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ABSTRACT

About 62% of Indian arid zone lies in western Rajasthan where low annual rainfall and its erratic distribution result in widespread and
recurring droughts of varying intensity and magnitude. Crops in the arid and semi-arid areas suffer from both moisture and nutrient
stresses. As nutrient and water requirements are intimately linked therefore, the interaction between soil moisture deficits and nutrient
uptake that is of paramount importance has been extensively studied. Our investigations have established significant positive response of
plants of these zones to improved soil fertility. However, the degree of yield response varied with rainfall pattern, drought intensity and
crop species. Advantages of fertilizer application under arid conditions might be realized in situations where both dry and wet phase exist
during the growing period. However, the benefits of nutrients under such conditions are generally less than in well irrigated crops.
Fertility-induced metabolic efficiency coupled with higher photosynthetic and nitrate reductase activity are considered to be the control
mechanisms for enhanced growth and yield of rainfed crops. Studies suggested that tissue hydrature was not an infallible index of
metabolic efficiency as nutritional status of plants was more critical under water deficits for leaf metabolism, photosynthesis, growth and
yield in different crops where nitrogen moisture interactions were explored. Alleviation of drought effects in arid legumes has been
achieved through phosphorous (P) application which favourably modulates various physiological and biochemical processes. Similarly,
applied potassium (K) mitigates the adverse effects of water stress by favourably influencing internal tissue moisture, photosynthetic rate
and nitrogen metabolism in legumes. Thus, significant yield improvement can be obtained even under low soil moisture conditions

through adequate nutrient management.
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INTRODUCTION et al. 1998). The available phosphorus content varies widel

Indian agriculture continues to be a gamble of the vagaries
of monsoon, rainfall being most critical because nearly 70%
of the net sown area is still rain dependent. Low and poor
rainfall distribution, delayed onset of monsoon and pro-
longed dry spells during the cropping season, often results
in water stress conditions at different growth stages causing
decline in productivity and some times even crop failures.
The severity of drought depends on the duration, frequency,
intensity and geographical distribution of rainfall of a
region besides several other factors. In this regard, arid
region of Rajasthan is a frequent victim of disastrous
droughts, resulting in huge economic losses and degrada-
tion of natural resources of the region.

Besides arid climates, the soils of arid regions have a
number of constraints for sustainable land use and crop
production. In addition to low water holding capacity, poor
water availability, arid zone soils have low organic matter
and are deficient in nitrogen. Low amount of organic matter
has been attributed to high temperature, low rainfall, scanty
vegetation cover and sandy texture of soil (Praveen-Kumar

in different soils and mean content is less than 20 kg ha™.
However, soils of arid region are generally well supplied
with potassium (Joshi 1993). Furthermore, decreasing water
availability under drought generally results in reduced total
nutrient uptake and frequently reduced concentration of
mineral nutrients in crop plants, having adverse effects on
crop yields. Water stress or drought can also interfere with
nutrient distribution to seed resulting in poor seed quality.
Thus, management of nutrient uptake under drought condi-
tion is of great importance for sustainable plant productivity.

The crop yields in arid regions are low compared to the
humid and sub-humid regions, mainly due to deficiency of
water. The crop production is totally dependent on low and
erratic rainfall. Hence, the most obvious priority is to
achieve maximum production of an economic yield per unit
of available water. Besides several agronomic practices, soil
fertility management is crucial as poor fertility of the arid
soils is a major limitation to increasing crop yields. The
positive response of important Kharif crops to applied ferti-
lizer (mainly N and P,0s) is well known (Table 1). How-
ever, it has been found to vary with soil type, seasonal rain-
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Table 1 Average response of Kharif crops to nitrogen and phosphorus
application. Data modified from Narain ez al. (2000).
Crops Average response

Table 2 Impact of drought on food production in Rajasthan (India) and
western arid part of the State in the year of drought against the previous
good rainfall year. Data modified from Narain ez al. (2006).

Kg grain kg’ N Kg grain kg P

Pennisetum glaucum 13.5 8.0
Sorghum bicolor 23.4 30.7
Sesamum indicum 32 2.1
Cyamopsis tetragonoloba - 8.7
Vigna radiata - 6.6
Vigna mungo - 4.3

fall during the growing season and growth stage of the
crops. As nutrient and water requirements are intimately
linked and fertilizer application increases water use effici-
ency, therefore, the interaction between soil moisture defi-
cits and nutrient uptake is of paramount importance and a
subject of extensive studies. Our investigations on this sub-
ject have further gone to higher level encompassing physio-
logical and biochemical processes, which are directly or
indirectly modulated by plant nutrients. The present review
is an attempt to coordinate and correlate the complex nut-
rient-moisture interaction not only at the plant performance
or crop yield level, but also at the metabolic plane to have a
clear understanding of the processes involved in yield
improvement through nutrient management.

DROUGHT SCENARIO IN INDIAN ARID ZONE

According to the National Commission of Agriculture
(1976), if the drought occurs in more than 40% of the years
in an area, it is classified as chronically drought prone area.
As per this classification, Indian arid zone is a chronically
drought prone area. Analysis of rainfall data (1901-1999)
indicates that out of 99 years, the Indian arid zone experi-
enced agricultural drought in one part or the other during 33
to 46 years, which suggests a drought once in three years to
alternate years (Narain ef a/. 2000). Often drought prolong
continuously for 3 to 6 years, in this region as during 1903-
05, 1957-60, 1984-87 and 1997-99. Such prolonged droughts
put tremendous stress on natural resources and lead to
severe scarcity of food, fodder and water.

About 62% of the arid zone in India (covering an area
of about 20 million ha), lies in Western Rajasthan, forming
the principal arid zone of the country. Low annual rainfall,
which varies from 400 mm in the eastern part to less than
100 mm in the westernmost part and its erratic distribution
results in widespread and recurring droughts in many parts
of the region with variation only in its magnitude from year
to year (Narain ef al. 2006). Added to this decreased rainfall
gradient, the year-to-year variability increase from 40% in
the east to 70% in the west. Therefore, droughts and disas-
trous famines are recurring features of the Indian arid zone
(Rao 1997; Rao and Singh 1998).

The major causes of drought in the Indian arid zone are
its geographic location not favouring abundant monsoon
rainfall, poor quality and excessive depth of groundwater,
absence of perennial rivers and forests, poor water holding
capacity of soils and huge withdrawal from limited ground-
water resources. Furthermore, the increased pressure of
both human (19.8 million) and livestock (28.0 million)
population has put tremendous pressure on land and limited
water resources. Therefore, the impact of drought is felt
much more severely in the arid region compared to other
parts of the country (Narain ez al. 2000, 2006). Migration in
search of fodder, food, work and water is a common feature
imposing hardships upon desert dwellers, causalities of
livestock and famines in extreme drought situations.

Food production particularly in the state of Rajasthan
nose-dives during the years of drought and aberrant weather.
Severe droughts reduced the food grain production in wes-
tern Rajasthan by 70% during 1987-88, 50% during 2002-
03 and again by 55% during 2004-05, against previous
good monsoon year (Table 2). Such reduction in food grain
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Years Food grain production (million tonnes)
Rajasthan State Western arid area

1983 — 1984 11.50 4.57

1987 — 1988 6.03 (47.6) 1.38 (69.8)

2001 —2002 17.13 6.88

2002 —2003 9.26 (45.9) 3.44 (50.0)

2003 —2004 10.90 6.52

2004 - 2005 5.53 (49.3) 2.96 (54.6)

Figures in parenthesis indicate percent decrease due to drought against the
previous good monsoon year

production was also noticed at the state level also, during
drought years. In an agricultural dependent country like
India, once the agriculture production declines due to
drought, it sets in a chain reaction leading to lower availabi-
lity of commodities, lower purchasing power and economic
growth.

Sustainable strategies must be developed to alleviate the
impact of drought on crop productivity. In areas of recurring
drought, one of the best strategies for alleviating drought
stress is the choice of crop and varietal manipulation,
through which drought can be avoided or its effects can be
minimized by adopting varieties of short duration crops that
either escape drought or are tolerant. If the drought occurs
during the middle of a growing season, corrective measures
can be adopted which vary from reducing plant population
to fertilization or weed management. A good rainfall event
can be fruitfully harvested by collecting rain in farm ponds
or tanks than can be recycled as life saving irrigation during
a prolonged dry spell. In fact, all such strategies are location,
time, crop and socio-economic conditions specific.

NUTRIENT AVAILABILITY AND UPTAKE UNDER
WATER DEFICITS

Nutrient uptake by plants depends on ion concentrations at
the root surfaces, root absorption capacity and plant demand.
After uptake by roots, nutrients are transported to the vari-
ous plant organs for utilization in different metabolic pro-
cesses. Thus, nutrient uptake by plants involves several
interconnected processes such as, (a) nutrient release from
the soil solid phase to solution, (b) transport to roots for
absorption, and (c) translocation and utilization in plants.
These processes are influenced largely by soil, climatic and
plant factors. Water deficits generally reduce plant growth
and yield. It is well known that much of the reduction in
growth is associated with reduction in turgor and cell wall
development. However, it appears unlikely that turgor can
be considered the sole key to the general response. Vaadia
and Waisel (1967) reported that reduced mineral nutrient
availability significantly contributes to poor growth under
conditions of decreasing water availability in the soil. Viets
(1972) concluded that decreasing water availability culmi-
nating in plant-distress symptoms associated with drought,
results in reduced total nutrient uptake and frequently in
reduced concentrations of mineral nutrients in plant tissues.
Although ion and water absorption by the root from soil
solutions are independent, but in soil they are intimately
and complexly linked because of the dominance of water
availability on all microbial, physical and physiological
processes.

The quantity of water in the soil affects not only the
amount of nutrient in the soil solution, but also the rate of
movement to the root by diffusion and mass flow as water
is absorbed by the root. Most of the experimental data indi-
cates that most important effect of water deficits is on trans-
port of nutrients to the root and on the root extension (Viets
1972; Fageria et al. 1991). Olsen et al. (1961) showed that
32p uptake by corn was proportional to water content in dif-
ferent types of soil. Water stress, in general, reduces nut-
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rient uptake by roots and transport from roots to shoots
because of restricted transpiration rate and impaired active
transport and membrane permeability (Erlandsson 1975). A
decline in the soil moisture is associated with a decrease in
the diffusion rate of nutrients from the soil matrix to the
absorbing root surface. Plant water status and internal water
deficits are related to root system development and during
water stress root permeability may change to substantially
low levels. Inadequate water and nutrient uptake due to
reduced root permeability causes a disturbance in root
metabolism. Changes in the soil moisture regime can alter
root morphology and anatomy, pore size distribution and
the angle of root penetration, which affect root proliferation.

It is difficult to clearly delineate the effects of water
stress on nutrient uptake and accumulation in plants as both
decreases and increases in nutrient element concentrations
have been reported with increased water stress (Eck and
Musick 1979; Vyas et al. 1985; Alam 1994). Although
water stress exhibited variable effects on mineral uptake but
most studies reported that nutrient uptake decreased with
increase in water stress (Garg ef al. 1984; Kathju et al.
1990; Vyas et al. 1995, 1999). It is generally agreed that
uptake of P by plants is reduced in dry soil (Viets 1972;
Alam 1994). Several plants subjected to water stress had
markedly low concentrations of Ca, K and P (Brown et al.
1969). The values for relative P uptake by maize plants
under stress were 100, 94, 80, 54 and 35% of the control at
the water stress levels of -0.3, -0.5, -1, -3 and -9 bars, res-
pectively. However, there are genetic variations within spe-
cies for their response to mineral uptake. These variations
may explain some of the differences that are attributed to
reduced availability of nutrients under water stress condi-
tions (Reddy e al. 1980). For example, the relative amounts
of K, Ca and Mg increased more in barley (Hordeum vul-
gare) than rye (Secale cereale) when water stress was im-
posed. Contrarily, in soybean (Glycine max) plants, uptake
of N decreased under water deficits which was attributed to
the decreased transpiration rate to transport N from roots to
shoots.

Vyas et al. (1985) reported that concentration of N con-
sistently increased in sesame (Sesamum indicum) plants
with increasing intensity of water stress but that of P de-
creased progressively (Fig. 1). However, the uptake of both
the nutrients declined significantly due to reduced growth.
Similar responses have been reported in wheat (Triticum
aestivum; Kathju et al. 1990) and Indian mustard (Brassica
Jjuncea; Vyas et al. 1995).

Viets (1972) generalized that moisture stress induces
definite increases in N levels, a decrease in the P level and
variable effects on the K level. In all grasses, however, a
definite reduction in the K level with moisture stress was
also observed in addition to the increase in the N and the
decrease in the P level. In mature maize plants grown with
inadequate moisture, accumulation of P, N, Mg, K and Ca
was 40, 50, 65, 71 and 91%, respectively, of those found in
plants grown with adequate water. The uptake of mineral
elements was found maximum when the water potential
was near that of the field capacity or about -0.03 MPa.

Increased water stress not only decreased the uptake of
nutrient elements but also increased Ca/P and Ca/K ratios.
Under water stress conditions, root system altered structu-
rally and functionally could supply nutrients exclusively by
more active root tips. This led to a low uptake of anions and
greater uptake of divalent cations compared to monovalent
cations. Thus, abnormal Ca/P and Ca/K ratios developed in
the plant may cause other complications in the growth of
plants (Alam 1994).

In conclusion, mineral uptake is frequently reduced in
drought-stressed plants. Reduced absorption of inorganic
nutrients can result from interference of nutrient uptake and
unloading mechanism besides reduced transpiration flow
(Bradford and Hsiao 1992). One of the earliest signs of
drought stress is in the translocation of P from older leaves
to the stems and meristematic tissues. Translocation of N
closely follows that of P, suggesting the occurrence of pro-
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Fig. 1 Influence of water stress intensities on the concentration (A) and
uptake (B) of nitrogen and phosphorus in sesame. Figure drawn from data
in Vyas et al. (1985).

tein hydrolysis and alteration of normal cell function. Water
stress can also interfere with nutrient distribution to seed
resulting in poor seed quality. Thus, management of nutrient
uptake under water stress conditions is of paramount impor-
tance for sustainable plant productivity.

CROP RESPONSES TO NUTRIENT SUPPLY
UNDER MOISTURE STRESS

Rainfed agriculture in the arid and semi-arid regions of
India is greatly influenced by water shortage caused by low,
highly variable and erratic rainfall. However, apart from
water deficits, crop productivity in these regions is also
affected by low soil fertility. Thus, rainfed regions face the
twin problems of ‘water thirst’ and ‘plant nutrient hunger’.
Due to moisture scarcity, these lands are incapable of sup-
porting double cropping. Consequently, the soil organic
matter turnover and fertilizer use efficiency is very low.
However, in order to sustain the productivity of arid zone
crops, it is very important to offset the nutrient depletions
through appropriate fertilizer management practices.

The soils of arid region are generally coarse-textured
and deficient in organic matter as well as N content (Joshi
1993). Mean organic C content in the arid soil range from
0.05 to 0.2% in coarse, 0.2 to 0.37% in medium and 0.3 to
0.4% in fine-textured soils. Low clay content, hot climate
and low rainfall are mainly responsible for low organic
carbon (Praveen-Kumar ef al. 1998). These soils contain
total N in the range of 0.002 to 0.005% and available P
varies from 5.4 to 8.5 kg ha”' (Aggarwal and Lahiri 1981).
However, soils of arid regions are generally adequate in K
and total K content varies from 0.54 to 1.57%. Thus, there
is a need to improve productivity with adequate nutrient
management practices.

Most of the crops grown in the region such as, pearl
millet (Pennisetum glacum), clusterbean (Cyamopsis tetra-
gonoaloba), moth bean, (Vigna aconitifolia) mung bean
(Vigna radiata) and sesame during kharif season and wheat
and mustard during Rabi season respond very effectively to
nutrient application. Though, it is generally agreed that
response to applied nutrients by rainfed crops is not assured
and sometimes may not be profitable unless proper soil
moisture is available. Nevertheless, nutrient management is
of prime importance in the region. Kathju er al. (1987)
reported that N use efficiency in pearl millet and sesame
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Table 3 Influence of N fertilization on grain yield and water use efficiency (WUE) of pearl millet genotypes. Data modified from Kathju ez al. (2001).

Category Grain yield (kg ha™) WUE (kg ha™! mm™)

No Nso % No Nso %
Hybrids 1042 + 74 1595 +22 53.0 3.59+0.27 5.36 + 0.07 49.3
Composites 1029 £ 59 1479 £ 34 43.7 3.58+0.22 4.89 +0.06 36.6
Land races 1206 + 58 1616 + 25 33.9 4.07+0.23 5.19+0.11 27.5

Data mean of two years for two genotypes under each category

Table 4 Influence of N fertilization on dry matter and grain yield of pear]l millet genotypes under sub and supra-optimal rainfall conditions. Data modified

from Garg (2003).

Rainfall character Average seasonal

Average dry matter (kg ha™)

Average grain yield (kg ha™)

rainfall (mm) No

Nso No Nso

224
440

2428.5 +£108.6
6089.3 +100.9

Sub-optimal (< 300 mm)
Supra-optimal (>360 mm)

3687.8 £176.4
7764.6 £242.5

460.3 £39.4
2569.0 £137.3

677.0+£51.3
3158.0£94.2

was 7.5-18.0 kg ha and 4-14.7 kg ha™, respectively, while
P use- efficiency in clusterbean, mung bean and moth bean
was 4.2-5.3, 1.4-4.1 and 0.1-0. 9 kg ha™', respectively. Thus,
adequate nutrient supply is pre—requlslte for obtaining sus-
tainable yields.

Our investigations on arid zone crops have established
significant positive response of plants to improved soil
fertility, particularly N and P (Garg et al. 1984; Vyas ef al.
1987; Kathju ef al. 2001; Garg 2003). However, the degree
of yield response varied with rainfall pattern, intensity of
drought, native soil fertility and crops species. On the basis
of various experimental data obtained on sandy soils, it has
been found that advantages of fertilizer application under
arid conditions may be realized in situations in which dry
and wet phase exist during the growing period (Lahiri 1980;
Garg 2003). However, the benefits of nutrients under such
drought conditions are likely to be less than in well irrigated
crops.

Nitrogen plays an important role in improving the yield
of cereals, but in legumes it is required as a starter dose
Apphcatlon of 80 kg ha™! proved superior to 40 kg ha and
resulted in a 72% increase in grain yield of pearl millet
(Parihar et al. 1998). In another study, N application up to
80 kg ha” in pearl millet increased yield in good rainfall
years, but in drought years, 51gn1ﬁcant effect was not
observed beyond 40 kg N ha’ (Aggarwal and Praveen-
Kumar 1996). Garg ef al. (1993) also reported similar bene-
fits of N fertilization in millet crop during both good and
low rainfall years under varying plant density. Kathju et al.
(2001) reported N-fertilization-induced significant improve-
ment in grain yield and water use efficiency of pearl millet
genotypes under rainfed conditions (Table 3). The fertilizer
induced percent increase was more in hybrids compared to
composites or land races with respect to both grain yield
and WUE. The fertility-induced higher photosynthesis and
leaf metabolic efficiency coupled with higher nitrate reduc-
tase activity was found to be responsible for such signifi-
cant grain yield and dry matter production (DMP) as well as
water use efficiency (WUE) and harvest index of the crop.
Furthermore one supplemental irrigation coupled with 80
kg ha'! N fertilization to pearl millet (Fig. 2) and sesame
crops showed significant additive effects on their yields
(Kathju et al. 1993; Vyas et al. 1999).

Field studies conducted with pearl millet during the
years 1990 to 1996 under rainfed conditions of Jodhpur,
Rajasthan, India revealed that N application enhanced grain
yield and dry matter production (Table 4) to varying extent
due to variation in rainfall. However, the positive response
to N-fertilization was consistently higher in supra optimal
compared to sub-optimal rainfall year. The increase was due
to higher nutrient uptake, better N partitioning and more
efficient metabolism and higher photosynthetic rates (Garg
et al. 1993; Garg 2003; Kathju ef al. 2001).

It has been observed consistently in various studies that
tissue hydrature was not an infallible index of metabolic
efficiency as nutritional status of plants was equally impor-
tant under water limited conditions for leaf metabolism,
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Fig. 2 Influence of low (LF) and high (HF) soil fertility and supplemental
irrigation on dry matter (A) and grain yield (B) of pearl millet. Figure
drawn from data in Kathju et al. (1993).

plant growth and yield (Garg et al. 1984, 1993; Kathju ef al.
1993; Vyas et al. 1995; Kathju et al. 2001; Vyas et al. 2001).
Garg et al. (1984) reported that fertility induced alleviation
of growth and yield in wheat under two successive cycles of
drought at various developmental stages (Fig. 3). This was
related to large root growth, greater post-drought nutrient
uptake and not to any favourable tissue water modulations.
Kathju et al. (1990) also reported that fertility induced im-
provement in dry matter and yield of wheat under different
intensities of drought at vegetative, flowering and grain fil-
ling stages which were attributed to higher nutrient uptake,
higher nitrate reductase (NR) activity and better metabolic
efficiency. Similar observations were made in Indian mus-
tard where nitrogen application was applied which promotes
seed yield under varying moisture levels on variable stored
soil moisture regimes (Vyas et al. 1995; Garg et al. 2001).
Burman et al. (2003) reported significant positive interac-
tion of nitrogen and sulphur application on seed yield of
Indian mustard grown under a gradient of soil moisture
created by line source sprinkler system (Table 5). This was
primarily due to positive and additive effect of the nutrients
on photosynthetic rate (Fig. 4) and other metabolic pro-
cesses (Burman et al 2003).

Nitrogen application not only improves the yield of
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Fig. 3 Influence of low (LF) and high (HF) soil fertility on grain yield (A)
and shoot dry matter (B) of wheat under two successive cycles of drought

at tillering, boot and flowering stages of growth. Data modified and re-
drawn from Garg et al. (1984).

Table 5 Interactive effects of (N) sulphur (S) and moisture levels (M) on
seed yield and dry matter of Indian mustard. Data modified from Burman
et al. (2003)

Treatments Seed yield (kg ha™) Dry matter (kg ha™)
Nitrogen (kg ha™)
0 410 1680
60 935 3643
LSD (0.05) 71 212
Sulphur (kg ha™)
0 629 2550
30 706 2773
LSD (0.05) 71 212
Moisture levels (mm)
MI (310.4) 949 3625
M2 (261.5) 839 3321
M3 (205.2) 774 2990
M4 (147.2) 600 2398
M5 (91.4) 202 974
LSD (0.05) 81 239

cereal and oil seed crops but also has marked influence on
the performance of legumes in arid region. Several workers
have reported the positive response of legumes to N ap-
plication on different growth parameters and seed yield
(Yadav et al. 1990; Singh et al. 1993).

Burman et al. (2007) found that application of nitrogen
(20 kg ha™) in association with P (20 and 40 kg ha™) sig-
nificantly enhanced the seed yield, DMP, and WUE of
clusterbean under rainfed conditions of Jodhpur in a two-
year study (Fig. 5).

The amount of added P becomes less available to plants
in arid soils (0.87 to 1.35 g P 100 g of soil). Phosphorus
plays an important role in stimulating seed setting, hastens
maturity and helps in development of extensive root system
besides favourable condition for nodulation and nitrogen
fixation in legumes. The physiological roles of P in leaf area
development, photosynthesis and energy metabolism are
well documented (Singh er al. 1997; Gutierrez-Boem and
Thomas 1998, 1999; Singh and Sale 2000). In this regard a
number of our investigations have also revealed significant
improvement in seed yield of various crops and legumes by
P application under moisture deficient or rainfed conditions
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Table 6 Effect of drought and phosphorus nutrition on certain metabolic
parameters and seed yield of moth bean (mean of four genotypes) under
control (C) and drought (D) conditions. Data modified from Garg et al.

(2004).
Parameters Stress P levels (kg ha'l) %
level 0 40 increase

Photosynthetic rate C 9.67 +0.09 11.42+0.19 18.1
(umol m? s D 544+0.07 680+0.12  25.0
Chlorophyll C 8.25+0.07 8.83+0.12 7.0
(mg g dw) D 7.16 £0.11 7.90 +0.08 10.3
Soluble protein C 36.8+1.2 39.7+13 79
(mg g dw) D 32.9+091 36.4+0.89 10.6
NRA C 119.5+2.9 125.7+3.0 52
(ugNO,g'dwh') D 382+1.8 60.5+2.0 58.1
Seed yield C 2.57+0.11 2.90+0.15 12.8
(g plant™) D 1.53+0.05 1.96 +0.07 28.0

of Indian arid zone (Kathju et al. 1987; Burman et al. 2004,
Garg et al. 2004, 2007; Burman et al. 2009). P nutrition has
been found to significantly increase leaf area, net photosyn-
thetic rate, chlorophyll, starch, protein contents and activity
of nitrate reductase of moth bean genotypes under drought
(Table 6). Furthermore, application of P was observed to
enhance drought tolerance under different intensities of
water stress in clusterbean (Burman ez al. 2009) and moth
bean genotypes (Garg et al. 2004).
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NUTRIENT-MOISTURE INTERACTION ON
METABOLIC PROCESSES

The interaction between soil moisture deficits and nutrients
has been most extensively studied, showing that nutrient
and water requirements are intimately linked and that nut-
rients increase the efficiency with which crops use the
available water (Viets 1972; Lahiri 1990; Arnon 1992; Vyas
et al. 1995; Kathju et al. 2001; Garg 2003). A number of
investigations in arid and semi-arid areas in India and
elsewhere have established a significant positive response
of crops to improved soil fertilization. However, the physio-
logical and biochemical mechanisms involved in nutrient-
moisture interaction have received relatively less attention.

Soil moisture deficits adversely influence the leaf meta-
bolism, physiological processes and thereby growth and
yield of plants through changes in the internal tissue mois-
ture status. The diverse metabolic derangements are repor-
ted to increase with increasing stress intensity (Vyas ef al.
1985; Kathju ef al. 1990; Garg et al. 2001). However, vari-
ous studies have consistently indicated that nutritional sta-
tus of plant even under water limited conditions, plays a cri-
tical role in yield enhancement of almost all crops, though
degree of improvement may vary with stress intensity, stage
of growth and other environmental conditions. After uptake
by roots, nutrients are transported to various plant organs
for utilization in different physiological and biochemical
processes (Fageria et al. 1991), which are influenced by soil,
climatic and plant factors.

During the last two decades the mechanism of moisture-
nutrient interaction has been thoroughly explored in various
arid zone crops. Only few of significant finding are briefly
outlined here.

Some of the factors conducive for fertilizer-induced im-
provement in yield include (a) a higher transpiration rate at
post-drought stage and as a consequence higher nitrate
uptake (Lahiri and Kharbanda 1965), (b) fast post-drought
normalization of nitrate reductase activity particularly under
high level of soil N (Kathju ef al. 1990; Lahiri 1990; Garg
et al. 2001), (c) fast restoration of N metabolism associated
with fast normalization of protein-N in the tissue during
recovery from stress (Lahiri and Singh 1968; Garg et al.
1984), (d) unaltered N uptake under different soil moisture
regimes except under acute stress (Lahiri and Singh 1970;
Garg et al. 1984), (e) maintenance of higher efficiency of
leaf metabolism, enzymes activities and photosynthetic
rates in fertilized than unfertilized plants under different
intensities of drought (Garg et al. 1984; Kathju et al. 1990,
1993, 2001; Garg et al. 2004; Burman et al. 2009), (f) the
improvement of tolerance to drought imposed at different
growth stages of pearl millet, clusterbean, moth bean,
sesame, wheat and Indian mustard under improved mineral
nutrition (Garg et al. 1984; Vyas et al. 1987; Kathju et al.
1990; Vyas et al. 1999; Garg et al. 2004).

It has been concluded that fertility induced improve-
ment of metabolic efficiency coupled with higher photosyn-
thesis and nitrate reductase activity for efficient N assimila-
tion are the control mechanism for enhanced growth and
yield of diverse pearl millet genotypes under limited water
conditions (Kathju ef al. 2001). Similar conclusions were
made in Indian mustard where nitrogen-moisture interaction
was explored under stored soil moisture conditions on leaf
metabolism, enzyme activities and yield behaviour (Vyas et
al. 1995; Garg et al. 2001).

Likewise alleviation of drought effects in arid legumes
(clusterbean, moth bean and mung bean) has been achieved
through adequate P fertilization. Phosphorus nutrition is
very critical for root growth and functioning, which alters
the relations between leaf turgor and stomatal conductance
in a number of crops under water stress (Radin 1984; Radin
and Eidenbock 1984; Singh et al. 1997). Evidence in litera-
ture suggests that drought tolerance of cotton, wheat, soy-
bean, white clover, clusterbean, tea and onions was en-
hanced by improved P supply due to positive interaction
between P nutrition and water on root growth, leaf area

78

0 3 6 9
A o
— 05/
[
R
2
5 15
5 <
2 -2 D=0.13 L |
5 P=0.09 ||
& 251 DxP=NS @ PO O P40
-3 —
B 7
] D=0.45
o 64 | P=0.32
B~ DxP=NS
Lo
2L
= =
ZE 4
3 =
g3
g 3
2
0 3 6 9
C o
D=50.6
= | P=35.8
.; 400 DxP=71.6
< -]
L%
g
Z 200
)
0 ‘
0 3 6 9
D 6 —
- D=0.53
5] — P=0.37
o~ DxP=NS
Q -
>S5 4.
g o
o O
g2
3 i
2
0 3 6 9

Days without water

Fig. 6 Influence of P nutrition on plant water potential (A), net photosyn-
thetic rate (B), nitrate reductase activity (C) and seed yield (D) of cluster-
bean under different intensities of water stress. Figure drawn from data in
Burman et al. (2009).

development, leaf metabolism, photosynthesis and enzyme
activities. Our studies with clusterbean (Burman ef al.
2009) also showed that P nutrition mellowed adverse effects
of water stress on leaf metabolites, NR activity and photo-
synthesis leading to improved seed yields (Fig. 6). The
magnitude of physiological and biochemical changes in-
duced by P nutrition alone or in combination with N may
vary depending on the soil moisture conditions of arid
regions. Thus the potential gains may be variable but the
merit of P nutrition in yield enhancement through improved
metabolic efficiency is quite obvious.

Potassium also plays a critical role under moisture
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Table 7 Effect of different levels of potassium (K) on relative water con-
tent, photosynthesis, diffusive resistance and nitrate reductase activity of
clusterbean under drought (D) at the flowering stage. Data modified from
Vyas et al. (2001)

Treatments Relative Photosyntheti Diffusive Nitrate
water c rate resistance reductase
content (umol m?s?) (scm) activity
(%) (ng NO, g

dwh™)

K levels (ppm)

25 62.6 54 7.16 136
50 66.9 7.4 6.60 189
100 70.8 9.3 541 263
200 70.6 11.3 3.90 324
LSD (0.05) 42 1.5 1.64 31

Stress level

Control (C) 87.8 12.6 0.61 365
Drought (D)  47.6 42 10.92 91
LSD (0.05) 3.0 1.1 1.16 22

stress conditions through its influence on maintenance of
turgor potential, larger root growth and efficient stomatal
movements (Lindhauer 1983; Hsiao and Lauchli 1986). K is
also involved in maintenance of many physiological pro-
cesses such as photosynthesis, translocation of photosyn-
thates, starch synthesis and activation of number of enzymes
(Mengel and Kirkby 1980) that are adversely affected under
drought. Experimental evidence from different crops indi-
cates beneficial effects of K application under soil moisture
deficits (Lahiri and Kackar 1985; Singh et al. 1997; Vyas et
al. 2001). Lahiri (1980) and Vyas et al. (2001) found in-
crease in seed yield of arid legumes with increasing K
levels even under low levels of soil moisture availability.
The detrimental effects of water stress imposed at various
developmental stages on seed yield of clusterbean were
markedly less at higher K levels due to maintenance of
favourable plant water status, higher photosynthesis and
nitrate reductase activity despite water stress (Table 7).
Thus maintenance of adequate K supply through fertilizer
application, particularly in K deficient soils, is very critical
for yield improvement of arid zone crops.

In recent years, the continuous application of only N
and P led to the deficiency of micronutrients in the arid
soils. Deficiency of micronutrients has great detrimental
effects on metabolic pathways, enzyme activities and there-
by on the performance of crops and uptake of macronutri-
ents. Their application greatly improved many plant pro-
cesses e.g. zinc application which increased the concentra-
tion and total N uptake in pearl millet (Aggarwal and Singh
1978). Application of Mo (0.2%) increased N content of
grains besides increasing nodules and dry weight of pods in
clusterbean (Ghosinkar and Saxena 1973). Zn application
significantly increased the nitrogenase activity, carbohyd-
rate and protein content in clusterbean (Nandwal et al.
1990). Clearly studies are lacking on soil moisture and
micronutrients interaction, particularly on arid zone crops,
to have a better understanding of the mechanisms involved
for growth and yield enhancement under water limited con-
ditions.

SYNTHESIS AND CONCLUSIONS

Droughts in India occur more frequently in arid and semi-
arid regions. Western Rajasthan alone carries the onus of
nearly 61% of hot arid lands in India. The mean annual
rainfall varies from <100 to 450 mm and longest crop growth
period available is <6 to 12 weeks only. In this region,
biotic pressure is high while resource base both in terms of
soil and rainfall is poor. Poor fertility further aggravates the
situation. Efforts have been made in this article to discuss
the management of nutrients for enhancing the production
and productivity of arid zone crops.

Decreasing water availability under drought generally
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results in reduced total nutrient uptake and frequently in
reduced concentration of mineral nutrients in crop plants.
The most important effect of water deficits is on transport
of nutrients to the roots, on root growth and extension. Re-
duced absorption of the inorganic nutrients can result from
interference of uptake and unloading mechanism besides
reduced transpiration flow. One of the earliest signs of
drought stress is in the translocation of P from older leaves
to the stems and meristematic tissues. Translocation of N
closely follows that of P, suggesting the occurrence of
protein hydrolysis and alteration of normal cell function.
Water stress can also interfere with nutrient distribution in
seeds affecting the quality adversely.

In dry land agriculture the basic problem in plant nutri-
tion is that of balancing fertilizer application with the soil
moisture status under rainfed on limited irrigated conditions.
On the one hand there is a need to limit nutrient application
to rates which will not promote more growth than the
available moisture can sustain till harvest and on the other
hand the aim is to ensure a level of nutrient supply that will
enable the plant to use the favourable soil moisture condi-
tions completely and efficiently. Therefore, the interaction
between soil moisture and nutrient supply is of critical im-
portance and hence subject of numerous research efforts.
This assumes importance because turgor alone may not be
responsible for some of the observed decrease in growth
and development in stressed plants that may in fact be due
to nutrient deficiency.

Our investigations on selected arid zone crops viz.,
pearl millet, sesame, clusterbean, moth bean and mung bean
during rainy season and wheat and mustard during winter
have established significant positive responses of plants to
improved soil fertility, particularly of nitrogen and phos-
phorus. On the basis of substantial experimental data ob-
tained on sandy soils, it has been found that advantages of
fertilizer application under arid conditions may be realized
in situations in which dry and wet phase exist during the
growing period. It has been consistently observed that
application of fertilizer in nutrient-deficient arid soils
increase the crop growth, yield and water use efficiency.
However, the benefits of nutrients under such drought
conditions were obviously less than in well irrigated crops.
Nevertheless, the moderate fertilizer doses seem essential to
boost up the crop production in these regions. Furthermore,
the improved cultivars have yield superiority and are gene-
rally more responsive to the added nutrients to the soil.

The physiological mechanism of drought-fertility inter-
action has been thoroughly studied in various arid zone
crops through a series of experiments under rainfed condi-
tions or simulated water stress conditions. Likewise studies
have been conducted on wheat and Indian mustard under
limited irrigated conditions during the winter. The favoura-
ble and significant responses of nutrient supply on nutrient
uptake, biochemical processes, photosynthetic rate, enzyme
activities related to N and P metabolism and overall meta-
bolic efficiency have been invariably found in all crops.
These beneficial effects have been ultimately reflected in
yield enhancement of crops, notwithstanding adverse water
stress environments and their detrimental effect on plant
processes (Fig. 7). It has been well documented that sig-
nificant improvements in yields of arid zone crops can be
obtained even under low soil moisture conditions, through
adequate plant nutrition and proper nutrient management.
However, it is necessary to consider the economics of fer-
tilizer induced productivity under low and high levels of
moisture as this shall help to ascertain as to whether availa-
ble water be utilized for intensive agriculture in smaller area
or else be diverted over large areas for sustenance cropping.

REFERENCES

Aggarwal RK, Lahiri AN (1981) Evaluation of soil fertility status of stabilised
and unstabilised dunes of the Indian desert. Agrochimica 25, 54-60

Aggarwal RK, Singh P (1978) Effect of Zn and P levels on the concentration
and uptake of N and N/Zn ratio in rainfed pearl millet. Annals of Arid Zone



Plant Stress 5 (Special Issue 1), 73-81 ©2011 Global Science Books

Improved seed yield

Nitrate
assimilation and
protein synthesis

Improved
enzyme
activity and
enhanced N & P
metabolism

CO,/ H,0
exchange

Leaf area

increased

Plajit

Leaf areg
decreas¢

rate &

Improved growth

Transpiration
rate increased

water deficit

Transpiration

nutrient uptake
decreased

Photosynthetic

Water uptake
decreased

0
0
0
0
0
Q
D

increased

Improved
root activi

Fig. 7 Diagrammatic representation of diverse physiological, metabolic and growth responses of arid zone crops to application of nutrients (NPK) under

water deficit conditions.

17,267-272
Aggarwal RK, Praveen-Kumar (1996) Integrated use of farmyard manure and

fertilizer N for sustained yield of pearl millet (Pennisetum glaucum) in arid
region. Annals of Arid Zone 35, 29-35

Alam SM (1994) Nutrient uptake by plants under stress conditions. In: Pessa-
rakli M (Ed) Handbook of Plant and Crop Stress, Marcel Decker, Inc, New

York, pp 227-246
Arnon I (1992) Agriculture in Drylands — Principles and Practice, Elsevier,

Amsterdam, 979 pp

Bradford KJ, Hsiao TC (1992) Physiological responses to moderate water
stress. In: Lange OL, Nobel PS, Osmond CB (Eds) Physiological Plant Ecol-
ogy Il Water Relations and Carbon Assimilation, Springer-Verlag, New York,
pp 263-324

Brown DA, Place GA, Pettiet JV (1969) The effect of soil moisture upon
cation exchange in soils and nutrient uptake by plants. Transactions of the 7"
Congress on Soil Science 3, 443-449

Burman U, Garg BK, Kathju S (2003) Interactive effects of nitrogen and sul-
phur on Indian mustard under irrigation gradient. Indian Journal of Plant

Physiology Suppl., 527-533

Burman U, Garg BK, Kathju S (2004) Interactive effects of thiourea and
phosphorus on clusterbean under water stress. Biologia Plantarum 48, 61-65
Burman U, Garg BK, Kathju (2007) Interactive effects of phosphorus, nitro-
gen and thiourea on clusterbean (Cyamopsis tetragonoloba L. Taub) under
rainfed conditions of the Indian arid zone. Journal of Plant Nutrition and Soil
Science 170, 803-810
Burman U, Garg BK, Kathju S (2009) Effect of phosphorus application on
clusterbean under different intensities of water stress. Journal of Plant Nutri-
tion 32, 668-680
Eck HYV, Musick JT (1979) Plant water stress effects on irrigated grain sorg-
hum. II Effects on nutrients in plant tissues. Crop Science 19, 592-598
Erlandsson G (1975) Rapid effects on ion and water uptake induced by chan-
ges of water potential in young wheat plants. Physiologia Plantarum 35, 256-
261
Fageria NK, Baligar VC, Jones CA (1991) Growth and Mineral Nutrition of
Field Crops, Marcel Dekker, Inc, New York, 476 pp
Garg BK (2003) Nutrient uptake and management under drought: nutrient-

moisture interaction. Current Agriculture 27, 1-8
Garg BK, Burman U, Kathju S (2004) The influence of phosphorus nutrition

80



Yield improvement through nutrient management. Garg and Burman

on the physiological response of moth bean genotypes to drought. Journal of
Plant Nutrition and Soil Science 167, 503-508

Garg BK, Burman U, Kathju S (2007) Physiological basis of yield improve-
ment in clusterbean in response to row spacing and phosphorus nutrition.
Journal of Plant Biology 34, 147-154

Garg BK, Kathju S, Vyas SP, Lahiri AN (1993) Effect of plant density and
soil fertility on pearl millet under drought and good rainfall situations. Annals
of Arid Zone 32, 13-20

Garg BK, Kathju S, Vyas SP, Lahiri AN (2001) Influence of irrigation and
nitrogen levels on Indian mustard. Indian Journal of Plant Physiology 6, 289-
294

Garg BK, Vyas SP, Kathju S, Lahiri AN (1984) Influence of repeated water
stress on wheat. Proceedings of the Indian Academy of Sciences (Plant Scien-
ces) 93, 477-484

Ghonsikar CP, Saxena SN (1973) Influence of molybdenum and tryptophan on
nodulation in clusterbean (Cyamopsis tetragonoloba L. Taub.). Indian Jour-
nal of Agricultural Sciences 43, 938-941

Gutierrez-Boem F, Thomas GW (1998) Phosphorus nutrition affects wheat
responses to water deficits. Agronomy Journal 90, 166-171

Gutierrez-Boem F, Thomas GW (1999) Phosphorus nutrition and water defi-
cits in field grown soybeans. Plant and Soil 207, 87-96

Hsiao TC, Lauchli A (1986) Role of potassium in plant water relations. In: Tin-
ker B, Lauchli A (Eds) Advances in Plant Nutrition (Vol 2), Praeger, New
York, pp 281-312

Joshi DC (1993) Soil resources of Rajasthan. In: Chauhan TS (Ed) Natural and
Human Resources of Rajasthan, Scientific Publishers, Jodhpur, pp 77-92

Kathju S, Aggarwal RK, Lahiri AN (1987) Evaluation of diverse effects of
phosphate application on legumes of arid areas. Tropical Agriculture 64, 91-
96

Kathju S, Burman U, Garg BK (2001) Influence of nitrogen fertilization on
water relations, photosynthesis, carbohydrate and nitrogen metabolism of
diverse pearl millet genotypes under arid conditions. Journal of Agriculture
Sciences (Cambridge) 37,307-318

Kathju S, Garg BK, Vyas SP, Lahiri AN (1993) Effects of supplemental
irrigation and soil fertilization on pearl millet under drought. Arid Soil Re-
search and Rehabilitation 7, 317-326

Kathju S, Vyas SP, Garg BK, Lahiri AN (1990) Fertility induced improve-
ments in performance and metabolism of wheat under different intensities of
water stress. International Congress of Plant Physiology 2, 854-858

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

Lahiri AN (1990) Plant production under water limiting conditions. In: Sen DN
(Ed) Ecology and Vegetation of Indian Desert, Agro-Botanical Publishers,
India, pp 183-211

Lahiri AN, Kackar NL (1985) Influence of potassium on plants under soil
water deficits. In: Potassium and Plant Physiology, PR 1J Research Review
Series No. 2, Potash Research Institute of India, Gurgons, India, pp 57-65

Lahiri AN, Kharbanda BC (1965) Studies on plant water relationships:
Effects of moisture deficits at various developmental stages of bulrush millet.
Proceedings of the National Institute of Sciences (India) 31-B, 14-22

Lahiri AN, Singh S (1968) Studies on plant water relationships. IV Impact of
water deprivation on the nitrogen metabolism of Pennisetum typhoides. Pro-
ceedings of the National Institute of Sciences (India) 34-B, 313-322

Lahiri AN, Singh S (1970) Studies on plant water relationship. V Influence of
soil moisture on plant performance and nitrogen status of the shoot tissue.
Proceedings of the National Institute of Sciences (India) 36-B, 112-125

Lindhauer MG (1985) Influence of potassium nutrition and drought on water
relations and growth of sunflower (Helianthus annulus L.). Zeitschrift fiir
Pflanzenernaehrung und Bodenkunde 148, 654-669

Mengel K, Kirkby EA (1980) Potassium in crop production. Advances in
Agronomy 33, 59-110

Nandwal A, Dabas S, Bhati S, Yadav BD (1990) Zinc effect on nitrogen fixa-
tion and clusterbean yield. Annals of Arid Zones 29, 99-103

Narain P, Rathore LS, Singh RS, Rao AS (2006) Drought Assessment and
Management in Arid Rajasthan, CAZRI, Jodhpur, 64 pp

81

Narain P, Sharma KD, Rao AS, Singh DV, Mathur BK, Ahuja UR (2000)
Strategy to Combat Drought and Famine in the Indian Arid Zone, CAZRI,
Jodhpur, 65 pp

Olsen SR, Watanafle FS, Danielson RE (1961) Phosphorus absorption by
corn roots as affected by moisture and phosphorus concentration. Proceed-
ings of the American Soil Science Society 25, 289-294

Parihar GN, Sahu MP, Joshi NL (1998) Nitrogen, sulphur and thiourea nutri-
tion of pearl millet (Pennisetum glaucum L. R Br.) II. Effect on yield and
yield components. Annals of Arid Zone 37, 59-67

Praveen-Kumar, Singh YV, Lodha S, Aggarwal RK (1998) Efficient Manage-
ment of Resources for Sustainable Crop Production in Arid Region, Central
Arid Zone Research Institute, Jodhpur, India, Research Bulletin, 72 pp

Radin JW (1984) Stomata responses to water stress and to abscisic acid in
phosphorus deficient cotton plants. Plant Physiology 76, 392-394

Radin JW, Eidenbock MP (1984) Hydraulic conductance as a factor limiting
leaf expansion of phosphorus deficient cotton plants. Plant Physiology 75,
372-377

Rao AS (1997) Impact of droughts on Indian arid ecosystem. In: Singh S, Kar A
(Eds) Desertification Control in the Arid Ecosystem of India for Sustainable
Development, Agro-Botanical Publishers, India, pp 120-130

Rao AS, Singh RS (1998) Climatic features and crop production. In: Faroda AS,
Manjeet Singh (Eds) Fifty Years of Arid Zone Research In India, CAZRI,
Jodhpur, India, pp 17-38

Reddy MD, Murthy IK, Reddy KA, Venkaatcjaro A (1980) Consumptive use
and daily evapo-transpiration of corn under different levels of nitrogen and
moisture regimes. Plant and Soil 56, 143-148

Singh DK, Sale PWG (2000) Growth and potential conductivity of white
clover roots in dry soil with increasing P supply and defoliation frequency.
Agronomy Journal 92, 868-874

Singh DK, Sale PWG, Mckenzie BM (1997) Water relations of white clover
(Trifolium repens L.) in a drying soil, as function of phosphorus supply and
defoliation frequency. Australian Journal of Agricultural Research 48, 675-
681

Singh N, Chhokar V, Sharma KD, Kuhad MS (1997) Effect of potassium on
water relations, CO, exchange and plant growth under water stress in chick-
pea. Indian Journal of Plant Physiology 2, 202-206

Singh YP, Dahiya DJ, Kumar V, Singh M (1993) Effect of nitrogen applica-
tion on yield and uptake of nitrogen by different legume crops. Crop Re-
search 6, 394-400

Takahashi E (1982) Plant growth during water stress. Kagaku to Seibutsu 20,
380-389

Vaadia Y, Waisel Y (1967) Physiological processes as affected by water bal-
ance. In: Hagan RM, Haise HR, Edminster TW (Eds) Irrigation of Agricul-
tural Lands, American Society of Agronomy, Madison, pp 354-372

Viets FG (1972) Water deficits and nutrient availability. In: Kozlowskii TT (Ed)
Water Deficits and Plant Growth (Vol 3), Academic Press, New York, pp 217-
239

Vyas SP, Garg BK, Kathju S, Lahiri AN (1987) Influence of soil fertility on
sesame (Sesamum indicum L.) under repeated water stress. Annals of Arid
Zones 26, 259-266

Vyas SP, Garg BK, Kathju S, Lahiri AN (2001) Influence of potassium on
water relations, photosynthesis, nitrogen metabolism and yield of clusterbean
under soil moisture stress. Indian Journal of Plant Physiology 6 (New
Series), 30-37

Vyas SP, Kathju S, Garg BK, Lahiri AN (1985) Performance and metabolic
alterations in Sesamun indicum under different intensities of water stress.
Annals of Botany 56, 323-331

Vyas SP, Kathju S, Garg BK, Lahiri AN (1995) Influence of nitrogen on
Indian mustard grown under different levels of stored moisture Journal of
Arid Environments 29, 173-184

Vyas SP, Kathju S, Garg BK, Lahiri AN (1999) Influence of supplemental
irrigation and urea application on productivity and nitrogen metabolism of
sesame. Indian Journal of Plant Physiology 4 (New Series), 197-201

Yadav BD, Aggarwal SK, Faroda AS (1990) Dry matter accumulation and
nutrient uptake in clusterbean as affected by row spacing and fertilizer ap-
plication. Forage Research 17, 39-44



