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Regions
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Abstract The major focus of present day agriculture has to be on increasing the efficiency
of water use to achieve sustained production from finite water resources. Water use efficiency ,
(WUE) as assessed by various disciplines has been explained, but is discussed mainly from
agronomic point of view. Various empirical models on water use developed to explain the
relationship of total dry matter production or marketable yield with evapotranspiration and
transpiration have been reviewed. The importance of increasing WUE by manipulation of
management practices such as fertilizers, plant population and row width, weed control,
rain-water harvesting and conservation, tillage, irrigation methods, and improving plant char-
acteristics has been, emphasized. The role of mulches, antitranspirants and reflectants in
reducing evapotranspiration to achieve higher WUE has also been evaluated. Management
factors influencing crop water use have been assessed from the point of view of constraints
and practicability in the field. The upper limit of WUE that 'should be targeted for optimum
utilization of resources has been highlighted.

Key words Water use models, water use efficiency, evapotranspiration, grain crops, manage-
ment practices, arid regi~n, semi-arid region '

Man has, been concerned to some degree
with the efficient use of water in the production
of crops for centuries. However, analyses of the
relationship between crop production and water
use were recorded since 1699 only, when Wood-
ward carried out his water culture studies relating
the total dry matter production to transpiration
of water. At that time the world housed roughly
one seventh of its present population' and the
question of WUE was only a matter of scientific
curiosity. Today, agriculture, faced with increas-
ing competition for water and' an increasing
demand for its products, must become more effi-
cient in its use of water. Thus, the understanding
of crop yield - water relationships is a critical
need for proper planning and operation of irri-
gation programmes.

Water Use Efficiency Defined

The term water use efficiencyhas been defined
in various ways .by hydrologists, physiologists
and agronomists depending upon the emphasis
that one wishes to place on certain aspects of
the problem. As Sinclair et al. (1984) pointed
out, this term "has been used interchangeably

to refer to observations ranging from gas exchange
by individual leaves for a few minutes to grain
yield response to irrigation treatments through
an entire season." Water use efficiency (WUE)
in gerr~fers to the amount of plant material
produced pe~~it of water used, and therefore,
can be written as: '

Biomass accumulationWUE = ----=---:..:..:..;'-'-'-'-"--"---'--""--"--- (1)
Water used to produce biomass

Both the numerator and denominator can
be expressed in several ways. The numerator
may be expressed as (a) carbon dioxide assim-
ilation, (b) grain yield, (c) or total crop biomass
(usually shoot biomass is recorded ignoring
biomass of the root system). The denominator
may be expressed as (a) transpiration (T), (b)
Evapotranspiration (ET) or (c) total water input
to the system. The time scale for defining the
WUE may also .range from a few seconds to
crop season.

As stated earlier, WUE can,' be' looked at
from many levels. At leaf or plant level the WUE
can be expressed as milligrams of C02 per gram
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de J.Vtt's Model

n (3)
IS a constant, gave a better des-

yrr =

yrr = mrr max (2)
where, y = total dry matter mass per

area
T = total transpiration per area

during growth to harvest
Tmax = mean daily water evaporation

for the same period

where 'n'
cription.

de Wit (1958) showed that for dry, high radia-
tion climates, yield and transpiration were related
as :

de Wit used either pan data or Penman (1948)
combination formula to estimate Tmax. The con-
stant 'm' is related to the WR/pan used by Kies-
selbach and by Briggs & Shantz (11m - WR/ pan),
but as de Wit showed, it is preferable for yield
and water use analvsis. de Wit showed that 'm'
was gO\'l:rm:d mai~ly by species and was inde-
pendcnt or soil nutrition and water availability
unless nutrition was seriously limited or soil water
was too high. He proposed that this relation
should hold until T approached a maximum
production governed by growing conditions. For
humid regions where water was not limiting, fluc-
tuations in intercepted radiation, although
reflected in transpiration and growth, would not
affect appreciably the ratio Trr max. For these
conditions he found that :

The WUE can either be based on the ET
(ET efficiency) or on the crop transpiration (T
efficiency). The difference is important since
suppression of soil evaporation and prevention
of weed transpiration can improve the ET effi-
ciency, however, it need not improve the T ef-
ficiency, which is a measure of crop performance.
The WUE n' ay also be based on the total dry
matter production or the marketable yield. Dif-
ferent yield-water use relationships have been
obtained by many workers using these parameters.

Water Use Models

The economist views WUE as the increase
in economic return for the investment in water.
The economic view of efficient water use is most
easily recognized in irrigated agriculture of arid
regions where water is scarce. Costs of water
are mi~ed by improving irrigation techniques,
reducing 5X?il evaporation, increasing water
recovery by the crop, etc. The return on the
investment in water is maximized by the selection
of the crop.

The terms "evapotranspiration" (ET) and
water use (WU) are generally considered to be
identical, but in fact, term ET implies a loss
of water which should be reduced to the lowest
possible level in order to increase WUE. The
term WU implies the beneficial utilization of
water for economic yield.

Another way that WUE can be defined is
by calculating increase from irrigation (irrigated
crop yield minus dryland crop yield) per unit
of irrigation water. In this context, both limited
irrigation and conjunctive use of rainfall and irri-
gation can contribute to major improvements in
WUE.

In this review emphasis is given on agronomic
view of yield obtained per unit of water use.

of water or even as moles of C02 per mole
of water (Fischer & Turner 1978). In such studies
water used as transpiration alone is considered,
and hence, the term transpiration efficiency is
usually used in place of WUE. Transpiration
can be measured in container studies. However,
it is virtually impossible to make independent
measurements of evaporation and transpiration
under field conditions, therefore, WUE based
on field data deal with the relationships of yield
to total ET. The term WUE is most often used
in this sense. 'For agronomic purposes it is often
useful in water-limited environments to compare
the WUEs of crops on the basis of grain yield
or economic yield per unit of growing season
rainfall (Turner 1986). For example, Bolton (1981)
expressed WUE in relation to the rainfall within
a fallow - barley crop rotation of two years dura-
tion.

170



WUE IN ARID AND SEMI-ARID REGIONS 171

Bicrllllizcn and Slatycr Model

The value of'm' in Eq.(2) can be approximated
with Eq.(4) from WUE and mean daily pan
evaporation (Epan):

Arkely (1963) opined that de Wit required
two formulae because he used pan evaporation
to normalise climate differences. Arkely proposed
the relation :

yrr = x/(I-RH)= xe*/(e* - e) (5)
where, 'x' is a constant

RH is the mean fractional relative
humidity

'e' IS the vapour pressure and
e* IS the saturation vapour pressure

at mean temperature Tanner & Sinclair (1983) using mechanistic
arguments suggested that 'k'is a very stable term
in cropping systems. The theoretical equation
arrived at for ET efficiency was

yield below a Ymax are in proportion to decre-
ments of ET below a corresponding ET max.

Stewart developed weightings to account for
marketable yield rather than total dry matter
and to account for differences in sensitivity to
water deficits at different stages of crop develop-
ment. When ET is used rather than transpiration,
reliable correlations will depend on evaporation
being either small or a relatively CClllstant fraction
of ET. With annual row crops in humid regions,
soil evaporation (E), which depends strongly on
precipitation patterns, is highly variable until leaf
area index is about 2.5 to 3. This correlation
between yield and ET for annual crops in humid
regions would be poorer than with transpiration
and would be better in semi-arid and arid regions.

Tanner and Sinclair Model

(4)m = yrr Epan

Arkely's model

Bierhuizen & Slatyer (1965) used the descrip-
tion for net photosynthesis (NL) and transpiration
of leaf (TL) to obtain leaf water use efficiency:

Assuming that Le rlL r' remain relatively con-
stant except under drought, and that on a field
basis Yrr is proportional to NLffL, they con-
cluded:

Stewart (1972) modified Eq.(2) to include
the maximum production visualized by de Wit
and to provide a single yield and water use relation
using ET rather than T. In his model decrements

0.80 mbar
sum of vapour diffusion
resistances for boundary
and stomata (r's = 1.56 rs
and r'b = 1.34 rb)

(8)J y/ JET:::::: [kd/( e* - e )][1 - E/ET]

Improving Water Use Efficiency

If cumulative Y of a crop is plotted against
cumulative ET for a season, E may be app-
roximated empirically as the intercept on the
ET axis. This does not a·pply to a graph of
seasonal Y vs seasonal ET using different field
plots that have been differentially irrigated to
provide different Y and ET, since E will differ
between treatments. The 'kd' is the daily
transpiration efficiency calculated as per equation
given by Tanner & Sinclair (1983).

The examination of Eq.(I) would reveal that
Y/ET can be improved, but as Viets (1962) sugge-
sted, it asymptotically approaches a constant. If
yield is completely independent of ET, any factor

.which causes an increase of yield, or a decrease
of ET, would have a favourable effect on WUE.
If yield is proportional to ET, water use efficiency
would be constant. Actually, the numerator and
denominator of Eq.(I) are not independent of
each other. Both Y and ET can be influenced,
either independently or differentially, by crop

(7)

k'/(e*- e) (L r/ L r')

yrr:::::: k!(e* - e)

NLffL ::::::

(6)
where, k' =

Lr =

Stewart Model

/
i
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management and environment. From the purely
mathematical point of view increasing the
denominator will decrease WUE; however, from
the physiological point of· view, it is essential
fo achieve an increase in the numerator, the
yield.

Lemon (1969) surveyed actual water use ef-
ficiencies in modern day agricultural systems
(Table 1). For calculations, he assumed that 60
per cent of solar energy is consumed in evapo-
transpiration. The best intensive farming results
in conversion of 1 per cent of the solar radiation
and produces 0.7 to 1.2 kg dry matter r1 of
water used. Subsistence farming may result in
a solar energy fIXation of 0.1 to 0.2 per cent
and dry matter production of less than 0.2 kg
r1 of water consumed. Even in the best ex-
perimental circumstances and under excellent
growing conditions, the best 1-day photosynthetic
and water use efficiencies are only in the order
of 2 to 4 per cent of the solar energy conversion
and 2.4 to 4.8 kg dry matter r1 of water used.
Lemon (1%9) opined that it is theoretically possi-
ble to fIX8 to 10 per cent of the solar radiation
Table 1 Photosynthetic and wateruse efficiencies ill differe/ll

fanning rysterns (Lemon 1969)

Farming system Photosynthc;tic Water .,!se
efficiency efficiency (kg

(%) per ton water)
Subsistence fanning
Average 0.04-0.10 0.04-0.12
Best 0.08-0.20 0.10-0.24

Ronch fanning
Average 0.01-0.20 0.12-0.24
Best 0.20-0.40 0.24-0.48

Intensive fanning
Average 0.25-0.35 0.30-0.42
Best 0.60-1.00 0.72-1.20

E-perimental
Season 0.80-150 0.96-1.80
Weeks 1.5 1.8
days 2.00-4.00 2.40-4.80

71leoretical upper limit 8.00-10.00 9.60-12.00

Incident solar energy base
'AsSumed a 60 % conversion of solar energy to latent
heat

and to decrease water use so that as much as
9.6 to 12 kg of dry matter can be produced
per ton of water use.

It may be concluded that every effort should
be made to increase the yield which can be
manipulated by management practices such as
use of fertilizers, appropriate plant populations,
weed control, method of irrigation, improving
plant characteristics, etc. On the other hand,
the evapotranspiration should be reduced by use
of mulches, antitranspirants, etc.

Fertilizers in relation to Y and ET

Viets (1962) explained six possible situations
which may exist for evapotranspiration and yield
and similar number of relations between WUE
and yield. For these models it was presumed
that water is not limiting for Y or ET and that
fertilizer is applied in equal increments resulting
in declining increments of yield. These models
were : (A) ET and Y increase linearly and no
ET when Y is zero, (B) ET and Y increase
linearly and ET is appreciable when Y is zero,
(C) ET is independent of Y, (D) ET is in-
dependent of Y after reasonably complete cover
is attained, (E) ET decreases as Y increases
and (F) ET increases faster than Y increases.
Only two of these models (B and D) appear
to exist in field. If fertilizer increases yield,
ET either increases or remains the same. If ET
increases (model B), then WUE is a decreasing
increment function of yield and is asymptotic
to a limit that has no physical significance. If
ET is independent of yield (remains the same),
then WUE increases linearly with the yield (model
D). The important point is that if fertilizers in-
crease yield they increase automatically the effi-
ciency of consumptively used water. This applies
particularly to dryland conditions where all the
plant available water is usually used in ET by
the end of the growing season. Shan et al. (1988)
recorded 66 per 'cent variation in crop yields
due to variation in soil fertility, and it was observed
that improvement in soil fertility increased WUE.
The consumptive use mayor may not increase,
depending on (a) the interaction of changed plant
size, cover and height with available advected
energy, and (b) the effect of changes in plant
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cover and colour on net radiation. Viets( 1962)
opined that fertilizer application to correct nu-
trient deficiency can bring about significant in-
crease in yield accomplished by onlysmall increase
in water use. Application of nitrogen has been
shown to increase the WUE of crops including
mustard (Upasani & Sharma 1986, Reddy et at.
1988,Sharma & Kumar 1989a);pearl millet (Singh
et al. 1985); wheat (Singh 1987, Heitholt 1989,
Rea & Cale 1991); sunflower (Fredeen et al.
1991); potato (Khan et al. 1991); finger millet
(Rao et al. 1991); cotton (Singh & Agarwal 1988)
and canola (Taylor et al. 1991). Similarly, appli-
cation of phosphorus (Hu et al. 1988, Khade
et al. 1988, Reddyet al. 1988) and sulphur (Upa-
sani & Sharma'1986) has been sho~n to increase
the WUE of crops. When soil fertility limits
the growth, application of fertilizer may stimulate
plant growth, thus increasing leaf surface for
photosynthesis, and increases root development.
This may result in increased use of water for
transpiration. However, the increase in canopy
cover may reduce soil evaporation, particularly
from wet surface soils. Thus, fertilizer application
increases WUE without any appreciable increase
in ET (Table 2). Shuvanova (1984) reported that
application of NPK increased the grain yields
of wheat and decreased the water consumption
r1 of grain. Prihar (1985) concluded that only
those states of India have benefited most from
increase in irrigated area where fertilizer use
has also increased proportionately. Where soil
moisture is limited, increased root growth due
to fertilizer application can utilize water 'from
deeper soil layers (Brown 1972, Weinzierl et al.
1985). If the plant can utilize some extra water
from lower depths, the crop can endure drought
for a longer period. Potassium has been shown
to influence the transpiration rate. Brag (1972)
reported that low potassium concentration in the

nutrient solution during a long growth period
produced plants with high transpiration rate. Short
term solution culture experiments revealed that
adding KCI to K deficient wheat plants decreased
the transpiration rate up to, 50 per cent within
two hours due to changes in stomatal aperture.
Simiiar effects were recorded with pea plants.

'Yield-ET studies have shown that the total
seasonal ET is about the same for a given crop
and climate even though crop yields may be
limited by other' factors such' as plant nutrients '
(Jensen 1990). Hence; crop can make best use
of available moisture only if soil feptility is not
a limiting factor. IIp.proved soil fertility may not
increase the transpiration efficiency as such (Wal-
ker & Richards 1985, Heitholt 1989), but con-
sequent increase in crop growth increases the
proportion of productively used moisture (T)
in total ET.

Atmospheric C02 concentration and WUE

The global atmospheric C02 concentration
is expected to double that of the. pre-industrial
era (about 270 ppm) in next 50 to 75 years.
Experiments conducted with enriched C02 con-
centrations highlight the implications of such
change, particularly with regard to crop produc-
tion. Wittwer (1967) reviewed many studies in
which the effects of carbon dioxide enrichment
were tested on wide range of field crop leaves
over short periods of time, generally with in-
creased photosynthetic rate. In a field study on
the influence of carbon dioxide enrichment, Hap-
per et al. (1973) released C02 into a cotton
field in Georgia at the rate of 222.6 kg ha-1
ho1.The results of their study showed that C02
concentration remained at least 100 ppm greater
in the upper canopy under release conditions

Table 2 l1ifluellce of fertility and supplemental irrigation on grain yield, water use and WUE of pearl millet (Lahiri 1990)

Irrigated ••

Rainfed

Mean

Grain yield (q
HF' LF
16.6 11.6
8.1 5.6

12.4 8.6

ha·I)

Mean
14.1

6.9

Water use (mm)
HF . LF Mean

280.2 270.8 275.5
204.6 201.2 202.9
242.3 236.0

WUE (kg ha,i

HF LF
5.9 4.3
3.6 2.4
4.7 3.4

mm-I)

Mean

5.1
3.0

HF 80 kg ha'! of Nand P20S, LF without fertilizer
•• Irrigation of 63.1 mm once at 10 days after sowing early drought



Table 3 Effect of row spacillg all water use by pearl millet groWIIall stored soil moisture in the post-raillY seasoll (Azam-
Ali t·t al. 198-1)

Plallt poplllatioll alld row spacillg

The number of plants required per unit area
to achieve the highest yields wiII depend on the
nature of the crop and on its environment. Maxi-
mum eXploitation of the factors needed for growth
is achieved only when the plant population ex-
ercises maximum pressure on all the production
factors (Donald 1963). The number of plants
cannot be too small, or all the production potential
will not be fully utilized; nor can it be too large,
or excessive plant competition will reduce the
overall efficiency of the crop.

When crop depends largely on growing season
precipitation, particularly when rain occurs at

16 days-harvest

103
130

123

(mm)
43 days-harvest

5.1
33.4

65.7

When crops are grown mainly on stored soil
moisture, rapid canopy development can deplete
the soil water reserve early in the season (Table
3). The crop may face severe water stress at
later growth stages resulting in poor growth and
reduced yields. Passioura (1983) showed that the
harvest index of wheat was a function of the
seasonal ET per cent that occurred after anthesis.
Peries et al. (1989) observed that when available
soil water was higher at anthesis and during
grain filling of sorghum, WUE was higher in
narrow rows; while with increasing soil water
deficits and high evaporative demand after an-
thesis, WUE was higher in wider rows. Wider
rows and less plant population is, therefore, more
desirable when soil water reserve is limited. Low
plant population on the other hand, may not
be able to fulIy utilize the available soil water.
Fulton (1970) reported that grain yield of corn
was affected severely by water stress and that
closer spacing of plants increased yield only when
water was not limiting. Irrigation increased the
yield and water used. The WUE was also increased
by. irrigation but the increase was more pro-
nounced when plant density was high. The higher
plant density resulted in greater ET but lowered
yield in unirrigated conditions, while irrigation

frequent intervals, or when frequent irrigation
is required; high plant population and narrow
row spacing is more desirable. Under such con-
ditions, the crop canopy development wiII be
fast, reducing direct exposure of soil surface to
solar radiation. It will reduce evaporation from
soil surface and thus, more water will be available
for T component of ET resulting in higher WUE.
Lenga (1986) and Pandey et al. (1988) recorded
high WUE at high plant densities because the
crop could make fulI use of available water. Steiner
(1986) also proposed narrow row spacing to
reduce the evaporation losses from dryland sor-
ghum.

Water use
29.43 days

41.3
53.4

29.4
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16-29 days

56.6
43.2
27.9

38
75

100

174

Row spacing (CI11)

and concluded that the open canopy crop, which
intercepted only 65 per cent of the incident radia-
tion, frequently captured 23 per cent of the relea-
sed C02. Dense crop canopies that intercept
about 95 per cent of the incident light sh.ould
capture about 33 per cent of the C02 released.
Gifford (1979) observed that addition of 250 ppm
C02 increased dry matter production and im-
proved harvest index and WUE of two wheat
cultivars. Jones et al. (1985) studied the effect
of C02 concentration levels of 330 and 800 ppm
on soybean crop. Increased C02 concentration
significantly increased the dry matter production
leading to 45 per cent increase in WUE. KimbalI
& Idso (1983), based on the analysis of 46 cases
for 18 species grown under a doubled C02 con-
centration, reported an average reduction of trans-
piration by34 per cent. Plant response to increased
C02 concentration, therefore, may be in the form
of increase in total biomass and yield or decrease
in transpiration due to decreased stomatal con-
ductance. These two responses would contribute
to higher WUE. With such results and with tbe
appropriate sources of gas available, carbon di-
oxide fertilization in fields, may some day, be
economically feasible to achieve higher WUEs.
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l

caused a proportionately greater increase in yield
than in evapotranspiration.

High plant population, coupled with reduced
row width, is a prerequisite to obtain high yields
in irrigated conditions. The best approach for
dryland conditions, as also suggested by Stewart
& Steiner (1990), seems to keep moderate plant
population with moderate row width; which is
likely to produce fairly good results except in
extremely dry years or extremely wet years. For
tillering crops, shifting balance towards lower
population may be more advantageous because
if conditions are favourable for crop growth during
early stage, significant tillering will occur.

Weed COlltrol

Transpiration by non-crop plants is one of
the major means by which soil water that could
benefit crops is lost. Weeds frequently transpire
greater amounts of water per unit of dry matter
produced than do the crop plants. Grupce &
Grupce (1987) reported that the water loss ha-1

d'l was 4.42 mm for wheat and 4.61 mm for
weeds at the dough stage of crop growth. Weeds
may deplete the soil moisture reserve early in
the season and the crop may face severe water
stress at reproductive stage when grown on stored
soil moisture. Greater water depletion was ob-
served early in the season in plots containing
devil's-claw (Proboscidea louisiallica), whereas in
plots containing only cotton the largest reduction
in water content occurred later in the season
during peak bloom and early boll formation (Riffle
et al. 1990). Jana et al. (1989) found high water
use in summer groundnut without weed control.
Controlling weeds has been known to be one
of the most effective means of increasing the
amount of water available to the crops, and there-
fore, of increasing water use efficiency. It has
been estimated that the amount of water saved
by eliminating weeds in a maize field was equi-
valent to providing an entire irrigation at the

. time of maximum need (Mangelsdorf 1966). Tanji
et al. (1987) indicated that weed competition
reduced wheat yield' due to soil moisture deple-
tion, and controlling weeds increased WUE sig-
nificantly.

Weeds not only increase the ET component
of WUE but'reduce the crop yields also. Weeds
cause crop yield losses by competing for soil
nutrients, moisture and sunlight; by necessitating
the use of control measures which may themselves
injure the crop; by interfering with harvesting
and other operational techniques; and by hosting
crop pests and diseases (Kock 1984). The extent
of yield loss in rainy season crops can vary from
37 to 80 per cent (Friesen & Korwar 1982).
Shelke & Bhosle (1990) from a five year study
found 74 per cent average yield reduction in
cotton due to weeds. Devil's-claw (Proboscidea
Iou isiall ica ) alone reduced cotton lint yield by
as high as 96 per cent (Riffle et af. 1990).

The magnitude of crop losses due to weeds
depends on type of crop and its variety, crop
density, type and density of weed nora, produc-
tivity of the site, and time and duration of weed
infestation. Crops and their varieties differ in
susceptibility to weed competition. Fast growing
crops and varieties may smother weeds early
in the season. This competitiveness, however,
depends on type of weed flora also. Rapeseed
was found to be a stronger competitor for water
than lamb's quarters (Chellopodiul1l albul1l) but
wild mustard (Sillapis arvellsis) was the strongest
competitor; when rapeseed, wild mustard and
lamb's quarters were grown in replacement series
experiments (Blackshaw & Dekker 1988). Crop
and weed densities play important role in deter-
mining crop competitiveness and yield losses.
Wilson et al. (1990) observed the greatest com-
petitive effects of wild oat (Avella fatua) at low
barley and wheat densities. At average crop den-
sities, low wild oat infestations resulted in cereal
yield loss~s of apgroximately 1 per cent for each
wild oat plant m'-. Similarly, Liebl & Worsham
(1987) found that wheat grain yields were reduced
by an average of 4.2 per cent for every 10 Italian
ryegrass (Loliu11l I1lllltiflonll1l) plants m-2 within
the range of 0 to 100 weeds m,2.

The time span during which weeds cause maxi-
mum yield losses (critical period) is very im-
portant. For most annual crops this period is
2 to 6 weeks after germination or transplanting,
but it may vary depending on crops and their
growing conditions. For example, Shelke & Bhosle
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1

I
(1990) found that critical period for crop-weed
competition in cotton was between 20 to 60 days
after sowing. It is, therefore, important that the
critical competitive period for crops and weeds
must be known for each crop-weed association,
and every effort should be made to control weeds
at this time. Thus, control of weeds would help
in increasinglcrop yields on one hand and reducing
transpiration losses on-the other and consequently
increasing the WUE of crops. Verma & Srivastava
(1989) recorded significant improvement in WUE
of wheat by cultural and chemical control of
weeds. Weeds can be controlled by adopting
several methods, however, detailed discussion on
this topic is out of scope of this article. Regnier
& Janke (1989) discussed both traditional (crop
rotation, use of competitive and/or allelopathic
crop varieties and cover crops, and tillage) and
more recent weed management practices (relay
cropping, dead and livingmulches, flame weeding
and ridge tillage), as well as the use of classical
biological control agents, mycoherbicides, and
herbicides derived from natural compounds. The
weed management programme should also con-
sider methods of planting the crop, time of plant-
ing to minimize weed growth, water management
in irrigated fields, spacing and seed rate of crops.
The factors affecting decision on efficient weed
control strategies were reviewed by Martin &
Pannell (1990). They include weed density, weed

competitivenes~, wee~ s~~q caf~y.<?ver,crop yield
potential, herbicide damage to crops and develop-
ment of herbicide resistance. Wiese (1983) con-
cluded th:ottthe most effective weed control is
obtained by exploiting differences in the biological
characteristics of crops and competing weeds.

In summary,weeds wastefullyuse soil moisture
and reduce crop yields by competing with the
crop for various growth factors; the strongest
competition generally being for the most limiting
factor. The magnitude of yield loss depends mainly
on the competitiveness of crop and weed species,
their densities and, time and duration of crop-
weed competition. 'In general, weeds grow fast
and are most damaging during the early stages
of crop growth when crop is less competitive.
Weed control by cultural, chemical and/or biologi-
cal means is inevitable during this critical period
of crop-weed competition for higher crop yields
and WUE.

Water conservation and management

In rainfed agriculture water is usually the
most limiting factor. Yield decreases linearly with
a decrease in ET when soil water limits plant
growth (Howell 1990). It is clear from Fig.1 that
ET is considerable before any economic yield
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is produced (intercept on x-axis), and then yield
increases with further increase in ET resulting
in over all increase in WUE. Lahiri (1980)
reported linear relationsb.ip between WUE of
pearl millet and seasonal rainfall above a threshold
value of about 70 mm. Pandeyet al. (1987) ob-
served that biological productivity of seven C3
crops was linearly related to ET. The WUE
of mustard was found to increase with increase
in soil moisture content in upper 1 m profile
(Singh 1984), and each extra 1 mm water increased
seed yield by 14.7 to 38.1 kg ha-I.

Rainfed crops meet their ET requirement
from the precipitation retained in the root zone.
Loss of water from the system other than by
crop ET or reduced component of T to total
crop ET will lower rainfall-use efficiency. El-
Swaify et al. (1985) recorded water balance data
for traditional cropping systems for vertisols and
alfisols. In both cases, more than 25 per cent
of rainfall was lost as runoff and only about
40 per cent was used for ET during the growing
season. An improved management system de-
veloped by them allowed both rainy and post
rainy season cropping, thereby dramatically in-
creasing the seasonal WUE. All the practices
that will result in increased retention of precipita-
tion in root zone, reduce evaporation losses from
soil, reduce moisture use by non-crop plants,
and increase ratio of T to total ET will invariably
result in increased utilization of precipitation for
crop production and, therefore, increase in WUE.

When rainfall rates and amounts exceed the
infiltration rate and water holding capacity of
the root zone, runoff occurs. Soil and water con-
servation practices such as land levelling and
grading, furrow diking, contour tillage and terra-
cing can be used to increase surface storage,
reduce slope gradient and/or length, and cqnduct
water from fields at non-erosive velocities (Unger
et al. 1988). Practices such as deep ploughing,
para-ploughing, vertical mulching and main-
tenance of stubbles on soil surface can increase
the infiltration rate. Deep tillage and profile
modification have beneficial effect for several
years (Eck 1986). Deep tillage increases plant
rooting by reducing soil mechanical resistance
even in soils with no high density layers (Chaud-'

hary et al. 1985). Practices like broad bed furrow,
vertical mulching, and contour sowing improved
the WUE of sorghum (Kalane et al. 1990).

Contrary to the conventional tillage practices
adopted to increase the soil water recharge, zero
tillage has been reported to be more effective
(Greverse et al. 1986). Under zero tillage,
Greverse et al. (1986) recorded WUE of wheat
ran~ng from 53.7' to 186 kg wheat grain ha-I

cm- depending on soil texture, whereas WUE
under conventional tillage was 49.7 kg grain ha-I

cm-I.Zeljkovich et al. (1988) recorded no benefi-
cial effect of higher soil water content under
zero tillage on wheat yields but it increased the
yield and WUE of soybean grown immediately
after wheat. They, however, found zero tillage
practice beneficial only in low rainfall years, while
conventional tillage resulted in overall higher
yields of wheat and soybeans. When substantial
amount of stubbles is maintained on the soil
surface under zero tillage practice, it seems to
increase infiltration; reduce evaporation losses
.and thus increase soil water content (Greverse
et al. 1986). Where adequate stubble mulch is
not maintained, conventional tillage practices give
better results. Rao & Agarwal (1985), Rao et
al. (1986) and Verma & Srivastava (1989) found
the conventional tillage to be more beneficial
than zero tillage.

Lowwater holding capacity of soils, particular-
ly in sandy soils, may result in loss of water
below the root zone by deep percolation. Water
holding capacity of soils can be improved by
addition of organic matter thereby increasing the
yield and WUE of crops (Cisse & Vachaud 1988,
Hu et al. 1988). Use of lalshakti (a polymer)
has also been reported to improve WUE (Prakash
et al. 1991). Deep percolation from light soils
can also be reduced by installing a bituminous
or other impermeable layer below the root zone
(Robertson et al. 1973). However, this practice
can be adopted on a small scale and for production
of high value crops only.

Water harvesting can be a useful practice
where rainfall is low. Runoff can be allowed
from higher slopes onto the terraced lower sides
in hilly areas (Evenari et al. 1968). In plains,
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water harvesting system that uses a portion of
the land as catchment to harvest runoff and divert
it to adjacent crop area can prove beneficial.
Numerous catchment construction materials have
been used for increasing the runoff. Compacted
earth catchment is the cheapest one but its runoff
yields are poor. On the other hand, catchments
treated with paraffin wax, silicon, butyl rubber,
p,lastic and sheet metal can produce nearly 100
per cent runoff (Cooley et al. 1975), but are
very expensive. In arid situation, Singh (1988a)
treated the catchment with pond sediment and
recorded that from 0.5 catchment to crop area
ratio, each ha of crop area received 140 to 636
mm of rainwater, while the rainfall received was
117 to 528 mm in different years. In this case
average runoff efficiency was 66 per cent. As
a result, 3717 kg of pearl millet grain ha-! was
obtained with only 69 per cent of normal rainfall
(Singh 1988b). In areas where runoff is inevitable
due to high intensity rainfall, or is desirable to
avoid water logging, the runoff water if collected
in ponds, can be used to give supplemental irri-
gation.

The WUE is very sensItive to changes in
soil water potential during the growing season
(Craciun & Sommer 1986). Application of irri-
gation water when soil water potential is low
increases crop yield, but simultaneously increases
crop ET as ~ell. The WUE, therefore, may in-
crease with irrigation, if the increase in yield
is substantial compared to increase in ET (Singh
et al. 1986, Chavan & Pawar 1987, Sharma et
al. 1987, AI-Janabi 1988, Sharma & Kumar 1989b);
or WUE may first increase and then decline
with increased levels of irrigation (Singh et al.
1987b, Alexander et al. 1988) or it may decrease
with increased levels of irrigation (K.'an & Agar-
wal 1985, Malik et al. 1985, Kumar et al. 1986,
Chaudhary et al. 1988, Reddy et al. 1988, Roth
et al. 1988b, Chavan et al. 1989). Hunsaker &
Bucks (1987) observed that the optimum level
of seasonal gross water applied for maximum
wheat yields was 7 per cent higher than that
required for maximum WUE. They recommended
that with a heterogeneous s0il and on efficient
basin irrigation system, scheduling irrigation near
full ET requirements was desirable for obtaining
high wheat yields and maximum WUE.

Frequent irrigations, though sometimes nece-
ssary for yield maximization, usually lower WUE
(Khade et al. 1986, Malavia et al. 1987, Singh
et al. 1988a) because moist surface soil results
i~ increased loss of soil moisture through evapora-
tion. Irrigation depths can be increased to reduce
irrigation frequency. Less frequent irrigations
(with more water per irrigation) increase WUE
without any conspicuous reduction in crop yields
(Singh 1987, Singh et al. 1987a). Sandhu et al.
(1984) observed that grain yield and WUE were
higher with the two 9 cm irrigations applied
at ID:CPE ratio of 0.75 than with three 6 cm
irrigations applied at 0.6 ratio, when wheat was
grown with 30 cm irrigation water, 12 cm of
which was applied as pre-sowing irrigation. How-
ever, too heavy irrigations, particularly in light
textured soils, may result in loss of water through
deep percolation. Secondly, if available water
in root zone depletes too low between two irri-
gations such that crop faces water stress, it may
adversely affect the yield and WUE. Mild water
stress did not significantly affect WUE of wheat
but a more severe water stress, especially under
sub-optimal water supply considerably decreased
the WUE (Heitholt 1989).

The time of water stress is also an important
factor. Substantial reductions in yield due to plant
water stress at critical growth stages may occur
even though the total amount of water delivered
during the cropping season may be adequate
(Jensen et al. 1990). Howell & Hiler (1975) ob-
served that linear regression with ET eXplained
only 41 per cent variability in sorghum yield.
When yield was regressed with ET during three
growth periods, viz., late vegetative to early boot,
boot to bloom, and milk to soft dough; the coeffi-
cient of determination increased to 93 per cent.
Booting to bloom stage was the most sensitive
to water stress. Similarly, the greatest adverse
effect of water stress on yield and WUE of
wheat was observed during jointing and flowering
stage (Singh et al. 1986), whereas, Tripathi et
al. (1989) found the crown root initiation stage
to be the most critical stage in wheat. If only
limited irrigations are available, irrigations at criti-
cal growth stages can give maximum yield per
unit of water applied. Malik et al. (1985) recorded
the highest grain yield of wheat with irrigations
at crowning and flowering. Irrigation scheduling
on the basis of soil moisture tension may give
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the poorest result under such conditions (Prasad
et al. 1989).

Several methods of irrigation, from flood
irrigation to drip irrigation are used depending
upon the other governing factors. M6st studies
to date confirm that. the irrigation method does
not significantly change the seasonal ET of the
crop where the objective is to maximize yield
per unit land area. The change in water re-
quirement with different methods under suffi-
ciency conditions is due to change in irrigation
application efficiency. The irrigation application
efficiency of drip irrigation system is high because
runoff and deep percolation losses are reduced.
Irrigation application efficiencies for drip system
may be around 90 per cent, for sprinkler system
about 60 to 90 per cent, whereas, for surface
irrigation systems, it may be around 60 per cent
only. Since irrigation methods differ in their app-
lication efficiencies, these also differ in the mag-
nitude of irrigation water use efficiencies. Singh
et al. (1978) reported that drip irrigation was
capable of providing the same yield of potatoes
with half the water needed for furrow irrigation.
Hiler & Howell (1973) reported higher water
use efficiencies for trickle irrigation than for other
irrigation methods. Sammis (1980) also obtained
higher WUEs for potatoes with trickle than with
sprinkler and furrow irrigation. Subsurface irri-
gation may also give high WUE. Shih (1988)
found the subsurface irrigation system to give
higher WUE compared with micro irrigation in
sugarcane. Sepaskhah et al. (1976) reported more
than two fold increase in WUE of beans with
subsurface irrigation compared with furro,,", irri-
gation method.

In summary, a significant amount of soil mois-
ture is lost in ET before any economic yield
is produced. After this threshold value of ET
yield increases almost linearly with increase in
ET, giving increased WUEs. To conserve rain-
water in dryland conditions to meet this ET
demand, surface runoff can be minimised by land
levelling and grading, terracing, contour tillage,
etc., and infiltration can be increased by deep
ploughing, para ploughing, mulching, etc. Tillage
practices designed to maximise infiltration tend
to produce soil conditions conducive to evapora-

tion, so a balanced approach is necessary. Sweep
tillage, a minimum tillage practice, however
reduces evaporation because plant' residues are
left on the surface acting as mulch. Low water
holding capacity of light textured soils can be
improved by incorporating organic matter or
hydrophilic polymers. Impermeable layers like
that of bitumin can be installed to reduce deep
percolation. Alternatively, extra water from heavy
showers may be collected in ponds for future
needs. Water harvesting practices, particularly
in arid regions, increase the chances of crop
survival and of obtaining fairly good results. Ex-
cessive water application may be avoided by con-
junctive use of rainfall and irrigation. Irrigations
may be scheduled in such a way that the most
sensitive crop growth periods coincide with mini-
mum water deficit whereas moderate water deficit
during relatively insensitive periods can be toler-
ated. Although highly efficient irrigation methods
like subsurface and drip irrigation systems are
available, their choice is governed by several other
factors as well.

Improving Plant Clzaractedstics

The ultimate yield of a crop is determined
by the interaction of its genetic characteristics
with the environment in which it is grown and
to management practices to which it is subjected.
The first choice should be for high yield potential
with low water requirement. Crop species differ
widely in their efficiency of dry matter production
and water use (Rao & Agarwal 1985, Rao et
al. 1986, Dhole et al. 1987, Pandey et al. 1987,
Joshi 1988, Patil 1988, Roth et al. 1988a, Singh

. et al. 1988c). The WUE of crops like maize,
sorghum, pearl millet and suga~cane is high while
in crops like greengram, soybean, peas, lentil,
etc., it is low. The carbon metabolism pathway
of plants has a marked influence on their transpi-
ration efficiency. Plants exhibiting crassulacean
acid metabolism (CAM) open their stomates at
night and fix C02 in malic acid, which is then
assimilated during the day by C3 pathway while
stomates remain closed. The closed stomates
during the day time reduce transpiration to almost
negligible level. The transpiration efficiency of
c4 crops is also almost two fold higher than
that of C3 crops (Downes 1969, Tanner & Sinclair
1983, Pandeyet al. 1987). Stanhill (1986) opined
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that higher transpiration efficiency found in Ct
plants could be attributed to their ability to con-
tinue photosynthesis at C02 concentrations which
are one third to one fifteenth of those recorded
to sustain the process in C3 plants. This results
in increased C02 uptake by Ct plants due to
higher gradient of 'C02 without corresponding
increase in water vapour losses.

The transfer of CAM or Ct pathways to C3
species, ifpossible, holds promise for considerable
improvement in their WUE. However, the pro-
blem with conventional breeding methods is that
the first generation hybrids between different
species are not fertile. Though some success has
been achieved in development of fertile hybrids
between C3 and intermediate C3-Ct species
(Brown et al. 1985) yet none of them is crop
species. Another approach to transfer the carbon
metabolism pathway can be through genetic engi-
neering. Traits controlled by a few genes (pre-
ferably one) like herbicide resistance, insect
resistance, etc. have been successfully transferred
from plant or animal species to the crop plants
(Gasser & Fraley 1989, Oxtoby & Hughes 1989).
However, the transfer of CAM or Ct pathway
to C3 species involving the identification, cloning
and transfer of large number of genes, seems
to be a formidable task with the existing level
of technology.

Variations in WUE occur not only among
different species but also among varieties of crops
like cluster bean (Stafford 1987), mustard (Singh
et al. 1988b), pearl millet (Nimbalkar et al. 1985),
pigeonpea (Bhute et al. 1990), cowpea (Hall et
al. 1992) and soybean (Nigam et al. 1989). Plants
do not use water with the same efficiency
throughout their life cycle, and differences in
WUE exist between different growth stages of
the same crop (Joshi 1988, Roth et al. 1988a)
and even among different leaves of the same
plant (WullscWeger & Oosterkuis 1989). Effici-
ency of water use by a cultivar depends on the
growing conditions. Rao et al.(1986) observed
variations in WUE from 81 to 156 kg ha"l cm-l
for barley and mustard, and from 46 to 95 kg
ha"l cm-1 for chickpeas under different manage-
ment conditions. The variety that gives higher
WUE under rainfed conditions may be surpassed

by another variety under irrigated conditions
(Chaudhary et al. 1988, Chitanwis et al. 1989,
Sharma & Kumar 1989b). Therefore, the crop
selection in terms of both species and cultivar,
should be based on their suitability to growing
conditions.

The varietal differences in WUE may be due
to their genetic build up that affects both mor-
phological traits controlling the rate of transpira-
tion and water absorption by roots from the
soil profile, and the physiological functions
responsible for photosynthesis, respiration, trans-
location and storage of photosynthates to
economicallyharvested plant parts. Plant breeders
since long, have been attempting to evolve better
adapted and high yielding varieties. As a result
of their efforts a large number of improved high
yielding varieties and hybrids of different crops
having better WUE are now available for cul-
tivation (Jensen 1987). Siddique et al. (1990) at-
tributed the improved WUE in modern wheat
cultivars to their faster development, earlier
flowering, improved canopy structure and higher
harvest index. Donald & Hamblin (1976) and
Gifford & Evans (1981) attributed yield improve-
ment of modern cultivars mainly to the better
partitioning of dry matter production towards
economic yield, rather than to increase in dry
matter production as such. Heichel (1983) also
opined that the most significant gains from plant
breeding in the relatively short time will likely
continue to be in increasing harvest index.

In the past, breeding for increased WUE
(transpiration efficiency) has been limited by lack
of screening criteria and methods that can identify
desirable genotypes. Moss et al. (1974) suggested
association of plant physiologist for identifying
various traits for more efficient water use. They
listed several factors controlling water use which
maybe amenable to genetic regulations. However,
it will be more desirable if in place of multiple
physiological selection criteria, a single character
can be identified and incorporated into the breed-
ing programme. Passioura (1972) observed that
when the crops have to exist on stored moisture,
increasing the hydraulic resistance of roots in-
creases yield by conserving more of soil water
for use after anthesis. Ismail & Hall (1992) in-
dicated that variation in WUE among several
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To sum up, improvement of photosynthetic
rates for high biomass production can improve
transpiration efficiency. If C4 C02-fixation path-
way could be transferred to less efficient C3
species, the transpiration efficiency of these plants
~ould be i~prov~d. This may become possible
10 future With major development in techniques
like genetic engineering. Plant breeding progra-
mmes can make use of some morphological traits

Fig 2 Correlation between C-isotope discrimina
tion (0) and water use efficiency (Ismail
& Hall 1992)

C3 species can be detected by' measuring BC
discrimination (0) by leaves. They recorded a
very highly significant negative correlation (r =
-0.93, P = < 0.001) between WUE and 0 (Fig.
2). The physiological basis for the genotypic dif-
ferences in WUE and 0 were not elucidated
but it was shown that they were not necessarily
due to differences in earliness or vegetative vigour.
Similar genotypic association between WUE and
<3 have been reported for several C3 species in-
cluding wheat (Farquhar & Richards 1984, Turner
et al. 1989), barley (Hubick & Farquhar 1989),
sunflower (Virgona et al. 1990), peanut (Hubick
et al. 1986), and cotton (Turner et al. 1989).
Recently, Walker & Lance (1991) observed that
Si accumulation in barley DM correlated well
With BC discrimination in field conditions. They
concluded that Si content could be used as a
corroborative indicator of WUE in normal field
condition.
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From long term field experiments in Great
Plains, U.S.A., Greb (1983) found that the increase
in soil water content was significant with the
use of mulches in the range of 2.2 to 6.6 t ha-1.
The water storage per ton of mulch however
decreased from 10.0 mm r1 ha'l to 7.7 mm ri
ha-1 when mulch rate was increased from 221 .
to 6.6 t ha' . On an average each t ha-1 of crop
residue saved about 9 mm of water from evapora-
tion, and increased wheat yields by 54 to 144
kg ha-1 at different locations. Similarly, Unger
(1978) placed 0, 1, 2, 4, 8, and 12 t ha-1 of
wheat straw and recorded the fallow-season
precipitation storage. efficiency of 23, 31, 31, 37,
44 and 46 per cent, respectively. The grain yields
of sorghum planted after the fallow period were
more than doubled with 8 and 12 t ha-1 mulch
as compared with no mulching. Maesschalck et
al. (1985) recorded upto 90 per cent increase
in the yields of maize, greengram, cowpea, chillies

like glaucousness, erect leaf posture, small leaf
size, etc. Selection for high harvest index, can
be another approach for high transpiration effi-
ciency. The relationship between WUE and BC
isotope discrimination or silicon content may also.
be used as a criterion in breeding programme.

Reducing Evapotranspiration

Water retained in soil is lost through ·the
combined process of evaporation from soil and
transpiration from plants. Reducing this loss
would be important for both decreasing crop
water requirement and, under certain environ-

--mental conditions, for alleviation of water stress.
One of the common practices to reduce evapora-
tion from soil is the use of mulches. Maintaining
a crop residue mulch on soil surface may also
increase soil water content by reducing runoff
and increasing infilt~ation rate due to reduced
soil dispersion an.d surface sealing. Mulches
reduce evaporation by reflecting part of the in-
coming solar radiation that otherwise would be
absorbed as heat; by acting as a thermal insulator
and thus restricting the flow of heat from at-
mosphere to soil; and by increasing the thickness
of still air layer above the soil surface that increases
the resistance to vapour transfer from soil surface
to atmosphere.
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and PaSpal1l11l 11lotatll11l with the use of mulches.
Pandey et al. (1988) also recorded an increase
in grain yield of pearl millet from 1.83 to 2.~4
t ha-! and in WUE from 5.45 to 7.45 kg gram
ha-! mm-! over control with 5 t ha-! of straw
mulch.

Since residue mulches reduce evaporation
from the wet soil surfaces, these are most effective
during the rainy season when evaporation rate
is high from bare soil surface. Slowing the evapora-
tion rate in these conditions favours deeper soil
moisture penetration. At the end of rainy season
(or after irrigation) when drying starts the rate
of water loss from a residue covered soil is higher
(Fig. 3) because the surface soil remains wet
for much longer period; thus over a longer period,
cumulative water loss may be almost equal in
mulched and bare soils.

The non availability of straw is a major problem
particularly in developing countries where it is
used to feed cattle, and usually the use of mulches
is uneconomical. Gregory (1989) opined that the
cost of labour and of nitrogen fertilizer needed
to overcome immobilization might make this tech-
nique unprofitable for anything other than
kitchen-garden plots.

Evaporation can also be reduced by creating
dust mulch on soil surface. Shallow tillage disrupts

the capillary continuity with the deeper layers
and thus increases resistance to upward flow
of water. However, dust mulch needs to be created
after every effective rainfall.

The antitranspirants are used to control the
rate of water use in water-limited situations. Basi-
cally there are three types of antitranspirants;
stomata closing type, film forming type and reflec-
tants. When the plants are photosynthesizing effe-
ctively and stomates are widely open, the
mesophyll resistance may be considerably greater
than the stomatal resistance. If, by some means,
the stomates can be made to close partially, stoma-
tal resistance will increase. The total impact of
such an increase in stomatal resistance on the
ET rate will be greater than on photosynthesis
ratc because the total diffusion pathway to water
is less than that of C02 which has an additional
liquid phase resistance upto the chloroplas.t.
Therefore, any increase in stomatal, cuticular
and boundary layer resistances is likely to reduce
transpiration more than carbon exchange (Stanhill
1986). Thus WUE can be increased. This concept
has been elaborated by Zelitch & Waggoner
(1962) and Waggoner et al. (1964). Atrazine,
Abscisic acid (ABA), Phenyl mercuric acetate
(PMA), Dodecnyl succinic acid (DSA), Methyl-
ester of Noenyl succinic acid (NSA), Glyceryl
half ester of Decenyl succinic acid (GLaSA),
etc. have been used as antitranspirants in green
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Fig 3 Schematic diagram showing cumulative evaporation
over time from bare and a mulched soil
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houses and fields as well. Many of them have
shown toxic effects to plants, and results of field
studies have not been particularly encouraging.
Fulvic acid applied to wheat plants as a 0.05
or 0.1 per cent spray, although reduced stomatal
conductance by as much as 55 per cent in par-
ticular studies, the results were neither consistent
nor predictable (Dunstone et al. 1988). Stark
& Dwelle (1989), however, recorded consistently
higher WUE of potato with the use of an ex-
perimental antitranspirant EXP-4464A. The
reasons for lack of effectiveness of this technique
in field remain speculative at this time.

The second approach to transpiration reduc-
tion is use of film forming substances. Films
such as emulsions of latex, polyvinyl waxes,
polyethylene, and higher alcohols such as
hexadecanol have been applied with varying
results. The film materials, however, have greater
permeability to water molecules than to carbon
dioxide and, therefore, seriously reduce WUE.
Secondly, they are of limited usefulness on growing
plants because repeated applications are required
to cover new leaf surface.

The reflect ant materials that reduce energy
load on leaf may be considered to be more promis-
ing antitranspirants. In case where leaves are
treated, the effect of increased reflectivity, should
be a decrease in net radiation. Evapotranspiration
and sensible heat flux generation should be
reduced, but photosynthesis should not be directly
affected unless the availability of photosyntheti-
cally active radiation becomes critical as it well
might be with certain types of crops. Barring
this effect, the net result of reflectant application
should be an improvement in water use efficiency.
The crops that are light unsaturated under their
normal growing conditions (corn, sorghum, sugar-
cane, etc.), the application of materials that reflect
away visible radiation may reduce both photosyn-
thesis and evapotranspiration. Since most com-
mon reflectants such as kaolinite, diatomaceous
earths, aluminium silicates, etc. reflect most ef-
fectively in the visible wave band, the practice
seems most applicable to crops that are light
saturated in their regions of adoption. Khade
et al. (1989) observed that kaolin application
increased the WUE of sunflower at different

irrigation levels. Giri & Singh (1984) observed
that 36.0 mm water was saved in wheat crop
due to application of kaolin and net returns
increased by about 30 per cent. Even in light
saturated crops use of reflect ants may be useful
when applied at critical growth stages. Moreshet
et al. (1977) found that though net photosynthesis
in sorghum was reduced by 23 per cent (solar
radiation by 26 per cent) immediately after ap-
plication of a kaolinite coating, yet grain yield
increased consistently due to the treatment. They
attributed this result to specific beneficial
physiological effects at the time of panicle in-
itiation and to early senescence in the treated
plants that hastened translocation to the develop-
ing grain. Similarly, Pandeyet al. (1988) recorded
that 6 per cent spray of kaolin increased the
WUE of pearl millet from 5.45 to 6.55 kg grain
ha-1 mm- of water used.

Aboukhaled et al. (1970) analysed changes
in spedral reflectivity of bean plants treated with
various reflectant materials. They demonstrated
that short-wave albedo could be effectively in-
creased and transpiration reduced. The applica-
tion of kaolinite to the leaves of rubber and
bean plants increased short-wave albedo (400-700
nm) from about 10 per cent to 65 per cent.
A smaller but significant increase in reflectivity
in the near infrared was also noted. Doraiswamy
& Rosenberg (1974) reported increased reflection
in visible wave band (380-750 nm) in soybeans
applied at a rate of 1% kg ha-1. They, however,
did not find major difference in the near infrared
reflection. Seginer (1969),while studying theoreti-
cal aspects of the effect of non selective reflective
materials on canopy transpiration, found that
about 30 per cent of saving in irrigation water
could be attained when natural albedo was in-
creased from 0.25 to 0.4 of the incident short -wave
radiation.

Mulching, particularly stubble mulch, in-
creases precipitation storage efficiency and
reduces soil evaporation. Contribution of mulches
in soil evaporation reduction is most significant
when rains are frequent or when frequent irri-
gations are given. Although the successful use
of antitranspirants has been reported in literature,
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the results are inconsistent. Reflectants can be
used effectively if crop canopy is light saturated.
However, reflectants and film forming substances
present difficult problems in canopy coverage,
particularly when crop growth is fast. Stomata
closing agents may be more useful because smaller
amounts of material are needed and often do
not need complete coverage. Antitranspirants may
judiciously De used to reduce water stress effects
at critical crop growth stages or in high value
crops because their frequent use in field crops
is generally economically unviable.

Limitations in Increasing WUE

The crop yield is an important determinant
of how efficiently water is used. We had an
objective to develop efficient and high yielding
varieties of crops: An enormous effort has been
expended on this objective. Impressive results
have been achieved in a few crops only. For
major crops high yielding varieties are yet to
come which should have high response to applied
fertilizers and should efficiently use the other
inputs including water. The quantum jump with
respect to all these is yet to come. The varieties
should also be pest and disease resistant which
indirectly influence the WUE. The use of trickle
or drip irrigation though saves considerable quan-
tities of irrigation water and gives higher WOE
under limited water supply conditions also has
some limitations of use. Some important possible
disadvantages of trickle irrigation compared to
other irrigation methods include (1) emitter clogg-
ing, (2) rodent and other animal damage, (3)
salt accumulation near the plants, (4) inadequate
soil water movement and plant root development,
and (5) econom~cal and technical limitations
(Bucks et al. 1982). The weed control is also
required to reduce loss of water through transpira-
tion. The methods of completely controlling weeds
are tedious and may be uneconomical. It is esti-
mated that if only 1 per cent of a typical stand
of weeds survives control methods, it is capable
of producing over 100 million new weed seeds
ha- (Day 1966).A whole array of new techniques
and chemicals has supplied the farmer with means
for selective control of weeds in most crops yet
with their own limitations. The problem of per-
sistence of herbicides in the soil givingdetrimental

residual effccts and soil environmental pollution
needs consideration.

Numerous antitranspirants and reflectants
have been suggested for reducing transpiration
losses. For antitranspirants of film forming type
the problem is to have a material hav.ingselective
permeabilIty, i.e., higher permeability for C02
than for water. There appears to be little chance
of finding a normal polymer substance through
which gases pass by diffusion that will meet this
requirement. This is because the solubilities and
coefficients of diffusion of gases and vapour in
polymer films are inversely proportional to their
molecular weights and dimensions. The H20
molecule is therefore basically more mobile than
that of C02 (Poljakoff-Mayber & Gale 1972).
The problem with antitranspirants of stomata
closing type is to obtain nontoxic materials which
only affect the stomata, and are long lasting.
Similarly the reflectants should also be nontoxic,
must stick and spread evenly on leaf surfaces.
They should be sufficiently permeable to gases
so as not to interfere with photosynthesis and
respiration. The most desircd reflectants for light
saturated plants are of the kind which reflect
above 0.7 fl and transmit below this wave length
and such types, which could be suitable for field
conditions, do not appear to exist at present.

Above all, we have to decide whether maxi-
mum WUE or minimum water requirement
should be our goal ? Viets (1962) opined that
the maximum WUE is contingent on maximum
yield under a given situation with respect to water
supply. This is true whether ET is increased
or not. However, the cost of practices necessary
to achieve these higher yields must be related
to their marginal returns in monetary terms. Thus,
the most profitable agriculture must stop short
of maximum production to have an optimum
level.As yield stops short of this maximum produ-
ction, so must water use efficiency.

References

Aboukhaled A, Hagan RM & Davenport DC 1970 Effect
of kaolinite as an effective anti-transpirant on leaf
temperature, transpiration, photO§Yllthesis and water
use efficiency. Water Resources Research 6 280-289



WUE IN ARID AND SEMI-ARID REGIONS 185

Alexander WL, Bucks DA & Backhaus RA 1988 Irrigation
water management for guar seed production. Agronomy
Joumal 80 447-453

AI-Janabi AS 1988 The effect of supplemental water use
and yield of wheat under dryland farming. Joul1lal of
Agricultural Water Resources Research, Soil Wacer
Resources 7 239-255

Arkely RJ 1963 Relationship between plant growth and
transpiration. Hilgradia 3.• 559-584

Azam-Ali SI'I, Gregory PJ & Monteith JL 1984 Effect of
planting density on water use and productivity of pearl
millet (Pel/I/isenun i)phoides) grown on stored water.
I. Growth of roots and shoots. E\perimclIlal Agriculture
20 215-224

Bhute MG, Fulzele GR, Ghawghawe PB & Autkar KS 1990
Field screening of pigeonpea cultivars for water use
efficiency. Anl/als of Plalll Physiolog.' .• 119-121 .

Bierhuizen JF & Slatyer RO 1965 Effect of atmosphenc
concentration of water vapour and C02 in determining
transpiration - photosynthesis relationships of cotton
leaves. AgriCllllUral Meteorolog.' 2 259-270 ..

Blackshaw RE & Dekker J 1988 Interference among Smapls
an'CIlsis, Chenopodium album and Brassica napus. I.
Yield response and interference for nutrients and water.
Phj'to Protectiol/ 69 105-120

Bolton 'FE 1981 Optimizing the use of water and nitroge~
through soil and crop management, Plalll al/d SOlI
58 231-248 .

Brag H 1972 The innuence of potassiul1) on the transpiration
rate and stomatal opening in Triticum aestivum and
Pisum sacil'um. Physiologia Plalllanlln 26 250-257

Brown PL 1972 Water use and soil water depletion by
dryland wheat as affected by nitrogen fertilization. AI/·

I/als of Applied Biolog.· 63 43-46
Brown RH, Bouton JI-l, Evans PT, Malter HE & Rigsby

LL 1985 Photosynthesis, morphology, leaf anatomy and
cytogenetics of hybrids between C3 and C3/C4 Panicum
species. Plalll Physiolog.' 77 653-658

Bucks DA. Nakayama FS & Warrick AW 1982 Principles,
practices and potentialities of trickle (drip) irrigation.
Adval/ces iI/ Irrigacion 1 219-298

Chaudhary MR, Gajri PR, Pdhar SS & Khera R 1985 Effect
of deep tillage on soil physical properties and maize
yields on coarse textured soils. Soil al/d Tillage Research
6 31-44

Chaudhary 1'1,Singh H & Faroda AS 1988 Effect of varying
soil moisture regimes on seed yield, water use and
water use efficiency of some Indian mustard (Brassica
jUl/cea (L.) ,Czern and Coss.) genotypes. TrallSactions
of II/dial/ Sociei)' of Desert Technology 3 33-40

Chavan DA &"Pawar KR 1987 Scheduling irrigation to
dwarf wheat based on pan evaporation. Joumal of
Maharashtra AgricullUral UI/iversities 12 49-51

Chavan SA, Bhoite SV & Khanvilkar SA 1989 Effect of
limited irrigation on the performance of different rabi
crops grown under latiritic soils.JoumalofMaharashtra
Agricultural UI/it'ersities 14 301-303

Chitanwis AG, Fulzele GR, Dhopte AM & Ghavghave PB
1989 Performance of mustard cultivars and their degree
of drought tolerance efficiency underWgh temperature
zone of Vidarbha. AI/nals of Plant:Physiology 3 84-87

Cisse L & Vachaud G 1988 The effect of addition of organic
matter on the cultivation of millet and groundnuts
in a degraded sandy soil in North Senegal. I. Water
consumption, root development and crop production.
Agronomie 8 315-326

Cooley KR, Dedrick AR & Frasier GW 1975 Water harvesting:
State of the art. In Proceedil/gs of 5)mposiwn 01/ Wacer-
shed Mal/agemelll. ASCE Irrigation and Drainage
Division, Logan, Utah, pp. 1-19

Craciun I & Sommer C 1986 Studies on the transpiration
and yields of spring wheat under controlled conditions.
Probleme de AgrojilOtechnie Teoretica si Aplicata 8 349-
364

Dav BE 1966 The scientific basis of weed control. In Scielllijic
, Aspects of Pest COl/trol. National Academy of Science, -

Washington D.C., USA, pp. 102-144
de Wit cr 1958 TrallSpiratioll and Crop Yields. 1'10. 64.6,

Verslag van Lanbouwk, Donderzock ..
Dhole MV, Khating EA & Thete MR 1987 Producl1V1ty

and water use efficiency of kharif crops at varying dates
of sowing. Joumal of Maharashtra Agricultural Univer-
sities 12 310-313

Donald CM 1963 Competition among crop and pasture plants.
Adl'ances iI/ Agronomy 15 1-118

Donald CM & Hamblin J 1976 The biological yield and
harvest index of cereals as agronomic and plant breeding
criteria. Adl'anccs in Agronomy 28 361-405

Doraiswamy PC & Rosenberg NJ 1974 Renectant induced
modification and soybean (Glycine max L.) canopy radia-
tion balance. I. Preliminary tests with a kaolinite renec-

t'tant. Agronomy Joumal 66 224- 228
Downes RW 1969 Differences in transpiration rates between

tropical and temperate grasses under controlled con-
ditions. Plallla (BioI.) 88 261-273

Dunstone RL, Richards RA & Rawson HM 1988 Variable
response of stomatal conductance, growth and yield
to fulvic acid applications on wheat. Australwl/ Joumal
of Agricullllral Research 39 547-553

Eck HV 1986 Profile modification and irrigation effects
on yield and water use of wheat. Soil Science Society
of America Joumal 50 724-729

El-Swaify SA, PathakP, Rego TJ & Singh S 1985. Soil
management for optimiz~d productivity under r?lnfe~
conditions in the semi-arid conditions. Advances m SOlI
Science 1 1-64

Evenari M, Shanan L & Tadmor NH 1968 Runoff farming
in the desert. I. Experimental layout. Agronomy Joumal
60 29-32

Farquhar GO & Richards RA 1984 Isotopic compos.ition
of plant carbon correlates with water use efflcle?cy
of wheat genotypes. Australian Joumal of Plalll PhyslOl.
ogy 11 539-552 ...

Fischer RA & Turner NC 1978 Plant producl1on In and
and semi- arid zones. Annual Review of Plalll Physiolog.'
29 277-317

Fredeen AL, Gamon JA & Field CB 1991 Response of
photosynthesis and carbohydrate-partitioning to limita-
tions in nitrogen and water availability in field grown
sunnower. PlQlI~' Cell and E/lvirol/melll 14 963-970

Friesen GH & Korwar GR 1982 Weed management for
dryland crops. In A Decade of Dryland Agricultural
Research in II/dia 1971·1980. All India Coordinated



186 JOSHI & SINGH

Research Project on Dryland Agriculture, Hyderabad,
India, pp. 152-167

Fulton JM 1970 Relationship among soil moisture stress,
plant populations, row spacing and yield of corn.
Canadian Journal of Plant Sciences 50 31-33

Gasser CS & Fraley RT 1989 Genetically engineering plants
for crop improvement. Science 244 1293-1299

Gifford RM 1979 Growth and yield of COz-enriched wheat
under water limited conditions. Australian Journal of
Plant Physiology 6 367-378

Gifford RM & Evans LT 1981 Photosynthesis, carbon par-
titioning and yield. Annual Review of Plant Physiology
32 485-509

Giri G & Singh RP 1984 Water consumption and economics
of wheat production as influenced by mulch and
transpiration suppressants under dtylands. Indian Jour-
nal of Agronomy 29 -178

Greb BW 1983 Water con ion: Central Great Plains.
In DrylandAgricUlture HE Dregne & WO Willis).
American Society of nomy, Madison, Wisconsin,
USA, 23 57-72

Gregory PJ 1989 Water"use efficiency of crops in semi-arid
tropics. In Proceeilinf§Sof International Workshop on
Soi~ Crop, and Water Management Systems for Rainfed
Agriculture in the Sudano-Sahelian Zone. ICRISAT,
Patancheru, India, pp. 85-97

Greverse MC, Kirkland JA, Jong Ede & Rennie DA 1986
Soil and water conservation under zero and conventional
tillage systems on the Canadian prairies. Soil and Tillage
Research 8 265-276

Grupce R & Grupce L 1987 Water loss of winter wheat
and weeds in .association in the valley of Skopje. Frag-
menta Her71010gicaJugoslavica 16 103-109

Hall AE, Muthers RG & Farquhar GD 1992 Genotypic
and <IrougJitinduced differences in carbon isotope dis-
crimination and gas exchange in cowpea. Crop Science
32 1-6

Happer LA, Baker DN, Box Jr DN & Hesketh JD 1973
Carbon dioxide and photosynthesis of field crops: A
metered carbon dioxide release in cotton under field
conditions. Agronomy Journal 6S 7-11

Heichel GH 1983 Crop manipulation for efficient use of
water: Inadvertent and intended manipulations for crop
water use. In Limitations to Efficient Water Use in
Crop Production (Eds. HM Taylor, WR Jordan &
TR Sinclair). American Society of Agronomy, Madison,
Wisconsin, USA, pp. 375-380

Heitholt JJ 1989 Water use efficiency and dry matter dis-
tribution in nitrogen- and water- stressed winter wheat.
Agronomy Journal 81 464-469

Hiler EA & Howell TA 1973 Grain sorghum response to
trickle and subsurface irrigation. Transactions of ASAE
(N. S.) 16 792:.&93

Howell TA 1990 Relationship between crop production and
transpiration, evapotranspiration, and irrigation. In Ir-
rigation of Agricultural Crops (Eds. BA Stewart & DR
Nielsen). American Society of Agronomy, Madison,
Wisconsin, Agronomy Mono81aph 30 391-434

Howell TA & Hiler EA_1975 Optimisation of water use
efficiency under high frequency irrigation. I.
Evapotranspiration and yield relationships. Transactions
of ASAE (N.S.) 18 873:.&78

Hu DY, Liu AX & Liu WQ 1988 Effect of organic and
phosphate fertilizers on water util~tion and wheat
yields in Weibei dryland. Soils 20 39-41

Hubick KT & Farquhar GD 1989 Carbon isotope discrimina-
tion and the ratio of carbon gained to water lost in
barley cultivars. Plant, Cell and Envirorunent 12 795-804

Hubick KT, Farquhar GD & Shorter R 1986 Correlation
between water use efficiency and carbon isotope dis-
crimination in diverse peanut (Arachis) germplasm.
Australian Journal of Plant Physiology 13 803:.&16

Hunsaker DJ & Bucks DA 1987 Wheat yield variability
in irrigated level basins. Transactions 'OfASAE (N.S.)
30 1099-1104

Ismail AM & Hall AE 1992 Correlation between water
use efficiency and carbon isotope discrimination in
diverse cowpea genotypes and isogenic lines. Crop
Science 32 7-12

Jana PI<,Sounda G, MukheIjee AI<,Ahasan AKMM, Ghatak
S & Barik A 1989 Effect of irrigation and weed control
on growth, yield, consumptive use and consumptive
use efficiency of summer groundnut. Indian Agricul-
turist 33 87-94

Jensen ME 1987 New technology related to water policy
- Engineering. In Proceedinf§Sof Water and Water
Policy in World Food Supplies Conference (Ed. WR
Jordan). College Station, Texas, 26-30 May. Texas A
& M University Press, College Station, Texas

Jensen ME 1990 Irrigation research and development in
next decade. In IDRC-90 Proceedinf§S.Lethbridge, Al-
berta, Canada, pp. 3-25

Jensen ME, Rangeley WR & Dieleman PJ 1990 Irrigation
trends in world agriculture. In Irrigationof Agricultural
Crops (Eds. BA Stewart & DR Nielsen). American
Society of Agronomy, Madison, Wisconsin, Agronomy
Monograph 30 31-67

Jones P, Allen Jr LH, Jones, JW & Valle R 1985 Photosyn-
thesis and transpiration responses of soybean canopies
to short- and long- term COz treatments. Agronomy
Journal 77 119-126

Joshi NL 1988 Millet yield under natural drQught conditions
on arid loamy sand soil: Cultivar differences, effect
of planting dates, and relative energy yield equivalencies.
Arid Soil Research and Rehobilitation 2 203-216

Kalane RL, Sagare BN, Guke YS & Marathe RA 1990
Moisture use pattern and yield of hybrid sorghum under
different moisture conservation practices on Vertic Us-
tochrepts. Annals of Plant Physiology 4 1-8

Khade VN, Khanvilkar SA & Dongale JH 1986 Studies
on irrigation and nitrogen requirement of summer mung
in latritic soil. Journal of Maharashtra Agricultural
Universities 11 62-65

Khade VN, Patil BP, Khanvilkar SA & .Dongale JH 1988
Irrigation and phosphorus requirements of rabi
greengram.Journal of Maharashtra Agricultural Univer-
sities 13 99

Khade VN, Patil BP, Khanvilkar SA & Jambhale AS 1989
Effect of irrigation schedules and antitranspirant on
yield of sunflower. Journal of Maharashtra Agricultural
Unil'ersities 14 217-218

Khan GM & Agarwal SK 1985Water use, water use efficiency
and soil moisture extraction pattern of mustard in rela-



WUE IN ARID AND SEMI-ARID REGIONS 187

tion to water stress and sowing method. Indian Journal
of Agronomy 30 235-243

Khan MS, Rahman M, Shaha UK & Kabir H 1991Response
of potato to irrigation at varying nitrogen levels.Journal
of Indian Potato Association 18 27-34

Kimball BA & Idso SB 1983 Increasing atmospheric C02:
Effects on crop yield, water use and climate. Agricultural
Water Management 7 55-72

Kock W 1984 Crop losses due to weeds. In Proceedings
of FAOI/WWSS E-rpertConsultation on Improl'ing Weed
Management in Del'eloping COllntries. FAO Plant
Production and Protection Paper 44. FAO, Rome, pp.
153-165

Kumar A, Dhiman SD & Yadav SK 1986 Studies on the
evaporation, water use efficiencyand moisture extraction
pattern by wheat genotypes in irrigated and unirrigated
conditions. Indian Journal of Agronomy 31 11-15

Lahiri AN 1980 Interaction of water stress and mineral
nutrition on growth and yield. In Adaptation of Crop
Plants to Water and High Temperature Stress (Eds. NC
Turner & PJ Kramer). John Wiley, New York, USA,
pp. 341-352

Lahiri AN 1990 Prospects of yield stabilisation of pearl
millet (Pennisetum americanum (L.) Leeke) in drought
prone areas. In Proceedings of International Congress
of Plant Physiolo[{l'. Society of Plant Physiology &
Biochemistry, New Delhi, India, pp. 207-214

Lemon ER 1969 Important microclimatic factors in soil-
water- plant relationships. In Modifying the Soil and
Water Em'ironment for Approaching the Agricultural
Potential of the Great Plains. Great Plains Agricultural
Council Publication No. 34 95-102

Lenga FK 1986 Yield and water use relationship of millet
at four planting spacings. Dissertation Abstract Inter-
national B (Science & Engineering) 46 2508B

Liebl R & Worsham AD 1987 Interference of Italian ryegrass
(Lolium multifTorum) in wheat (Triticum aestivum).
Weed Science 35 819-823

Maesschalck G, Verplancke G & Boodt M de 1985 Water
use and water use efficiency under different management
systems for upland crops. In Soil Physics and Rice.
IRRI, Los Banos, Philippines, pp. 397-408

Malavia DD, Patel JC, Vyas MN & Patel KP 1987 Effect
of soil moisture regimes and fertilizers on wheat. Indian
Journal of Agronomy 32 158-160

Malik BS,Verma AN & Khurana AD 1985Effect of irrigation,
fertilizer levels and seed treatment on growth, yield
and water use efficiency of wheat. Seeds and Fanns
II 29-30

Mangelsdorf PC 1966 Genetic potential for increasing yields
of food crops and animals. In Proceedingsof Symposium
on Prospects of the World Food Supply, National
Academy of Science, Washington, D.C., USA, pp. 66-71

Martin RJ & Pannell DJ 1990 Improving the efficiency
of weed control in agronomic crops. In Proceedings
of 9th Australian Weeds Conference, Western Australian
Department of Agriculture, Baron-Hay Court, South
Perth, Australia, pp. 1-9

Moreshet S, Stanhill G & Fucks M 1977 Effect of increasing
foliage reflectance on the C02 uptake and transpiration
resistance of a grain sorghum crop. Agronomy Journal
69 246-250

Moss DN, Woolley IT & Stone JF 1974 Plant modification
for more efficient water use: The challenge. Agricultural
Meteorolo~ 14 311-320 •

Nigam PK, Mishra VK & Sharma RA 1989 Performance
of different soybean (Glycine mox L. Merril.) varieties
grown on black clay soils under rainfed conditions.
Legume Research 12 143-147

Nimbalkar VS, Narkhede PL & Deokar AS 1985Performance
of pearl millet genotypes in relation to MUE under
drought prone condition. Current Research Reponer
1 167-168

Oxtoby E & Hughes MA 1989 Breeding for herbicide resis-
tance using molecular and cellular techniques.
Euphytica 40 173-180

Pandey RK, Morris RA & Whisler FD 1987Water extraction
patterns, water use and yield of ten upland crops fol-
lowing rainfed lowland rice in the tropics. Philippine
Journal of Crop Science 12 163-168

Pandey SK, Kaushik SK & Gautam RC 1988 Response of
rainfed pearl millet (Pennisetum glaucum) to plant
density and moisture conservation. Indian Journal of
Agricultural Sciences 58 517-520

Passioura JS 1972The effect of root geometry on the yield
of wheat growing on stored water. Australian Journal
of Agricultural Research 23 745-752

Passioura JB 1983Roots and drought resistance. Agricultural
Water Management 7 265-280

Patil BP 1988 Economising irrigation through rice fallow
cropping strategies. International Rice Research Newslet-
ter 13 30

Penman HL 1948 Natural evaporation from open water,
bare soil and grass. Proceedingsof Royal SocietyLondon
ser. A. 193 120-146

Peries RR, Foale MA & Fukai S 1989 The efficiency of
water use by dryland grain sorghum. In Proceedings
of Australian Sorghum Workshop (Eds. MA Foale, BW
Hare & RG Hanzell). Australian Institute of Agricultural
Sciences, Brisbane, Australia, pp. 231-237

Poljakoff-Mayber A & Gale J 1972 Physiological basis
and practical problems of reducing transpiration. In
WaterDeficits and Plallt Growth (Ed. TT Kozlowski).
Academic Press Inc., New York, Vol. III, pp. 277-306

Prakash V, Kumar A & Singh RP 1991 Consumptive use,
water use efficiency and yield of mustard as influenced
by irrigation and Jalshakti levels. Annals of Agricultural
Research 12 100-103

Prasad UK, Prasad TN, Pandey RD & Ehsanullah M 1989
Irrigation scheduling methods for wheat (Triticum aes-
tivum) in calcareous soil of north Bihar. Indian Journal
of Agricultural Sciences 59 438-441

Prihar SS 1985 Projections on the role of fertilizers in food
grain production in India. Indian Journal of Agricultural
Sciences 55 211-219

Rao KL, Raju DVN & Rao CP 1991 Influence of irrigation
and nitrogen on yield and water use efficiency of finger
millet. Indian Journal of Agronomy 36 55-60

Rao P & Agarwal SK 1985 Effects of conservation of soil
moisture and supplemental irrigation on water use ef-
ficiency of mustard, chickpea and barley. Indian Journal
of Agricultural Sciences 55 415-421

Rao P, Agarwal SK & Sishnoi OP 1986 Yield variations
in winter crops under different soil tillage_and moisture



188 JOSHI & SINGH

conservation practices. Indian Journal of EcoloW 13
244-249

Rea E & Cale MT 1991Nitrogen nutrition and photosynthesis
in Triticum dumm N. Dultio. Rivista di Agronomie
25 29-34

Reddy NN, Sinha MN & Hegde MR 1988 Studies on con-
sumptive water use, water use efficiency and moisture
extraction pattern by mustard as influenced by irrigation
and fertilization. Journal of Oilseed>Research 5 36-44

Regnier EE & Janke RR 1989Evolvingstrategies for managing
weeds. In Sustainable Agricultural Systems (Eds. CA
Edwards, R Lal, P Madden, RH Miller & G House).
Soil and Water Conservation Society, Ankeny, Iowa,
USA, pp. 174-202

Riffle MS, Murray DS, Stone JF & Weeks DL 1990Soil-water
relations and interference between devil's-claw (Probos-
cidea louisianica) and cotton (Gos.sypium hirsutum).
Weed Science 38 39-44

Robertson WK, Hammond LC, Saxena GK & Lundy HW
1973 Influence of water management through irrigation
and a subsurface asphalt layer on seasonal growth and
nutrient uptake of com. Agronomy Journal 65 866-870

Roth D, Gunther R & Roth R 1988aTranspiration coefficients
and water use efficiency in agricultural crops. I.
Transpiration coefficients and water use efficiency in
cereals, root crops and silage maize grown in field
and pot experiments. Archil' fur Acker- und Pf1anzenbau
und Bodenkunde 32 397-403

Roth D, Roth R, Gunther R & Spengler R 1988bTranspiration
coefficients and water use efficiencyin agricultural crops.
II. Effects of different rates of water supply on transpira-
tion coefficient and water use efficiency. Archil' fur
Acker- und Pf1anzenbau und Bodenl..:unde 32 405-410

Sammis TW 1980Comparison of sprinkler, trickle, subsurface
and furrow irrigation methods for row crops. Agronomy
Journal 12 701-704

Sandhu BS, Prihar SS & Khera KL 1984 Irrigating wheat
with limited amount of water in Punjab. Indiall Journal
of Ecolo~' 11 243-248

Seginer Ido 1969 The effect of albedo on the transpiration
rate. Agricultural Meteorolow 6 5-31

Sepaskhah AR, Sichani SA & Bahrani B 1976 Subsurface
and furrow irrigation evaluation for bean production.
Transactions of ASAE 19 1089-1092/97

Shan L, Sun JB, Liu ZM & Du SY 1988 A study on
productivity and water use of the main crops in the
upland area of southern Ningxia. Scientia Agricultura
Sinica 21 9-16

Sharma DK & Kumar A 1989a Effect of irrigation and
nitrogen on growth, yield, consumptive use and water
use efficiency of Indian mustard (Brassica juncea sub
sp. juncea). Indian Journal of Agricultural Sciences 59
127-129

Sharma DK & Kumar A 1989b Response of mustard cultivars
to moisture stress. Indian Journal of Agronomy 34 172-
175

Sharma KC, Misra RD, Pandey DS & Bana OPS 1987
Response of wheat to irrigation scheduling based on
cumulative pan evaporation. Indian Journal of Agronomy
32 121-123

Shelke DK & Bhosle RH 1990 Determination of critical
period of crop-weed competition in rainfed cotton. Jour-
nal of Maharashtra Agricultural Universities 15 257-258

Shih SF 1988 Sugarcane yield, biomass, and water use ef-
ficiency. Transactions of ASAE 31 142-148

Shuvanova GV 1984 Dependence of moisture supply and
winter wheat yields on preceding crops and fertilizers.
Khimiya v Sel'skom Khozyaistve 8 19-21

Siddique KHM, Tennant D, Perry MW & Belford RK 1990
Water use and water use efficiency of olf! and modem
wheat cultivars in a Mediterranean type environment.
Australian Joumat of Agricultural Research 41 431-447

Sinclair TR, Tanner CB & Bennet JM 1984 Water-use ef-
ficiency in crop production. BioScience 34 36-40

Singh BN 1987 Yield and water use efficiency of bread
wheat under varying levels of irrigation and nitrogen
in humid subtropical hills of Meghalaya. Indian Journal
of Agricultural Sciences 57 245-250

Singh BP 1984Seed yield and quality of mustard as affected
by soil profile moisture and rates of sulphur on aridisols.
Madras Agricultural Journal 71 163-170

Singh DP, Yadav SK & Bangarwa AS 1988a Response of
summer mungbean to irrigation and soil mulch. Haryalla
Journal of Agronomy 4 97-101

Singh P & Agarwal MC 1988 Improving irrigation-water-use
and yield of cotton by different agro-techniques under
cotton based cropping pattern. In Proceedings of Na-
tional Seminar on Water Managemem - The Key to
Developing Agriculture (Ed. JS Kanwar). Agricole
Publishing Co., New Delhi, India, pp. 634-651

Singh PN, Joshi BP & Singh G 1987a Water use and yield
response of wheat to irrigation and nitrogen on an
alluvial soil in north India. Agriculmral Water Manage-
mem 12 311-321

Singh RA, Gupta SC & Moinbasha S 1987b Moisture needs
of Indian mustard - chickpea intercropping./Ildian Jour-
lIal of Agricultural Sciences 57 553-558

Singh RP, Singh DP & Singh P 1988b Genetic variation
for moisture use pattern, evapotranspiration and water
use efficiency in mustard (Brassica juncea (L.) Czern
and Coss.). Narender DCI'aJournal of Agricultural Re-
search 3 26-33

Singh SD 1988a Using pond sediment treated catchment.
In Water Harvesting in Arid Tropics (Ed. SD Singh).
Central Arid Zone Research Institute, Jodhpur, India,
pp. 1-11

Singh SD 1988b Runoff utilization for increasing crop yields.
In Water Harvesting in Arid Tropics (Ed. SD Singh).
Central Arid Zone Research Institute, Jodhpur, India,
pp. 12-22

Singh SD 198& Selection of crops. In Water Harvesting
in Arid Tropics (Ed. SD Singh). Central Arid Zone
Research Institute, Jodhpur, India, pp. 23-33

Singh SD, Gupta JP & Singh P 1978 Water economy and
saline water use by drip irrigation. Agronomy Journal
70 948-951

Singh S, Narwal SS & Chander J 1988c Effect of irrigation
and cropping systems on consumptive use, water use
efficiency and moisture extraction pattern of summer
fodders. International Journal of Tropical Agriculmre
6 76-82



WUE IN ARID AND SEMI-ARID REGIONS 189

•

Singh S, Ranwa RS, Malik DS & KalWasra RS 1985Response
of pearl millet hybrids to levels of nitrogen under rainfed
conditions of Haryana. Intemational Journal of Tropical
Agriculn:re 3 196-201

Singh T, Singh H & Malik DS 1986 Effect of water stress
at three stages of growth on water use and water-use
efficiency of dwarf whea!.lndian Journal of Plam Physiol-
ogy 29 248-255

Stafford RE 1987 Dry matter accumulation in different guar
genotypes under irrig'lted and dryland conditions. Jour-
nal of Agronomy and Crop Science IS8 38-48

Stanhill G 1986 Water use efficiency. Advances in Agronomy
39 53-85

Stark JC & Dwelle RB 1989 Antitranspirants effects on
yield, quality and water use efficiency of Russet Burbank
potatoes. American POlato Joumal 66 563-574

Steiner JL 1986 Dryland grain sorghum water use, light
interception and growth response to planting geometry.
Agronomy Journal 78 720-726

Stewart BA & Steiner JL 1990Water-use efficiency.Advancef
in Soil Science 13 151-173

Stewart 11 1972 Prediction of Water Production FunctiollS
and Associated Irrigation Program to Minimize Crop
Yield and Profit Losses due to Limited Water. Ph.D.
Thesis, University of California - Davis Microfilms 7J-16,
934

Tanji A, Karrou M & EI Mourid M 1987 Effect of weeds
on yield and water use efficiencyofwheat under semi-arid
conditions of Morocco. Barley Wheat Newsleller 6 36-39

Tanner CB & Sinclair TR 1983 ' Efficient water use in
crop production: Research or re-search ? In LimitatiollS
to Efficielll Water Use ill Crop Production (Eds. HM
Taylor, WR Jordan & TR Sinclair). American Society
of Agronomy, Crop Science Society of America, Soil
Science Society of America, Madison, Wisconsin, USA,
pp. 1-27

Taylor Al, Smith CJ & Wilson IB 1991 Effect of irrigation
and nitrogen fertilizer on yield, oil content, nitrogen
accumulation and water use of canola (Brassica napus).
Fenilizer Research 29 249-260

Tripathi RP, Kumar A & Kushwaha HS 1989 Irrigation
requirement of wheat (Triticum aestivum) under shallow
water conditions.llldian Journal of Agricultural Sciencef
S4 222-226

Turner NC 1986 Crop water deficits: A decade of progress.
Advallces ill Agrollomy 39 1-51

Turner NC, Nicolas ME, Hubick KT & Farquhar GD 1989
Evaluation of traits for the improvement of water use
efficiency and harvest index. In Proceedings of S)7II-
posium 011 Drought Resistallce in Cereals (Ed. FGW
Baker). CAB International, Wallingford, UK, pp. 177-
189

Unger PW 1978 Straw mulch effects on soil water storage
and sorghum yield. Soil Science Society of America
Journal 42 486-491

Unger PW, Jones OR & Steiner JL 1988 Principles of crop
and soil management procedures for maximizingproduc-

tion per unit rainfall. In Drought Refearcl1 j'riorities
for theDryland Tropics (&!s. FRBidinger & C Johansen).
ICRISAT, Patancheru, India, pp. 97-112

Upasani PR & Sharma HC 1986 Effect of nitrogen and
sulphur on some growth parameters, evapotranspiration
and moisture use efficiency of mustard under dryland
conditions. Indian Joumal of Agronomy 31 222-228

Verma UN & Srivastava VC 1989 Effect of tillage and
weed management on energy and water use efficiency
of wheat after rice. AllIIals of Agricultural Research
10 374-380

Viets FG Jr 1962 Fertilizers and efficient use of water.
Advances in Agronomy 14 223-264

Virgona JM, Hubick KT, Rawson HM, Farquhar GD &
Downes RW 1990 Genotypic variation in transpiration
efficiency, carbon-isotope dlscrimination an£!carbon al-
location during early growth in sunflower. Australian
Journal of Plant Physiology 17 207-214 -.

Waggoner PE, Monteith JL & Szeicz G 1964 Decreasing
transpiration of field plants by chemical closure of
stomata. Nature 20 97

Walker CD & Lance RCM 1991 Silicon accumulation and
BC composition as indices of water use efficiency in
barley cultivars. Australian Joumal of Plam Physiology
18 427434

Walker GK & Richards JE 1985 Transpiration efficiency
in relation to nutrient status. Agronomy Journal 77
263-269

Weinzierl W, Frede HG & Mayer B 1985 Soil water balance
and crop yields on a Loess-Parabraunerde under cus-
tomary and reduced N- fertilization. ZeilSchrift fur Kul-
turechnik und Flurberlinigung 26 171-179

. Wiese AF 1983 Weed control. In Dryland Agriculture (Eds.
HE Dregne & WO Willis). American Society of
Agronomy, Crop Science Society of America, Soil
Science Society oCfimerica, Madison, Wisconsin, USA,
Agronomy Monograph 23 463-488

Wilson BJ, Cousens R & Wright K1 1990 The response
of spring barley and winter wheat toAvena faula popula-
tion density. Annals of Applied Biology 116 601-609

Wittwer SH 1967Carbon dioxide and its role in plant growth.
Proceedings of XVIllmemational Horticulture Congrefs'
3 311-322

Wullschleger SD & Oosterkuis DM 1989Water use efficiency
of cotton leaves. ArkallSas Farm Research 38 6

Zelitch I & Waggoner PE 1962 Effect of chemical control
of stomata on transpiration and photosynthesis. Proceed-
ings of us National Acadamy of Science 48 1101-1108

Zeljkovich LET de, Zeljkovich VJ, Hansen OM & Blotta
LA 1988TillageMethods in Wheat-Soybean-Maize Rota-
tion. V. Effect on Soil Moisture Content and Water
Use Efficiency during Cultivation of Wheat/Soybean.
Publicacion Tecnica, Nacional de Tecnologia
Agropecuaria, Estacion Experimental Agropecuaria An-
guil, Argentina, No. 42, p. 23


