et al., 1990,
respectively); 1 m3�ha21 = 14.2913 ft3/acre, 1 Mg�ha21 = 0.4461 ton/acre.
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specialized labor and equipment for
fertilization and water management,
drip systems and fertigation may in-
crease yields of mulched vegetable
crops (Roberts and Anderson, 1994).
Weed control measures significantly
contribute to increase crop WUE by
reducing competition for nutrients
and moisture in the root zone and
for light aboveground (Putnam,
1990). Nelson and Thoreson (1981)
reported that weed emergence within
a potato (Solanum tuberosum) crop
(58–311 weeds/m2) may reduce tuber
yield up to 54% with negative effects
on WUE.

Increasing soil nutrient status has
been demonstrated to have a positive
effect on WUE. For vegetable crops,
fertigation is often recommended
(Hartz and Hochmuth, 1996; Hatfield
et al., 2001). Results obtained in
lysimeters with potato and tomato
(Dalla Costa and Giovanardi, 2000)
grown at increasing nitrogen (N) fer-
tilization rate (0, 100, 200 kg�ha–1 N)
under three irrigation regimes (70%,
100% of full ET and irrigated with
120% ET) confirmed an increase of
WUE with the highest N rate (200
kg�ha–1 N) and adequate water avail-
ability (100% of full ET). A limited
water shortage (70% of full ET) is in
some cases beneficial, especially if
applied in coincidence with the less
sensitive stages (i.e., during tuber bulk-
ing) (Dalla Costa and Giovanardi,
2000). Partial fulfilment of ET re-
quirements is termed deficit irrigation
and it is an important tool to increase
WUE. Deficit irrigation implies a
gradual increase in crop water stress,
obtained by a uniform reduction of
the amount of applied water (Fereres
and Soriano, 2007). This practice is
based on a prior knowledge of crop
responses to water deficit and is in-
creasingly used on fruit crops (Evans
and Sadler, 2008). Specific techniques
that impose partial water deficit have
been developed in recent years. These
include regulated deficit irrigation and
controlled alternate partial root zone
irrigation or partial root zone drying,
which have been proposed to improve
field and fruit crop WUE (Kang and
Zhang, 2004).

Excessive irrigation [irrigation
with 120% of full ET (ET120)] re-
sulted in lower WUE due to deep
percolation and leaching, whereas N
distribution with fertigation proved
to increase WUE (Fig. 3).

Irrigation efficiency
The competition for freshwater

often implies that water for irrigation
is not always available in the required
quantity and/or quality (Food and
Agriculture Organization of the United
Nations, 2002). Therefore, farmers
often have to manage irrigation un-
der moderate or severe water shortage.
Allocation of limited water supplies
is central to irrigation management
decisions, whether at the field, farm,
irrigation-district or river-basin level.
Key issues for irrigation water man-
agement are: 1) how much water is
needed to satisfy crops demand, 2)

when irrigation is needed, and 3) how
to supply water to the crop (i.e., choice
of the irrigation method). The first
question has been exhaustively studied
in classical experiments aimed at de-
fining yield response curves to increas-
ing applied water. These responses are
generally described by an asymptotic
curve (Fig. 4). A substantial amount of
data on water requirements is available
for major field vegetable crops (Allen
et al., 1998; Brouwer and Heibloem,
1986; Tognoni et al., 2002).

According to the general re-
sponse curve displayed in Fig. 4, three
different objectives can be achieved: 1)

Fig. 3. Effects of different quantities of nitrogen (N) and water applied on water use
efficiency of tomato and potato: 0N, 100N, and 200N = 0, 100, and 200 kg�ha21 N,
respectively; ET70 = water shortage with 70% cumulative evapotranspiration (ET);
ET100 = adequate water availability with 100% cumulative ET; ET120 = over-
irrigated with 120% cumulative ET. Mean values ± SE (adapted from Dalla Costa and
Giovanardi, 2000); 1 kg�ha21 = 0.8922 lb/acre, 1 kg�m23 = 0.0624 lb/ft3.

Fig. 4. General dose–response curves of crop yield to irrigation. For high marginal
productivity crops such as maize, 70% of the potential maximum yield is obtained
with seasonal water supply corresponding to 45% of the full evapotranspiration
(ET) requirements; whereas for low marginal productivity crops such as tomato and
snapbean, the same yield value is obtained with irrigation volumes varying between
70% and 90% of the full ET (adapted from De Pascale et al., 2006).
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maximizing the crop yield (i.e., maxi-
mizing the crop productivity per unit
of land area) by replenishing the full
crop ET requirements, 2) maximizing
the crop WUE (i.e., maximizing the
crop productivity per unit of water
consumed), and 3) maximizing the
farmer’s economic returns (i.e., maxi-
mizing the economic value of the crop
yield per unit of land area).

With regard to vegetable crops,
generally, yield decreases significantly
in the absence of sufficient water to
fully replenish ET. In addition, the
negative effects of limited irrigation
water on the quality of vegetable crops
further contribute to a substantial
reduction of the marketable yield.
Vegetable crops are more sensitive
(e.g., snapbean) or less sensitive (e.g.,
tomato) to suboptimal irrigation with
slight differences among cultivars
(Allen et al., 1998).

For crops with high marginal
productivity of applied water, such as
maize (Zea mays), 70% of the maxi-
mum yield is obtained with seasonal
water supply corresponding to 45% of
the full ET requirements, whereas for
low marginal water productivity crops
(tomato and snapbean) the same yield
value is obtained with irrigation vol-
umes varying between 70% and 90% of
the full ET (Fig. 4). In long-term field
experiments, Oster et al. (1986) have
found irrigation efficiencies exceeding
70% for most crops, but lowest values
were found for lettuce (Lactuca sat-
iva) and cantaloupe (Cucumis melo).
Deficit irrigation strategies would
require an accurate assessment of
growth stage-specific stress tolerances
for vegetable crops (Upchurch et al.,
2005) and optimal water management
supported by advanced irrigation sys-
tems; i.e., able to promptly cope with
crop water requirements at sensitive
phenological stages (Evans and Sadler,
2008). However, in semiarid environ-
ments, the fulfilment of leaching re-
quirements significantly limits the
possibility of applying deficit irrigation
criteria and reduces the WUE in irri-
gated vegetable production (Fig. 5).

The proper time for irrigation
respect to plant water requirements
can be defined based on the following
general criteria: 1) estimation of the
soil moisture (e.g., visual appreciation
of the ‘‘soil dryness’’ and/or use of ten-
siometers, soil moisture sensors, and
neutron meters), 2) evaluation of plant
water stress (e.g., visual appreciation of

incipient wilting; measurements of gS,
leaf water potential, and leaf tempera-
ture via infrared thermometry), and
3) assessment based on micrometeo-
rological parameters (e.g., measure-
ments of ET using evaporimeters and
atmometers or estimates using math-
ematical models). Computer software
has been developed to continuously
monitor micrometeorological param-
eters for prediction purposes and
species-specific irrigation schedules
(Pardossi et al., 2009). These systems
are sufficiently accurate and can be
linked to specific support services for
growers and complete automation
(Pardossi et al., 2009). Irrigation pro-
gramming can greatly improve WUE.
The adoption of methods to control
the level of plant water stress (using
soil tensiometers or other soil water
sensors or calculation of water bal-
ance) can reduce the amount of water

applied to the crop up to 53% (Muňoz-
Carpena et al., 2008; Tognoni et al.,
2002). However, comparative analyses
among different strategies are limited
(Table 1). Regarding the choice of the
irrigation method (Fig. 6), average
irrigation efficiencies can vary from
25% to 50% for furrow irrigation sys-
tems, from 50% to 70% for the sprin-
kler systems, from 80% to 90% for the
trickle (or drip) irrigation. If the
amount of water is limited, sprinkler
and drip methods can increase the
irrigated area by 20% to 30% and 30%
to 40%, respectively compared with
furrow irrigation (Tognoni et al., 2002).
In addition, irrigation water manage-
ment with high flow turnouts and level
basin irrigation systems can increase
the efficiency of surface irrigation. Low
energy precision application and spray
irrigation also improve irrigation effi-
ciency (Schneider and Howell, 1999).

Fig. 5. Water use efficiency of cabbage as affected by the salinity of the irrigation
water. The experimental treatments were a nonsalinized control and irrigation with
saline water containing 0.5% or 1% of sodium chloride (adapted from Maggio et al.,
2005); 1 m3�ha21 = 14.2913 ft3/acre, 1 kg�m23 = 0.0624 lb/ft3.

Table 1. Relative efficiency and reduction of the irrigation volume for different
irrigation scheduling strategies compared with the fix interval and volume
approach (adapted from Barbieri and Pascale, 2010).

Strategy

Relative
efficiency

(%)

Reduction of
irrigation volume

(%)

Fix interval and volume 100 0
Plant phenology 115 13
Microclimate (historical data) 130 23
Soil moisture (tensiometers) 140 29
Soil moisture (Bouyoucos blocks) 150 33
Microclimate (collected data) 160 38
Combined (water balance) 170 41
Plant water status (pressure chamber) 175 43
Combined (estimated evapotranspiration

and tensiometers)
215 53
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Drip irrigation is very common
in greenhouse horticulture. Higher
yields, improved WUE, and higher
produce quality have been reported
for drip irrigation systems compared
with other irrigation methods for
different vegetable crops, including
potato (Unlu et al., 2006), cucumber
[Cucumis sativus (Yuan et al., 2006)],
bell pepper (Sezen et al., 2006),
okra [Abelmoschus esculentus (Tiwari
et al., 1998)], cabbage [Brassica
oleracea Capitata group (Tiwari et al.,
2003)], eggplant [Solanum melongena
(Aujla et al., 2006)], and watermelon
[Citrullus lanatus (Srinivas et al.,
1989)].

Some advantages of drip irriga-
tion include improved water and nu-
trient management, improved saline
water management, potential for im-
proved yields and crop quality, and
greater control of applied water result-
ing in less water and nutrient loss
through deep percolation.

Use of subsurface drip irrigation
has progressed from being a novelty
used only in experimental fields to an
accepted method of irrigation for
both tree and vegetable crops (Lamm
and Camp, 2007). Subsurface drip
irrigation on lettuce (Thompson and
Doerge, 1995), tomato, sweet corn
(Z. mays), and cantaloupe (Ayars et al.,
1999) has significantly increased yield
and WUE in all these crops. Subsur-
face drip irrigation may increase WUE
in semiarid environment under saline
conditions by increasing yield (Ayars
et al., 1999). However, the choice of
the proper irrigation technology is
highly site-specific, reflecting regional
(field characteristics and climate),
technical (water supply and crop char-
acteristics), and market (crop prices,
energy cost, labor supply) factors
(Wichelns, 2007). Subsurface drip ir-
rigation can potentially provide a more
stable soil water and nutrient environ-
ment for optimal crop growth, and
also be effective for salinity manage-
ment, soil water redistribution, and
application of agrochemicals (Lamm
and Camp, 2007). Farmers producing
high-value crops in arid and semiarid
regions have a greater likelihood of
benefiting from adopting drip irriga-
tion and subsurface drip irrigation
than farmers producing low-value
crops in humid and subhumid climates
(Wichelns, 2007). Alternate furrow
irrigation is another technique that
appears promising (Kang et al., 2000).

In many circumstances, the effec-
tiveness of improved irrigation practices
may be enhanced when implemented
in combination with other farming
practices such as nutrient management.
Aujla et al. (2006) have demonstrated
on eggplant that determining the exact
quantity of water to be delivered
through drip irrigation at different
levels of nitrogen (N) is essential for
optimizing water and nitrogen use
efficiency while achieving highest yield
(Fig. 7).

Drip irrigation, for instance, al-
lows growers to deliver supplemental
fertilizers to mulched crops enhancing
yield and produce quality (Tiwari
et al., 1998, 2003).

Emerging precision irrigation
technologies supported by wireless
sensor networks could enable growers
to apply water and agrochemicals
more precisely and site specifically to
synchronize irrigation with crop water
demand (Evans and Sadler, 2008).

Conclusions
With agriculture striving to in-

crease crop yield while relying on a
critical resource that is gradually di-
minishing, the need to increase WUE
becomes progressively more crucial.
Little success has been obtained so far
through genetic approaches to modify
complex traits such as transpiration
efficiency. This is partly due to our

Fig. 6. Water use efficiency of ‘Caravelle’ cantaloupe as affected by the irrigation
method (mean values of 4 years). Irrigation efficiencies of three irrigation systems
(furrow, sprinkler, and drip irrigation) were compared (adapted from Leskovar
et al., 2001); 1 cm = 0.3937 inch, 1 kg�m23 = 0.0624 lb/ft3.

Fig. 7. Effects of different quantities of nitrogen (N) and water applied through
drip and furrow irrigation on fruit yield and water use efficiency of eggplant: N90,
N120, N150, and N180 = 90, 120, 150, and 180 kg�ha21 N, respectively; D100,
D75, and D50 = drip irrigation to 100%, 75%, and 50% cumulative pan evaporation,
respectively; FI = furrow irrigation, AFI = alternate furrow irrigation (adapted from
Aujla et al., 2006); 1 kg�ha21 = 0.8922 lb/acre, 1 kg�m23 = 0.0624 lb/ft3.
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limited understanding of the molecu-
lar basis and physiological mechanisms
regulating WUE in stressed and non-
stressed plants.

Targeted agronomic practices such
as the choice of appropriate crop/culti-
var for a specific environment as well as
planting and harvesting times, adequate
plant nutrition, soil management, and
weed control can significantly contrib-
ute to improve WUE.

There are various irrigation tech-
niques to enhance the efficiency of the
applied water to the crop. Improving
irrigation techniques can directly af-
fect WUE by increasing the yield per
unit of water applied and reducing
the amount of water loss (i.e., increas-
ing the amount of water used by the
crop per unit of water applied). Major
improvements could be obtained
through management and innovative
design of integrated water delivery
and application schemes. Innovative
decision support systems integrated
by sensor networks to monitor soil
and plant water status will help
farmers to efficiently allocate limited
water resources.
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