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Foreword

1 AM very happy that the Indian Society of Soil Science is bringing out this
volume entitled "Review of Soil Research in India" on the occasion of the
12th International Congress of Soil Science scheduled in New Delhi from
February 8-16, 1982. From the list of contributions and wide spectrum of
topics covered it is evident that soil science in India has made rapid progress
during the last decade. To achieve this, ICAR Institutes. Agricultural
Universities and the large number of Coordinated Research Projects have
played a significant role.
In keeping with our immediate needs,bulk of the work done by our
scientists which appears in this review is of applied nature aimed at
developing technology to improve agricultural production. But I am glad that
there is a good sprinkling of basic investigations which not only help explain
the mechanisms of response of different components of technology but also
provide further basis for problem oriented applied research. More recently
the need for basic and mission oriented research in agriculture has been
recognised at the national level and accordingly the Indian Council of
Agricultural Research has established "Centres of excellence" and "Chairs of
eminence" to fulfil this objective and achieve complementarity of applied and
basic research effort.
The recent energy-squeeze has posed new challenges for the soil scientists
in as much as about 60 per cent of the energy utilized for crop production is
accounted for by fertilisers and water. Future researches must aim at
increasing the efficiency of both inputs. The unlimited reservoir of
atmospheric nitrogen and abundant sunshine that our country is endowed
with, offer great opportunities for supplementing the energy-dependent
chemical fertiliser sources with biofertilisers. Organic matter recyclying is
another area which deserve more attention in the present context and holds
promise to supplement the nutrient needs of crops. Similarly, there is a great
scope for improving the irrigation efficiency and water use efficiency. Even
small saving in these scarce and costly inputs spread over millions of holdings
can add up to substantial national gains. The need for efficient management
of rainwater in our dryland regions could not be over-emphasised.
Publication of this volume, which would be an excellent reference
material for the graduate students and researchers in India and elsewhere, is
very timely. I am sure the soil scientists of the country will continue to strive
for excellence in research for feeding the ever-increasing population from the
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limited land resources without impairing the long-term productivity of soil or
adversely affecting the environment since food security essentially depends on
ecological security.

New Delhi
January 15, 1982

O P . GAUTAM
Director-General
Indian Council of Agricultural Research

Preface

research in India has a recorded history of less than 100 years, although
the reference to the importance of soil, or more strictly land, finds a mention in
the Vedas, the Upanishads and other ancient scriptures which date back to
5000 BC. A beginning in soil research was made in the last decade of the 19th
century, as a part of research in agricultural chemistry, with the appointment
of an Agricultural Chemist to the Government of India. However, it received
a great fillip only in 1905 with the establishment of the Imperial (now Indian)
Agricultural Research Institute and the agricultural colleges and research
laboratories in the State Departments of Agriculture. The Indian Agricultural
Research Institute did some pioneering work on various aspects of soil
science. The Agricultural Chemists in the States concentrated their efforts on
the problems of soil salinity and alkalinity, and other practical problems.
Colloid chemists in the universities also concentrated their basic research
work on soil clays including the nature and origin of soil acidity in the
twenties and thirties. Work on soil survey started in 1950, in most States as a
part of their agricultural development programme.
SOIL

Major changes in organisation of soil research work took place in the
post-independence era, when soil science emerged as a distinct discipline in
agricultural research and teaching. Research on soil testing, soil genesis,
fertiliser use, soil physics and soil chemistry started receiving attention in the
fifties. Establishment of agricultural universities in the States and the new
agricultural production technology in the sixties provided the necessary
impetus for a productive soil research. The problem of increasing deficiency of
phosphorus over large areas, and that of zinc and even sulphur in some areas
needed greater attention. Similarly, the expanding irrigation facilities and
increased fertiliser use required basic studies in soil physics and soil
chemistry.
The Indian work on different aspects of soil had been reviewed in 1971 and
it was published by the Indian Society of Soil Science. Since then a number of
bulletins on special topics such as acid soils, soil potassium, clay minerals, soil
phosphorus have also been published by the Society. A number of special
bulletins or reports have also been brought out by the various agricultural
universities and institutes. However, they were sporadic and do not
encompass the subject matter of soil science as a whole. In view of this, the
Organising Committee decided to bring out a comprehensive review of soil
research in India on the occasion of the 12th International Congress of Soil
Science. Some of the leading scientists in the country were requested to review
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the work in their specialised fields and the present publication is an outcome
of the contribution by these specialists.
The Review covers articles on 48 topics contributed by 111 authors and
has been divided into seven Chapters corresponding to the seven recognised
sub-disciplines of soil science, viz, soil physics; soil chemistry; soil biology; soil
fertility and plant nutrition; soil genesis, classification and cartography; soil
technology and soil mineralogy. We are conscious that there might be some
areas which could not be adequately covered in this review, but nevertheless,
we believe that this publication will bring out the current status of knowledge
and generate newer ideas for formulating future lines of research. The
Editorial Committee is indeed very grateful to the scientists who responded to
the invitation to write the articles for this Review, and to Dr. D.R. Bhumbla,
formerly Deputy Director General (SAE), Indian Council of Agricultural
Research, who at the initial stages coordinated the programme of this
publication.
Publication of a volume of this magnitude requires a huge amount of
technical scrutiny and reviewing, editing and proof reading. Our sincere
acknowledgements are due to Dr. N.N. Goswami and his colleagues in the
Division of Soil Science and Agricultural Chemistry, Indian Agricultural
Research Institute, New Delhi, for their help and whole-hearted cooperation
which made it possible to print this volume in time. The generous financial
grant, received from the Indian Council of Agricultural Research, New Delhi
is also gratefully acknowledged. We are indebted to Dr. O.P. Gautam, Director
General, ICAR, for writing the Foreword and for his constant encouragement
and help.

New Delhi
January 15, 1982

N.S. RANDHAWA
Chairman
Editorial Committee
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1
Soil Physics

Soil-Water-Plant
Relationships
NT. SINGH' AND V.S. TOMAR 2

WATER is required for a variety of physiological processes in plants. The soil
acts as a reservoir of water for plants to draw upon. A plant loses most of its
water through transpiration, acting merely as a pump between the soil and the
atmosphere. Plants remain free from water stress as long as their roots can
obtain enough water to make up for the water lost by transpiration. Deficiency
of water retards growth in several ways depending upon its duration and
magnitude. Soil-water-plant relations are therefore of great interest to
agricultural scientists.

Soil-Water Relations
Water retention and transmission characteristics of a soil determine the
amount of water available to plant roots. It is well known that different soils
have different soil moisture-energy relations and pore size distribution. These
differences are reflected in their water transmission characteristics, viz.,
saturated and unsaturated conductivities and soil water diffusivity. The rate of
water movement through different soils identical in water content may be
different. In this way soil-water relations significantly influence water uptake
by a given plant species.
Plant-Water Relations
Relative Water Content. Relative leaf-water content (RWC) has been
used as a measure of the plant water status and of the turgidity of the plant
tissues. Though simple, its use is not free from determination errors. Tomar
and Ghildyal (1973c) recommended that in rice the leaf discs should float on
distilled water for 4 to 6 hours before the water deficit is removed. Water
deficit develops in leaves when the evaporative demand outstrips water uptake
by roots. Ghildyal and Tomar (1972) reported that under submergence the
aerenchymatous roots of rice had lower resistance to water flow and helped in
maintaining a better tissue hydration than the non-aerenchymatous roots
found under unsaturated conditions.
Rice grown under flooding and under 1/3 bar suction suffered water
deficit during hot hours of the day, and that the plants grown at 1/3 bar
suction had lower RWC than those grown under continuous flooding
(Tomar and Ghildyal 1973c). The RWC in rice leaves dropped to 0.33 before

I. Department of Soils, Punjab Agricultural University, Ludhiana; 2. Department of Soil Sciences,
G.B. Pant University of Agricultural and Technology, Pantnagar, Uttar Pradesh.
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where he is the air-entry suction in bars; 6 and 0o are volumetric water
contents of the soil at suction h and at saturation, respectively; /3 is an
empirical constant estimated as f3 = 26.5 (5d/5 t ) 1786 , where 5 d and St are
percentages respectively of sand and silt in the soil.
Tornar and Ghildyal (1978) tested some simple models based on the poresize distribution theory and found them useful for estimation of field soil
water characteristics.
Swelling and shrinkage associated with water content affected the overburden potential (Gupta and Gupta 1978). This resulted in significantly lower
water content values at the same potential measured in the field than those
determined in the laboratory on unconfined soil cores (Jaggi and Gupta 1978).
In a later study various methods of wetting were employed but none
reproduced the field values. The desorption curve for undisturbed samples,
however, was the closest. In alluvial soils of Punjab, water content at 33 KPa
(0.33 bar) tension approximated the field capacity fairly well in mediumtextured and heavy-textured soils, but in fine-sand profile even water content
determined at 10 KPa (0.1 bar) underestimated the field capacity (Sur 1970).
Several useful correlations between important soil moisture constants and
the more easily measured properties of the soil have been worked out. Water
held at low suctions, viz. 10 and 33 KPa and the available water were highly
correlated to clay (Singh and Varade 1974) and to silt and silt + clay fractions
(Abrol et al. 1968; Sur and Singh 1973; Talati et al. 1975); but the 15
atmosphere percentage (15 ATP) showed a high correlation with clay content
(Biswas and Ali 1967; Abrol et al. 1968; Sur and Singh 1973; Talati et al.
1975). Specific surface of soil, which depends upon the nature and amount of
clay, was significantly correlated with 15 ATP through the following equation
stated by Abrol and Khosla (1966):
15 ATP (dry weight basis) = 0.094 X surface area (m 2 /g) + 2.4
Cation exchange capacity was found to be significantly correlated to the
amount of available moisture (Sekhon and Arora 1967). The influence of the
nature of the clay on water retention characteristics was studied by Ali and
Biswas (1968) using pure clay minerals and soils with clay of varying mineral
content and composition. Water retention and release were maximum in
bentonite clay, followed by illite and kaolinite, in that order. The differences
were large at lower suctions and gradually narrowed with increasing suctions.
In shape, the water retention curves of alluvial (illitic), red and lateritic
(kaolinitic) and black soils (montmorillonitic) resembled those of the
respective clay minerals.
High values of exchangeable sodium resulted in higher water retention at
suctions 33 KPa (0.33 bar) in illitic sandy loam soil, whereas at lower suctions
more water was held in soils of low ESP (Abrol et al. 1978). Addition of Hcharcoal or Ca-charcoal to Na-soil increased the moisture retention capacity
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of the soil, but addition of Na-charcoal or K-charcoal to H-soil at 5%
decreased the moisture retention capacity appreciably (Puri and Mahajan
1962). Application of bulky organic manures over long periods improved
water retention and release capacity, particularly in light-textured soils
(Biswas and Ali 1969; Biswas and Khosla 1971; Singh et al. 1976).
Supplementing organic manures with inorganic fertiliser enhanced their
beneficial effect (Biswas et al. 1970). Use of inorganic fertilisers alone
(ammonium sulphate, ammonium chloride, potassium chloride) did not
improve water retention (Biswas et al. 1971). Phosphatic fertilisers improved
aggregation and water retentivity of soil (Kanwar and Prihar 1962; Biswas
et al. 1967; Badanur and Venkata Rao 1975). Among organic manures, green
manure was more beneficial than either groundnut cake or farmyard manure.
In a sandy loam soil, green manuring with guar followed by wheat resulted in
better aggregation and greater water retention at low suctions than with bajra
followed by wheat (Hundal et al. 1971).
Water Transmission
In some of the earlier studies, hydraulic conductivity at saturation was
used as an index of water transmission characteristics of a soil. It is influenced
by texture, structure, organic-matter content, nature of clay mineral, and
composition of the exchange complex. Nair and Shukla (1943) and Kanwar
and Deo (1969) reported that the replacement of calcium with Na+, NH+4 or
K+ ions on the exchange complex reduced the percolation rates. Pandey et al.
(1974), working with montmorillonitic soil, also observed greater stability in
hydraulic conductivity during reduced electrolytic concentration in the case of
CaCb and MgCh solutions; but with NaCl there was a sharp decline in
hydraulic conductivity.
Increased ESP had a pronounced effect on hydraulic conductivity (K),
and the ratio (k/Kmax) decreased from 0.85 to 0.06 when ESP increased from 5
to 30 in soils varying widely in texture (Dixit and Lai 1972). Oxidation of
organic matter decreased the permeability considerably (Rao and Wadhawan
1954). Organic carbon, however, had an adverse effect on hydraulic
conductivity of the calcareous soil of Pusa (Das et al. 1966). Compaction also
decreased the hydraulic conductivity in both light-textured and heavytextured soils (Ghildyal and Satyanarayana 1965). Green manuring with
dhaincha {Sesbania aculiata) and application of gypsum were shown to
effectively increase the hydraulic conductivity of an alkali soil (Yadav and
Agarwal 1959; Kanwar and Chawla 1963). The changes in hydraulic
conductivity were probably due to changes in soil structure. Hydraulic
conductivity was also related to structural index (Dakshinamurti and Pradhan
1966; Pharande et al. 1969).
In recent years changes in hydraulic conductivity and soil water diffusivity
as a function of soil water content or soil water potential have also been
determined. Tripathi and Ghildyal (1975) evaluated different methods based
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on pore size distribution for calculating the hydraulic conductivity. They
found the modified procedure of Marshall (1958) and the method of
Millington and Quirk (1959) to be satisfactory for light-textured soils. Khosla
(1975) successfully employed the internal drainage method of Ogata and
Richards (1957) for determining in situ unsaturated hydraulic conductivity of
an alluvial loam in the wet range. Rolston et al. (1976) and Gupta et al. (1980)
used simplified solutions of the flow equation for measuring hydraulic
conductivity as a function of soil water content and found it satisfactory in
view of spatial variability of soils. Rao et al. (1955) and Misra et al. (1976)
used water characteristics for computing hydraulic conductivity at different
water contents in several soils.
Raj Pal et al. (1977) conducted horizontal absorption experiments on
clay, sandy loam, and loamy sand soils. The experimentally determined
diffusivity (D) — water content (0) functions agreed well with those obtained
by using the nomographic interpretation (Stroosnijder and Bolt 1974) of the
water absorption data. Further modifications, as suggested by Parlange
(1975), were also tested. The hydraulic conductivity (K) as a function of 6
derived from D-d and pF curves were also compared with those obtained by
using the scaling technique of Reichardt et al. (1975). It was concluded that
the power type D-d function explained the experimental D-d values better
than the exponential D-8 functions, especially near saturation, as was also
indicated by Dhanpal and Varade (1972). The modification of the nomographic
interpretation of Stroosnijder and Bolt (1974) as suggested by Parlange (1975)
was found useful for the initially dry soil, and the scaling technique of
Reichardt et al. (1975) for calculating capillary conductivity of light-textured
soils.
Sandhu et al. (1980) observed in the laboratory a good agreement between
the observed and predicted values of the wetting front, using the D-d
relationships; but the prediction of the soil moisture profile was poor, when
constant values of the weighted mean diffusivity (D) were used. With
Parlange's (1975) method, the prediction was better in low than in high ESP
soil. Joshi et al. (1977) studied the effect of initial soil water content and bulk
density on the flow parameters (A", D, and Boltzmann transformation function
A) in an alluvial sandy loam soil. A negative curvilinear relationship was
found between the X function and moisture content. The values, however,
were slightly higher for initially moist soil than for initially dry soil. Increase
in bulk density tended to lower X values.
Soil water functional relationships of typical soils of Madhya Pradesh
(Dhanpal and Varade 1976) and typical soils of Haryana (Komos et al.
1979) were worked out. Khosla (1980) calculated hydraulic conductivity of an
alluvial sandy loam using Campbell's (1974) method and found good
agreement with values obtained in situ, using internal drainage method. The
hydraulic conductivity at various depths within 120 cm layer was represented
by a single empirical relationship:
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K (cm/day) = 5.13 X 10"10 exp 58.27 0 (cm 3 /cm 3 ).
These procedures were also employed for obtaining hydraulic
conductivity of a sandy loam soil having shallow and saline ground water
(Khosla et al. 1980), in which the upward flux rates in relation to the depth of
water table were computed. Saha and Tripathi (1979) found that the hydraulic
conductivity at saturation was nearly doubled when the temperature was
raised from 10°C to 40° C in a sandy loam soil.
The degree of sodium saturation on the exchange complex has been
shown to cause significant changes in soil-water transmission properties
(Acharya and Abrol 1978; Abrol et al. 1978; Acharya et al. 1979). The soil
water diffusivity and hydraulic conductivity values decreased with increased
ESP of the soil; they declined sharply as ESP approached 15 in a sandy loam
illitic soil (Abrol et al. 1978; Sandhu et al. 1980). The differential levels of
gypsum applied to modify the ESP of the soil were reflected in marked
differences in the drying pattern. The surface layer of high ESP soil dried
more rapidly than that of low ESP soil (Acharya et al. 1979). The study
indicated that the adverse effect of high ESP on plant growth is likely to be
accentuated under conditions of high evaporative demand so as to require
more frequent irrigation.
Chawla and Abrol (1980), in a laboratory study, observed that the initial
values of saturated hydraulic conductivity were higher with fine grades of
gypsum; but during continuous leaching the conductivity decreased, and the
rate of decrease was higher with increased fineness of the gypsum. The study
showed that the finer grades of gypsum gave no particular advantage in sodic
soil reclamation. Saha et al. (1978) and Raj Pal et al. (1980) reported that the
detrimental effect of high ESP on water transmission properties could be
modified by maintaining a high electrolytic concentration of the permeating
water.
Water transmission properties (diffusivity, weighted mean diffusivity,
penetrability and sorptivity) increased with increase in salt concentration and
decrease in SAR (Raj Pal et al. 1980). The effects of SAR or ESP and of
electrolyte concentration were more pronounced when the moisture content
was near the saturation point.
Water Infiltration
Infiltration rates were shown to be markedly influenced by the
morphological characters of the profile (Gupta and Narain 1971; Hadimani
and Perur 1971), the degree of soil sodicity (Abrol and Acharya 1975) and the
vegetative cover (Mistry and Chatterjee 1965; Bonde and Subramanyam
1968). In the studies by Sur and Singh (1973) on the soil series at Patiala in
Punjab, water intake was lower in fine-textured soils in general, and the lowest
in silt loam where sodium was present in appreciable amounts on the
exchange complex. Profile modification with application of sand and of rice
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husk at the surface helped in improving the initial water intake of silt loam of
low infiltrability. These treatments, however, failed to increase the final intake
rate significantly. In a structurally unstable sandy loam, the surface layer
limited the entry of water into the soil (Agarwal et al. 1974). Deeper
cultivation and mixing gypsum to increasing depths resulted in reduced water
intake. There was a sharp decrease in the rate of intake with increase in waterdispersible clay in the surface layer.
Bhadoria and Kar (1977) showed that under saturated field conditions the
infiltrability of highly permeable lateritic soils was significantly reduced by
increase in placement depths from 15 cm to 45 cm and in thickness of the
bitumen barrier from 0.25 cm to 0.75 cm. Acharya and Abrol (1975)
compared a sodic soil with an adjacent normal soil and noted that the basic
intake rate of normal soil was approximately 30 times that of the sodic soil.
Moreover, the rate of decline in the infiltration rate was much more in sodic
than in normal soil, mainly because sodic soil is a highly dispersed soil.
Covering the soil surface with 2 cm thick sand layer improved the
infiltrability of sodic soils, but the mixing of sand in the soil had little effect
(Acharya and Abrol 1976). In soils of varying ESP, increasing electrolyte
concentration in the permeating water caused an increase in weighted mean
diffusivity and maintained higher rates of infiltration (Saha et al. 1978). Khosla
(1976) observed a significant improvement in the infiltration rate of a sandy
loam soil of ESP 74 when rice husk was incorporated in the upper 10 to 12 cm
at the rate of 20 t/ha. Chemical amendments caused a significant and more
lasting improvement in the infiltration rate of a highly sodic soil (Chand et al.
1977). FYM and pressmud were not so effective. The effect of crop rotations
(pearl millet-wheat, guar fodder-wheat and guar green manure-wheat) on
infiltration was not significant (Hundal et al. 1971).
Subramanyam and Kar (1976) studied the effect of antecedent moisture
content on the infiltration capacity of lateritic sandy loam soil and observed a
curvilinear relationship between initial moisture content and infiltration rate.
Between 6% and 20% moisture, however, the relationship was linear. Joshi
and Das (1977) studied the effect of initial water content and bulk density on
horizontal infiltration in a sandy loam soil and showed that with increase in
bulk density or initial water content the sorptivity decreased, with a
concomitant decrease in the infiltration rate. Nevertheless, because of decrease
in storage capacity, the depth of the wetting front and the velocity of its
advancement increased with increase in initial water content and decrease in
bulk density. Predicted moisture profile, sorptivity, cumulative influx,
infiltration rate, and depth and rate of advance of wetting front based on
Philip's theory (1957) were in agreement with the experimentally observed
values.
Concluding Remarks
Considerable effort has been directed to describe and quantify the soil
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water retention and release characteristics of various soils. Many of the
studies, however, were made in the laboratory on sieved soil samples. There is
therefore ample need to compare the data with those obtained by using
undisturbed cores or with actual field measurements. The procedures to
remove core samples need to be standardised for different soils. In situ
measurements are particularly important in swelling clays, which are
vulnerable to changes in its water characteristics when removed from the
profile location. The possibility of using simplified procedures for estimating
hydraulic properties under varying profile conditions needs greater attention.
There is need to find out ways to ascertain spatial variability in water retention
and release characteristics of soils over larger areas, and to develop practical
methods for averaging out such macroscopic variations. The effect of
management operations both mechanical and chemical — and cropping on
water infiltration, redistribution and flow characteristics needs to be studied in
greater detail.
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Soil-Water
Relations
B.K. KHOSLA', C L . ACHARYA2

AND R.K. GUPTA3

THE significance of soil-water relations was recognised quite early and
systematic studies were indicated (Carbery and Chakladar 1936; Ramdas and
Malik 1939). But it was only after the development of techniques for
measuring the soil water potential, particularly the pressure plate and pressure
membrane apparatus used by Richards (1947), that the work on soil-water
relations gained ground. Information on retention, transmission and
infiltration of soil water is summarised below.
Water Retention
Subba Rao et al. (1955) estimated pF curves for Delhi soil and Yamuna
sand. The pore size distribution indicated by the curves was found to be
related to the permeability of the soil to water. Subba Rao and Ramacharlu
(1958) reported on moisture retention properties of red, laterite, black,
alluvial, forest, desert and saline and alkali soils. They observed that water
drainage between pF 0 and 2.7 was dependent on the state of aggregation of
the soil. Chibber (1964) and Tamhane and Datta (1965) showed that
moisture equivalent and water-holding capacity are significantly correlated to
water stable aggregates. Ali et al. (1966) reported on water retention
characteristics of surface and sub-surface layers of the major soil groups. They
observed that above one atmosphere, moisture content was a linear function
of log tension.
Several studies on profile water retention and release characteristics were
reported and the soils were grouped according to their available water
capacity (Khosla and Abrol 1966; Abrol and Bhumbla 1966; Sekhon and
Arora 1967; Gupta and Narain 1971; Sur and Singh 1972, 73; Talati et al.
1975; Sharma et al. 1976;-Jadhav et al. 1977; Sharma and Nath 1979). Water
retention characteristics were shown to be influenced mainly by the textural
constituents and the nature of clay minerals, and only partly by the organic
matter content, which is generally low in most of our cultivated soils.
Ghosh (1976) described a procedure for estimating soil moisture
characteristics of light-textured soils. The proposed model was represented by
the equation:
h = hc(6l6oY
1. Central Soil Salinity Research Institute, Karnal; 2. Himaehal Pradesh Krishi Vishwa
Vidyalaya, Palampur; 3. Jawaharlal Nehru Agricultural University, Indore Campus.
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permanent wilting occurred (Tomar and Ghildyal 1973a). Moreover, the leaf
water deficit in rice varied with the stage of growth; the deficit was less at
flowering than during later growth (Kar and Varade 1974). Leaf water deficit
increased from 10% under 5 cm flooding to 27% under continuous circulation
of aerated water. A reciprocal relationship has been reported between RWC
and soil moisture tension in sunflower and wheat (Anon. 1977).
Leaf Water Potential. The plant water status must be measured in relation
to the water status of the soil and the atmospheric conditions. Determination
of the potential of water in the plant body provides the most appropriate and
convenient tool for this purpose. The term xylem water potential has been
used to define the tissue water status where osmotic component of leaf water
potential is largely ignored during determination (Varshney 1980; Singh 1980).
Leaf water potential has been variously determined with Peltier-type
thermocouple psychrometers (Mohsin and Ghildyal 1970, 1971; Tomar and
Ghildyal 1973a; Singh et al. 1979), Shardakov's 'dye' method (Tomar and
Ghildyal 1973a; Anon. 1976), and pressure chambers (Pal and Varade 1974;
Baruah 1975; Sivakumar and Virmani 1979; Singh et al. 1979c; Varshney
1980; Singh et al. 1980). Pressure chamber provides a simple and rapid way of
determining the cell sap water potential, which is generally close to the leaf
water potential. Pal and Varade (1974), and Varshney (1980) have suggested
precautions to be taken when using the pressure chamber.
The three components of leaf water potential (I/M), viz., osmotic potential
(iK), matric potential (tj/m) and pressure potential (</fp) vary spatially though
their sum is everywhere the same (Tomar and Ghildyal 1973b). The
relationship can be expressed as:
«Al =

l/fjr

+

l/'m +

«Ap

The contribution of i//m to I//I is not known. Combining tjjm and 4iP makes i/»i = i/r* +
i/rp. Normally t/fp is positive, but it may be negative. Tomar and Ghildyal
(1973b) observed that in rice $„ was approximately —11.0 bar when leaves
were fully turgid. The value of \)iv was zero at I//I of— 19.5 bar. The first visible
wilting in rice occurred at t/fp of 3 bar (Tomar and Ghildyal 1973a) rather than
in the complete absence of turgor pressure (Fig. 1) corresponding to a change
in elastic modulus of leaf tissue from 6.7 X 106 to 40 X 106 dynes cm -2 . Singh
et al. (1979c) found that t\i„ of cotton leaf sap decreased from —7.1 bar at 0600
hrs to —12.9 bar at 1500 hrs and was lower than leaf water potential
throughout the day, i.e. the plant never reached zero turgor during the day
time.
Different cultivars may exhibit different leaf water potentials under similar
soil and atmospheric conditions (Sivakumar and Virmani 1979). Leaf water
potential has been found to decrease with age in wheat (Anon. 1977; Singh
1980), gram (Sivakumar and Virmani 1979) and barley (Singh 1980). Pal and
Varade (1974) reported that water potential of the leaves closer to the soil was
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Fig. I. Relationship of RWC, I//I, i)/n and i/ip in rice leaf (Tomar and Ghildyal, 1973a).

more than that of the upper leaves, and this provided the driving force for the
upward movement of water.
Leaf Diffusion Resistance. Plant response to environment is influenced by
the behaviour of stomata whose apertures are regulated by guard cells. The
activity of guard cells is controlled by tissue hydration besides a number of
other interactions mediated by light, carbon dioxide concentration, and wind.
Stomata do not completely close until the water stress reached a critical stage.
Measurement of resistance to the diffusion of water vapour is, therefore, a
useful index of the stomatal aperture. Leaf diffusive resistance meters are
usually employed for this purpose, but pressure-drop porometer having a
mercury column has also been used (Anon. 1976). Leaf diffusive resistance in
summer maize pronouncedly increased with increase in the severity of water
stress beyond a certain stress level (Varshney 1980). It was 3-8 sec/cm at 0900
hrs in well-watered plants but increased to 32.4 sec/cm at 1400 hrs when
irrigation was withheld for 6 days beyond the normal irrigation time.
Stomatal resistance was higher in black gram than in pigeon pea. In pearl
millet it was greater than in maize (Anon. 1977, 1978). With anti-transpirant
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spray the stomatal resistance increased 3-4 times. It also increased with ageing
of plants (Anon. 1977). Resistance to water flow in ground-nut increased as
plants aged (Samui and Kar 1981) but this phenomenon was not observed in
wheat and barley till the plants reached senescence (Singh 1980). The rate of
change in leaf diffusion resistance in stressed maize was found to be
independent of plant age (Varshney 1980). Under irrigation, higher stomatal
conductance was reported in sorghum (Sivakumar et al. 1979) and in gram
(Sivakumar and Virmani 1979). Stomatal resistance was higher in 'Bala'
variety of upland rice than that in 'Jaya', a variety of lowland rice
(Saini 1979).
Diurnal Variations in Leaf Water Potential
Diurnal variations have been reported in leaf water potential of irrigated
and non-irrigated sorghum (Sivakumar et al. 1979), wheat and barley under
different soil moisture levels (Singh 1980), nine cultivars of rainfed chickpea
(Sivakumar and Virmani 1979), and cotton (Singh et al. 1979c). Diurnal
variations in irrigated and non-irrigated wheat appear to be less during early
growth stages but increase as age advances (Anon. 1977). Considerable
differences in leaf water potential of different cultivars of sorghum crop during
the day hours suggest that the cultivars that maintain higher water potential
may be drought tolerant (Sivakumar and Virmani 1979).
The changes in leaf water potential are rapid during morning and evening
hours (Fig. 2), but changes in i/o during the major part of the day are relatively
slow (Singh et al. 1980). The diurnal changes in leaf water potential were
sharper at high soil water potential (Singh 1980). The recovery of water deficit
in the evening or after watering was more rapid in barley than in wheat. It was
observed (Singh et al. 1979c) that leaf water potential in cotton decreased
from morning till about noon from —3.8 bars to —12 bars and then showed
progressive recovery to reach a value of —7.8 bars in the evening. The mean
moisture content of the 120 cm soil profile at the time of the observations was
23.4% on volume basis.
Relation Between Leaf Water Potential and Stomatal Diffusive Resistance
It was observed that whereas i/n in maize change from —15 bars to only
—18 bars, the leaf diffusive resistance increased from 4.1 sec/cm to 18.4
sec/cm (Varshney 1980).
The relationship between stomatal resistance and \ji\ is not single-valued;
for it is modified by soil moisture, radiation and plant age (Tomar and
O'Toole 1981). In well-watered rice, \ji\ did decrease during the day hours, but
stomatal diffusive resistance remained low and the plants maintained high
transpiration rate. In stressed sorghum, i/n remained low, transpiration rate
decreased, and stomatal diffusive resistance was more than in the irrigated
plants (Sivakumar et al. 1979). Leaf diffusive resistance and i/n were closely
related only in stressed maize (Varshney 1980).
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Effect of Water Stress on Growth and Physiological Processes in Plants
Moisture stress in plants is a resultant of the combined effects of soil
moisture stress in the root zone, resistance to water movement in the plant,
stomatal control, and atmospheric evaporative demand (Sivakumar and
Virmani 1979). Different plant species respond differently to the imposed
water stress. In pearl millet, in the initial stage of tissue dehydration, soluble
nitrogen content increased due to decrease in protein synthesis (Lahiri and
Singh 1968). At very high stress proteolysis may occur and amide and
ammoniacal nitrogen may accumulate. Accumulation of free proline in leaves
has been shown to be an adaptive mechanism for tolerance to stress.
But Mehkri et al. (1977) did not find any relation between reduction in
relative water content under stress and accumulation öf free proline in
different varieties of groundnut. Kathju and Lahiri (1976) observed that
hydrature of tissue was not an infallible index of metabolic efficiency, because
at identical hydration the enzyme activity and chlorophyll content were higher
in leaves of wheat raised under higher soil fertility. Asana and Basu (1963)
observed that water stress during early stages in wheat reduced growth and
inhibited accumulation of sugars in the stem but did not affect the grain
weight. Apparently, surplus of assimilates produced in the non-stress period
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accumulated in the stem, and the degree of water stress causing permanent
wilting did not affect synthesis in the grain. When drought appeared at a late
stage, the synthesis was affected and there was shrinking of grains.
Water Transport Through Soil-Plant-Atmosphere System
Resistance to Water Flow in the Soil and Plant. The resistance to water
flow from soil to leaf consists of three components, arranged in series and
therefore additive (Hsio et al. 1980).

Q=

!

( *»» -

Asoil "r A root ' /V shoot V,

Ax

fr\

(1)

/

In Equation 1, Q is the rate of water uptake; R and the respective
subscripts signify resistance to water flow in soil, root and shoot; and Ax is the
distance between the points where both potentials are measured.
In the absence of a rapid change in leaf water status, water supply to the
leaves almost equals transpiration rate (T Substituting Tfor Q, Equation 1
can be rearranged as Equation 2:
l/»l =

0-soil -

T (7? soil + Rtool + -flshoot) A X

(2)

This shows that there is no unique relationship between i/n and i/w
Plant resistance to water flow varies with plant water status and
environment. Tomar and Ghildyal (1975) observed that resistance to water
transport in non-flooded rice plants was nearly twice as high as in flooded
plants. They further reported (Ghildyal and Tomar 1976) that at low i/n water
flux through rice plants was largely controlled by resistance to water flow in
the plant. Samui and Kar (1981) found that plant resistance to water
absorption in groundnut was 2-3 times as high as soil resistance. Increase in
plant resistance was closely related to change in fa, which decreased with
change in fa.au and increase in net radiation. Baruah (1975) showed that total
resistance to water transport in rice plants grown at 0.33 bar soil water suction
was 1.5 to 2.5 times as much as in those grown under flooding. Root
resistance of 60-day-old plants grown at 0.33 bar soil water suction was 6-10
times that of plants grown under flooding.
Transpiration in Relation to Soil and Leaf Water Potential. The
transpiration rate is determined by the atmospheric evaporativity and the
water status that the transpiring leaf is able to maintain. Evaporativity directly
controls transpiration, when water supply to the transpiring site is not
limiting. The reduction in fa establishes water uptake gradient from leaves to
roots to soil. Ghildyal and Tomar (1976) observed that under high
evaporativity fa in stressed rice plants decreased from —11.0 bars to —19.6
bars even though faoii changed only from -0.3 bar to -0.8 bar. The
transpiration rate remained almost constant during the period. Presence of
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salts in the medium lowers soil water potential and decreases transpiration
rate (Hira and Singh 1973; Sinha and Singh 1976; Singh 1980). Lahiri and
Kharbanda (1966) observed that transpiration rate of seedlings of a xeric
species, Techomella undulata, did not change with fluctuations in soil water
content. According to them the relationship between transpiration rate and
soil moisture content can be split into four phases. In the constant-rate phase,
soil moisture gets depleted but transpiration rate is unaffected. In falling-rate
phase, transpiration rate begins to decrease with decline in soil moisture
content till permanent wilting percentage is approached. In the cuticularphase, the stomata are almost closed and transpiration occurs mostly through
cuticles. The rehydration phase, begins upon re-watering, and transpiration rate
is restored with a minimum time lag to the level of the first phase.
Root Growth Characteristics and Moisture Extraction Pattern
The root system of a given plant is highly responsive to soil environment,
which can affect the direction (lateral and vertical) of growth and the number
and weight of roots. Plant species also vary in root growth. Yadav and Gupta
(1977) reported that 62.3% sorghum roots, 42.0% sunflower roots, 54.8%
maize roots, 37.2% green gram roots and 35.8% soybean roots were present in
30 cm surface soil. Plant water uptake depends greatly on distribution and
extent of the root system. Chaudhary and Bhatnagar (1980) found a close
correspondence between wheat root distribution and water extraction pattern.
However, a smaller difference in root density in deeper soil layers caused a
bigger difference in soil water extraction than in the upper soil layers.
In flooded rice the roots were more porous, longer and more numerous
than in non-flooded rice (Jat and Das 1972). Unlike other factors affecting
growth, maximum root length in rice increased as the soil moisture tension
was raised (Pradhan et al. 1973). Higher root porosity was observed under
deeper submergence. The number of roots and their dry weight were positively
related to root porosity. Higher soil moisture regimes in potato encouraged
more roots in the surface soil, but the roots penetrated deeper in the high
water suction treatments (Singh et al. 1974; Grewal and Singh 1974). Seminal
roots in unirrigated wheat grew faster and deeper than crown roots (Sirohi
et al. 1978), and different varieties responded differently to the development
of crown roots in stressed plants.
Prihar et al. (1975) observed deeper rooting and greater depletion of water
in soils with higher seeding-time moisture. Water stress in the early stages
prevents the plant to develop an adequate root system to extract water from
deeper layers. If this stress is removed by timely rain or by addition of a small
amount of water, the crop develops a deeper root system and removes more
water from the soil profile. Singh et al. (1975) observed that under comparable
rainfall, 52 mm higher initial available moisture storage in a clay loam than in
a loamy sand soil caused 90 mm greater water depletion from 180 cm depth of
the clay loam. Prihar et al. (1978) reported that once the profile water deficit
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was restored, a longer gap between the last irrigation and harvest of wheat
encouraged greater extraction of water from lower depths and saved one
irrigation. Jalota et al. (1979) reported that wheat root flourished on a heavy
pre-sowing irrigation, but more frequent post-sowing irrigations caused
greater rooting in the surface layers. Less frequent irrigations, on the other
hand, encouraged more roots in 120-180 cm soil depths. Chaudhary and
Bhatnagar (1980) observed that wheat crop developed a more extensive root
system when the first irrigation was applied after 26 days than after 40 and 54
days of sowing. They suggested that for developing an extensive root system
and enhancing water utilisation in the sub-soil an early light irrigation with
subsequent irrigations applied less frequently at a heavier rate was desirable.
Sodium can affect the mechanism by which roots obtain water from sodic
soils (Acharya et al. 1980). The amount of sodium in surface and sub-surface
layers significantly affected the rate and pattern of water withdrawal from the
soil profile by Brassica juncea (Acharya et al. 1979). The rate of withdrawal in
a soil having 38% exchangeable sodium was 0.141 cm/day as compared with
0.233 cm/day in a soil having 4% exchangeable sodium. In the first soil most
of the water came from the 0 to 15 cm soil layer. In a soil with high
exchangeable sodium, 98% of the water reaching cowpea roots came from the
surface 15 cm soil, whereas in a low ESP soil the layers below 15 cm
contributed about 32% water (Sandhu et al. 1981).
Soil Water Status and Plant Responses
So/7 Moisture in Relation to Seedling Emergence. Water absorption by
seeds is the first event in the process of seed germination. A seed will absorb
water as long as its water potential is lower than that of the soil water in
contact at its surface. Water absorption is also influenced by soil temperature
through its effects on the viscosity of water and permeability of seed coat
(Chaudhry et al. 1971).
Water absorption by different varieties of sorghum declined with decrease
in soil water potential (Mali et al. 1979). All varieties, however, did not
require the same amount of water for germination. Even the total amount of
water absorbed for germination by the same variety at different moisture
potentials varied considerably. Water absorption by wheat, gram, maize and
rice seeds decreased with decrease in the osmotic potential of the soil solution
even though the soil was at field-capacity water content (Hira 1970). In a
sandy loam soil a minimum moisture content of 9% was necessary for 75%
germination of mustard and sunflower (Yadav and Gupta 1977a). A postsowing compaction with an iron wheel achieved the same germination at 6%
moisture content in mustard and at 7% in sunflower. The rate and speed of
germination of cotton seeds slowed when soil water potential decreased to less
than —1.0 bar (Mali et al. 1977). Radicle elongation decreased non-linearly
with increase in soil moisture stress (Gupta and Singh 1975). The effect of
osmotic stress was milder than that of the matric potential. Matric and osmotic
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potentials were additive in their effects at stresses greater than 10 bars. The
radicle lengths of lentil, niger and wheat were adversely affected at low soil
water potential (Rajput and Gupta 1978). It was recommended that radicle
elongation could be taken as an index of drought tolerance in crops.
Water Requirements of Crops. Growth does not suffer as long as plant
roots are able to extract water from the soil in quantities large enough to meet
the evaporative demand. Soil water must be replenished before the plants
suffer water stress that may reduce the ultimate yield. The level to which soil
water should be allowed to go down before the next irrigation depends on the
water retentive capacity of the soil (Prihar et al. 1978), the water transmission
characteristics, the nature of the crop, the evaporative demand, and above all,
the available quantity of irrigation water.
1. ADEQUATE WATER SUPPLY. In areas of adequate water supply the aim is
to achieve potential production with minimum water expense. Water expense
as defined by Prihar et al. (1976), integrates irrigation efficiency, changes in
the crop factor, and deep percolation losses. Earlier research on scheduling
irrigation to crops was based mainly on depletion of a certain fraction of the
so-called available water from a certain depth of soil. Experiments showed
that delaying irrigation beyond 50% depletion of available water from a
specified shallow root zone decreased the yield of maize, sorghum, cotton and
wheat. Soil water regimes corresponding to 25% depletion or less have been
found optimum for some fodder and vegetable crops.
Soil moisture suction in the root zone has been used as the other criterion.
Optimum moisture range for root crops varied from 0.20 bar to 0.33 bar soil
water suction, and these crops extracted 50%, 30% and 20% of moisture from
0-15 cm, 15-30 cm and 30-60 cm depths of soil respectively (Kulkarni and
Dastane 1966). Maximum potato yield was obtained when moisture tension
was kept still lower through drip irrigation (Singh et al. 1974). For
comparable yields less water was needed in drip irrigation than in flood
irrigation (Singh et al. 1978).
Potential evapo-transpiration provides a closer estimation of water
requirement of a crop. But apart from the non-availability of reliable
estimates of potential evapo-transpiration under most situations, this index
alone may not reliably estimate soil water depletion (Prihar et al. 1975). A
more practical approach is that based on IW/PAN-E, i.e. the ratio between
fixed irrigation water (IW) and net cumulative pan evaporation (PAN-E) since
the last irrigation (Prihar et al. 1974). Table 1 includes recommendations for
scheduling irrigation to different crops on the basis of the above criteria.
2. INADEQUATE WATER SUPPLY. When irrigation water is limited, the aim
is to get the maximum production per unit of water applied. The crop is
bound to suffer water stress at some stage. Attempts have been made to
identify the stages when plant water stress is most harmful to the ultimate
yield. In wheat, moisture stress at crown root initiation severely curtailed the
grain yield (Chauhan et al. 1970; Cheema et al. 1973; Singh et al. 1979b), and
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a single irrigation applied at this stage increased the yield by 12 q/ha (Singh
et al. 1979a). Studies of the past 20 years show that though wheat is sensitive to
moisture stress in the earlier stages of its growth, irrigation water can be saved
in soils of good water storage by omitting irrigation late in the growing season
(Chandani et al. 1960; Singh 1960; Pande and Haque 1965; Singh et al. 1971;
Cheema et al. 1973; Singh et al. 1976). With 26-30 cm initial soil water storage
in a deep, well-drained soil gram may mature even without supplementary
post-sowing irrigation (Sandhu et al. 1978).
Soil Available Water and Crop Water Use. There is a lower limit of soil
water content up to which evapo-transpiration from a cropped field is at the
potential rate. Below this threshold, water availability to the roots becomes
limiting, and transpirational loss of water through plants is marked by some
distinct phases (Lahiri and Kharbanda 1966). The decrease in water use may
or may not produce a corresponding decrease in crop yield. Withholding
irrigation to wheat in a highly water-retentive soil decreased water use by 10
cm without any significant detrimental effect on yield (Singh et al. 1979b).
According to Prihar et al. (1978) there is an available water capacity of
soil for potential production because certain crops may produce potential
yield without evapo-transpiring at potential rates. Besides the factors of crop,
soil and weather, the use of soil available water depends upon how soon and
to what extent the previous depletion is replenished. Permissible soil water
depletion is defined for a given set of crop, soil and climatic conditions.
Infrequent irrigations induced deeper rooting and greater depletion of
sub-soil water (Jalota et al. 1979). Deeper storage of water resulted in greater
soil water depletion and in higher wheat yield than that obtained from the
same quantity of water stored in shallower soil depths (Singh and Brar 1979).
Wheat has been shown to deplete soil water well beyond 15 bar per cent soil
water content even up to depth of 2 metres (Prihar et al. 1978). Gram
removed substantial amount of water from as deep as 150 to 180 cm soil and
depleted soil water to below 15-bar value (Sandhu et al. 1978). In dry years
wheat roots continued to penetrate the deeper moist soil layers and extracted
water from soil layers much below 180 cm (Singh et al. 1975). In relatively wet
years, water extraction was limited to 180 cm soil depth. Because of
differences in their rooting patterns, Techomella undulata and Prosopis
cineraria drew more water from layers below 120 cm and left enough water
for below canopy growth of plants (Gupta and Saxena 1978). Prosopis
juliflora on the other hand drew most water from 30-120 cm soil depth, and
very little moisture was left for the below canopy growth. Availability of soil
water to crops is also limited by soil conditions. Low hydraulic conductivity,
low total profile storage, surface confinement of root system and unfavourable
moisture suction relationships in sodic soils result in depletion of available
water too soon (Abrol and Acharya 1975). This necessitates frequent but light
irrigations to crops grown on sodic soils.
Plant Adaptation to Soil Moisture Stress. Plants respond to soil moisture
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stress in different ways, such as extending the roots deeper, decreasing the
transpiring surface, and exercising control on stomatal apertures. In a desert
plant like Aerva persica, the roots were more than 6 metres deep, and in
Prosopis cineraria they went deeper than 8-10 metres (Lahiri 1977). The plant
acted as a phreatophyte or 'well plant' and obtained water from the capillary
fringe of the saturated zone below. Water economy in a xeric species,
Techomella undulata, was effected through decrease in leaf numbers and leaf
surface (Lahiri and Kharbanda 1966). Drought-enduring plants are not
entirely drought-philic. Tiller number, leaf number, days for ear emergence,
ear length and grain weight in pearl millet decreased as the drought period
lengthened (Lahiri and Kharbanda 1965). Susceptibility of plants to drought
increased with their age. Drought effects could be reversed by replenishing
moisture in two-week-old plants, but further ageing weakened the reversal
mechanism (Lahiri and Kharbanda 1965). Under soil water stress different
wheat varieties respond differently to the development of lateral roots even
though the seminal roots may continue to extent towards the moist zone.
Those genotypes which produce good lateral root system under moisture
stress should form the basis for selecting varieties for moisture stress
conditions (Sirohi et al. 1978).
Certain species are able to maintain a low leaf water potential and to
extract water even when soil water suction is high. Leaf water potential for
most part of the day was maximum in rainfed gram followed by raya
(Brassica juncea) and wheat (Fig. 3), all grown under identical conditions
(Singh et al. 1980). In wheat the developmental characters, such as early
vigour and synchronous tillering, days to heading and ear length, are
important components of wide adaptation and productivity under soil
moisture stress (Roy and Murty 1970).
Plant Response to Excess Water. Most cultivated crops except rice
respond negatively to the presence of excess water in the root zone. Different
species and varieties vary in their capacity to tolerate flooding at different
growth stages (Joshi and Dastane 1965). Maize seeds were more tolerant to
submergence than seeds of sorghum and pearl millet. Eight-day-old seedlings
suffered loss in dry matter yield even when flooded for one day. But one-day
flooding had no adverse effect on one-month-old plants. Older maize plants
were less susceptible to prolonged flooding than young plants (Khera and
Singh 1975). Flooding reduced longevity of green leaves and their nitrogen
content. Sorghum was most susceptible, followed by pearl millet and maize
(Joshi and Dastane 1965, 1966). It was recommended (Chaudhry et al. 1975)
that to ensure optimum production excess water must be drained from the
root zone of maize within one day of soil submergence. Prolonged
submergence of wheat reduced the protein content of the grain, it reduced the
yield too if excess water was not drained from the root zone within three days
of submergence (Chaudhary et al. 1974).
In general, rice responds positively to flooding, especially in the early
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growth period. Under submergence, the plant develops aerenchymatous roots,
which are most porous and less resistant to water flow than roots of rice
grown under unsaturated conditions (Ghildyal and To mar 1972). Rice leaves
were found to develop water deficit when the roots were continuously bathed
in fresh water (Kar and Varade 1972). No water deficit developed under 5 cm
submergence, and this treatment gave maximum grain yield. However, in
sandy loam soil of Punjab, irrigating rice at 1 to 5 days (according to
prevailing weather) of the infiltration of water into soil yielded as much grain
as continuous submergence but saved 25 to 50% irrigation water (Sandhu
et al. 1980).
Research in the area of soil-water-plant relationships is attracting
increasing attention. The coordinated research projects on water management,

Table 1. Criteria for scheduling irrigation to different crops

Crop

Depletion of available
water

Physiological growth stage

Soil moisture tension
IW/PAN-E
(within 30 cm depth) bars

Other criteria

C.R.I.
late tillering
late jointing
flowering

0.5

66-75% of F.C. in
122 cm depth

SO
T.

<

%
Wheat

Barley

25
50

50

Mustard

75

Berseem

—

Cotton
Sugarcane
Gram

25-50
30-50

Maize
Groundnut

50
50
25-50

(12)
(5)

(8,9)

(11)

(4)

active tillering (2, 7, 22)
flag leaf
(10, 19)
flowering
(13)
(3)
4-6 leaf stage
branching/
pod formation

(11)

(11)
(11)

0.8

—
0.3
0.7

active bracketing/ (11)
flowering initiation/
pod initiation
flowering
(3)

—

0.9
0.75-1.0

(15,
(15,17)
(14)

(18)

o
—
o

—

(11)
(16)
(11)

(20, 21)

—

0.55

pc

(6)

m
•s.

m
>
so
n
x

(11)

(11)

—

(11)

0.8
0.75
0.80

(11)
(ID
(10)

0.8-0.9

(11)

z
>

100 mm
(11)
cumulative PAN-E

Numbers in parenthesis show the authors: (1) Cheema & Moolani (1974), (2) Cheema el al. (1977), (3) Dastane et al. (1971), (4) Garg & Saraswat (1972), (5)
Gupta&Dargan(1971),(6)Jain&Jain(1979),(7)Malhotra&Cheema(1977),(8)Malik(1971),(9)Mertia&Bajpai(1976),(10)Mkamange&Singh(1971),
(11) Pai & Hukkeri (1979), (12) Pande (1973), (13) Pande & Mukherjee (1966), (14) Prihar el al. (1974), (15) Prihar el al. (1976), (16) Saini el al. (1973), (17)
Saini (1973), (18) Singh (1945), (19) Singh el al. (1978), (20) Singh & Dastane (1971), (21) Singh el al. (1971), (22) Singh (1980).
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dry-land agriculture and improvement of soil physical conditions provide the needed
coordination between soil physicists, plant physiologists and meteorologists to
make further advances in this field. The primary aim of these scientists will be
to meet the deficiency of suitable equipment, most of which can be designed
and fabricated locally. The agricultural universities at Pantnagar, Ludhiana
and Hissar are making notable contributions in this area.
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Techniques of Determining
Physical Properties of Soils
S.B. VARADE 1 AND S. KAR2

of soil in its undisturbed state is necessary for many studies on its
physical properties. Prihar and Verma (1969) fabricated a metallic sampling
assembly consisting of a scoop and mini sampler. Soil compression is very
slight, since the scoop is open on the sides. But the device is not very
convenient for a large number of samplings, particularly from deeper layers.
Simple and cheap single and multiple core samplers have been fabricated by
R.P. Samui and S. Kar (unpublished) for use in bulk density measurement
and root studies. But with their use the soil below and within the core often
gets compressed, so that bulk density is overestimated.
Sampling of soils under flooded conditions has always been difficult.
Pradhan and Patnaik (1979) fabricated a sampler which permits sampling of
flooded soils at varying depths with minimum disturbance of the surrounding
soil.
SAMPLING

Particle Size Distribution
Although the international pipette method is the standard method for
particle size analysis, the Bouyoucos (1927) hydrometer method has been
extensively used because it is simple and quick. Puri (1932) proposed a new
type of hydrometer; and Day (1956) utilized his data to discuss the theoretical
soundness of the hydrometer method. On comparing the Bouyoucos
hydrometer method with the international pipette method, Sharma and
Tamhane (1956), Khanna et al. (1958) and Durga and Mehta (1967) observed
that the hydrometer method was equally good and could be safely used for a
wide range of soils except those which have large amounts of calcium
carbonate or organic matter. Sur et al. (1977) examined the Bouyoucos
hydrometer method, Day's hydrometer method, and the international pipette
method of particle size analysis. They found that the Bouyoucos hydrometer
method overestimated the finer fraction when compared with the
international pipette method. They suggested that the recording time of 4
minutes and 2 hours generally taken for silt plus clay and clay fractions
respectively should not remain constant but should vary with the soil texture.
And they confirmed that Day's hydrometer method compared well with the
international pipette method (Misra and Panda 1974).
Utilizing the theoretical considerations enunciated by Day (1956), the
I. Water and Land Management Institute, Aurangabad, Maharashtra; 2. Indian Institute of
Technology, Kharagpur, West Bengal.
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property of sedimentation could be estimated from the hydrometer reading.
Sur and Singh (1976) developed a nomograph for particle size analysis by the
hydrometer method, on the basis of the relation between the diameter of the
settling particles and sedimentation. From the nomograph, the diameter (d)
of the settling particles could be read from Fig. 1 by extending the line joining
the estimated sedimentation parameter with the point of 4 minutes' time on
the time scale.
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Fig. 1. Nomograph for particle size analysis.

Durai Raj (1961) found that in the soils studied by him the proportions
of clay were highly correlated with those of fine sand and coarse sand.
Accordingly, he suggested a rapid and fairly accurate method of estimating
the clay content from the contents of coarse and fine sand.
Soil Structure
Utilizing HYLAK unsaturated polyester resin of indigenous origin,
Biswas et al. (1968) developed a microscopic technique for direct evaluation
of soil structure which enables a visual study of the exact shape and size of
secondary particles and the nature of soil pores in situ.
Bulk Density
Abrol and Palta (1968) used rubber solution as a coating material for
determination of bulk density of soil clods. In comparison with collodion and
paraffin wax, the coat of rubber solution gave the least increase in weight and
volume and caused the minimum standard deviations in observed and
corrected bulk density values. Palta et al. (1969) compared methods for soil
bulk density measurement, viz. (i) core sampler, (ii) sand core, (iii) mercury
displacement, (iv) kerosene saturation, (v) kerosene displacement using water
as impregnating liquid, (vi) coating the soil with paraffin, (vii) coating the
clod with rubber solution of varying dilution. The results indicated that the
rubber solution gave the least coefficient of variation and negligible increase
in volume and weight of clods. Although the core method showed less
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variation, it gave lower bulk density values due to compaction of soil below
the core. To improve upon the core method, Prihar and Verma (1969)
developed a soil sampling assembly consisting of a scoop and mini sampler
for accurate determination of bulk density. Soil compression with this
arrangement was very slight since the scoop was open on the sides.
A major limitation of the methods based on waterproofing of the clod in
routine determination is that the coating procedures are fairly cumbersome
and limit the number of determinations. Prihar and Hundal's (1971)
'clod saturation method' eliminated the necessity of coating the clods. This
method is rapid and permits large number of determinations at a time. Bulk
density is computed from weights of an oven-dried clod before and after
saturation. The mean bulk density values obtained with the saturation
method and the rubber solution coating were in close agreement and
compared well with the excavated soil block values. The authors suggested
that in soils containing expanding types of clay the volume of the clod would
increase considerably upon saturation and result in lower values of bulk
density.
The clods needed in all the above methods must be sufficiently stable to
cohere during coating, saturation and weighing; it may not be easy, especially
in coarse-textured soils. To overcome this limitation, Aggarwal (1977) used a
soil sample of unknown volume in Keen's box for simultaneous
determination of soil bulk density and particle density. The method entails
weighing of an oven-dried sample in Keen's box, or a clod, if available, in air
before and after saturation with a non-polar liquid, and weighing of the
saturated sample under the same liquid. Soil bulk density and particle density
are computed from these three weights. Nevertheless, weighing of the
saturated sample under the liquid is cumbersome.
Varade and Rane (1976) reported a method of computing bulk density in
tilled soil on the basis of dry aggregate size distribution. They computed the
soil constants in the equations, and they found the method to work well in a
sandy loam soil at Kharagpur. Sur et al. (1979) reported the following
regression for determining the density of aggregates {DA) of a given size
fraction:
DA

= 0.17 + 1.59 Db

where Db is the bulk density of aggregates of the given size fraction packed
in a container.
Aeration Status
Prihar and Verma (1969) reported a rapid method for direct
determination of air porosity. The air space in a sample of known volume,
collected with a specially designed sampling assembly, is computed by
measuring the volume of soil solids and soil water in the sample with the
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calibrated flask of Prihar and Sandhu (1968). The method compared well
with the conventional method of computing air porosity from total porosity
and volume moisture content of soil.
Simple, cheap oxygen diffusion rate meters using platinum microelectrodes were fabricated by Jain (1974) and by Mohsin and Khan (1977)
from indigenous materials. Successive measurements with 10 electrodes are
possible with only initial equilibrium period of 4-5 minutes during the first
observation.
Soil Moisture Content
Hukkeri and Dastane (1966) reported that burning of soil sample with
spirit compared well with oven-drying for sandy loam alluvial soil; the results
were unaffected by the addition of both organic natter and CaCCh up to 10%
by weight of the soil. Prihar and Sandhu (1967) found the rapid immersion
method of Wilde and Spyradakis (1950) to be as good as the oven-drying
method when the actual particle density value of the soil under test was used
for computing the moisture content.
Using the usual volume-weight relationship of soil, Prihar and Sandhu
(1968) developed a rapid method of soil moisture determination. The method
is simple, inexpensive and handy for use in the field. It records the change in
volume of 100 ml water resulting from the addition of 20 g soil sample in a
flask provided with a calibrated tubular stopper. The mean difference between
the moisture values obtained with this method and oven-drying was 0.1 ±
0.07%. Aggarwal and Tripathi (1975) computed the water content of soil
from the weight of fresh soil and the weight of a wide-mouthed pycnometer
to which the given soil sample of known particle density and a suitable
amount of water were added to fill it completely. Achar et al. (1980) reported
another method based on volume-weight relationships of soil. It entails
establishment of regression equations for predicting soil moisture from the
wet volume and weight of soil samples. Accurate measurement of clod
volume by mercury displacement appears to be difficult and may introduce
considerable error.
Abichandani and Bhatti (1962) and Kashyap and Ghildyal (1964)
described procedures for making gypsum blocks for field moisture
determination by electrical resistance method. Mohsin (1966) fabricated
nylon blocks from indigenous material and successfully used them in
conjunction with an indigenously prepared soil moisture meter for measuring
field moisture content.
Srivastava et al. (1978) investigated a microwave technique for measuring
soil moisture and found that insertion loss at 9.6 GHz and 10.8 GHz was
most suitable for soil moisture determination.
Water Retention and Transmission in Soil
Abrol and Khosla (1966) found the amount of water retained at
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permanent wilting to have a high correlation with surface area of soil. They
suggested the measurement of surface area for rapid estimation of wilting
percentage of soils, especially where a 15-bar apparatus was not available.
Ghosh (1976) proposed a procedure for establishing soil water characteristics
from empirical relations expressing soil water potential as a function of airentry capillary suction and volumetric water content. The procedure was
found useful when a reliable curve was not available. Tomar and Ghildyal
(1978) tested a soil water characteristic model based on moisture content and
pressure at air-entry and at 15 bars and found that field water retention
characteristics obtained from this model could be used for determination of
hydraulic conductivity and soil water diffusivity. Tripathi and Ghildyal (1975)
compared hydraulic conductivity (K) obtained from the predictive methods of
Childs and Collis-George (1950), Marshall (1958), Millington and Quirk
(1959) with field-measured values of some soils. The predicted values closely
agreed with the measured values in the tensiometer range, but at higher
suctions the pore-size distribution methods underestimated the K values. The
methods of Marshall (1958) and of Millington and Quirk (1959) as modified
by Green and Corey (1971) were superior to the other methods. Misra et al.
(1976) computed hydraulic conductivity of soils from soil water
characteristics. Hydraulic conductivity values as a function of soil water
content with the method of Millington and Quirk (1959) were invariably less
than those of the modified Marshall (1958) method.
The accuracy of these predictive methods for computing hydraulic
conductivity may improve if the presence of blocked pores in the total pore
volume is taken into consideration. Aggarwal and Sharma (1977) found the
blocked air pore volume to range between 3% and 5% of soil volume.
Rolston et al. (1976) tested simplified solutions of the flow equations for
their adequacy in predicting soil water flux during unsaturated drainage and
as a simple means of measuring hydraulic conductivity as a function of soil
water content. Simple approaches for measuring hydraulic conductivity and
calculating soil water flux did provide sufficient accuracy in the light of
natural soil variability.
Seth and Yadav (1958) developed a simple field-cum-laboratory method
for determining soil permeability. Gupta (1966) designed and assembled a
permeameter cell with a Mariotte bottle supply, which could be used for the
determination of saturated hydraulic conductivity of stratified as well as
unsaturated porous materials under a constant hydraulic pressure.
Raj Pal et al. (1977) tested on different soils a ecently proposed
nomographic interpretation of the water absorption data in terms of the two
parametric diffusivity water content functions. They observed that the
experimental values agreed well with the values calculated from the
nomograph.
Vishnoi and Tripathi (1980) compared the methods of Philip and de
Vries (1957) and Taylor and Cary (1964) for calculating water flux under non-
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isothermal conditions. They concluded that the theories hold good only in a
limited range of water content and in a specific period after the start of the
run.
Plant Water Status
Pal and Varade (1974), and Varshney (1980) fabricated pressure-bomb
apparatus for rapid and reproducible determination of leaf water potential.
They found that leaf water potential obtained with the pressure-bomb was
slightly higher than that obtained with the thermocouple psychrometer.
Acharya et al. (1980) reported that whereas data obtained with the
thermocouple psychrometer were not reproducible under different conditions,
the pressure chamber gave fairly consistent results.
An accurate, inexpensive and rapid method for determining water
content of seed and other plant parts was developed by Aggarwal et al.
(1978). It involves weighing a wide-mouthed pycnometer filled with the
homogenate of a given plant sample and water. The density of dry plant
homogenate of a species-constant in time and with cultural treatment needs
to be known. Moreover, this method is destructive like most of the other
methods.
Seedling Emergence/Root Growth Forces
Mechanical impedance in the soil affects the emergence of seedlings and
the development of root system of plants. Prihar and Aggarwal (1975)
developed a technique for measuring the force of seedling emergence to detect
crop varieties that can force better in crusting soils. An emerging seedling was
directed to a groove in the gypsum block adhering to the lower side of a
cantilever beam and the emergence force was computed from the resultant
strain measured by strain gauges cemented onto the beam. The emergence
force significantly increased with increase in the soil bulk density below the
seed. Badhoria et al. (1976) added to this an arrangement for automatic
recording of the emergence force. Displacement of the free end of the
cantilever beam was recorded with a pointer on smoked paper tightly
wrapped on a revolving clock drum.
A simple technique to measure the axial root growth force was reported
by Aggarwal and Prihar (1975). The root tip is guided to a hole in a gypsum
block placed on the pan of a direct reading top-pan balance. As the root
grows vertically down it pushes the pan; the force is read as a function of
time. The maximum root growth force of gram and maize averaged to 14.2 ±
3.6 and 28.6 ± 7.7 g respectively.
For measuring soil resistance in the low strength range, Kumar et al.
(1971) fabricated a low-cost impact-type penetrometer. A piercing point was
made to penetrate into the soil under the impact of repeated falls of a
hammer having a known mass. The resistance (work done) of the soil to
penetration was computed from the number of blows and the sum of kinetic
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energy and potential energy required for each blow. Agrawal and Sharma
(1979) modified Richard's modulus of rupture apparatus and found that the
results were in excellent agreement with those obtained with the original
apparatus. For measuring the in situ resistance of the puddled wet soil, Dixit
and Kar (1978) fabricated and tested a simple vane-shear testing apparatus.
Monitoring Salinity
Sur (1975) developed a four-electrode probe for in situ determination of
salt content of soil solution. This probe is specially suitable for quick
monitoring of salt concentration during salinisation and desalinisation of
soils.
Thermal Properties of Soil
Low-cost devices and techniques have been developed for the
measurement of specific heat and thermal conductivity of soil. Utilizing
Joule's electrical method with some modifications, Saxena and Yadav (1975)
prepared an experimental assembly to determine the temperature difference,
from which the specific heat was calculated. On the principle of radial heatflux, Randed and S. Kar (unpublished) fabricated low-cost thermal
conductivity probes for direct measurement of thermal conductivity in the
laboratory.
Sinha and Singh (1980) presented a method for evaluating thermal
diffusivity of soils from soil temperature measured in situ. The surface
temperature variation with time was approximated by cubic spline. This
approximation made it possible to evaluate the thermal diffusivity of soil even
on days marked by cloudy sky interspersed with clear sky.
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Solute
Movement
S.S. PRIHAR' AND C. MISRA 2

MOVEMENT of solutes occurs during many processes of agricultural
significance such as salinisation, desalinisation, and distribution of fertilisers,
herbicides and pesticides in the soil profile. Whenever the solutes in the added
solution mix up with and displace those in the soil solution, the phenomenon
is termed 'miscible displacement'. Because of the variation in the flow
velocities of water arising from the difference in pore sizes and proximity to
the pore walls the solutes in the soil solution get mixed with those in the
invading solution — this process is termed 'hydrodynamic dispersion'. In
addition, the solutes are dispersed by diffusion of solute molecules and
ions in response to concentration gradient. The solutes moving in the soil
may or may not interact with the components of the soil including colloids
and microbes. For example, chloride does not react in any way with most
soils, but some other solute ions, e.g. NH4, react with the soil by way of
exchange, adsorption, precipitation and microbial transformation. The
concentration and distribution of the reactive solutes during displacement
may be in great contrast with those of the non-reactive solutes.

Non-Reactive Solutes
The distribution of non-reactive solutes resulting from vertical movement
of water in the soil is described mathematically by the following convectivediffusion equation (Lapidus and Amundson 1952):
dc

d2c

— = D ~,
dt
dz2

v /

dc

I —
e
\dz )

where

c(meq/l) is the solute concentration, 1 (min) is time,
D (cm m i n ' ) is the convective-diffusion coefficient,
Z (cm) is the distance measured positively downward,
v (cm min"1) is the Darcy's flux and 6 (cm3cirf3) is the volumetric
water fraction.
Various workers have solved equation (1) for different initial and
boundary conditions. Pandey (1979) solved it for describing the movement of
non-reactive fertiliser applied to an initially saturated soil in two ways:
(i) broadcast at the surface, and (ii) dissolved in irrigation water. Theoretical

1. Punjab Agricultural University, Ludhiana; 2. Orissa University of Agriculture and Technology,
Bhubaneswar.

SOLUTE MOVEMENT

37

analysis and laboratory study with 45 cm long 7.5 cm ID columns of sand,
sandy loam and clay loam soils showed that fertiliser applied with irrigation
water caused less leaching losses than when broadcast before irrigation.
Ghuman and Prihar (1980a) extended an earlier solution of equation (1)
to portray the displacement of a calcium chloride solution slug during
infiltration (Warrick et al. 1971), even including the effect of the solute
initially present in the soil and that present in the displacing water. They also
computed the values of dispersion coefficient 'D' as a function of pore-water
velocity (vp) in initially moist loamy sand, sandy loam and silt loam soils, and
reported that salt profiles predicted by using the following composite relation
between '£)' and vp gave an excellent fit (Fig. 1) with the observed salt profiles
in all the three soils.
D = 0.9587 vP L037

(2)

where '£)' is expressed as cm2hr~' and vp as cm min"1.
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Fig. 1. Predicted (solid and dashed lines) and experimental (data points) chloride and water
profiles immediately after infiltration at two flow velocities in different soils at 8i = 0.10 c m W .
Water applied was 5 cm in (a), 10 cm in (b) and 6 cm in (c).

Basak and Murty (1979) reported quick method for determining the
hydrodynamic dispersion coefficient from data obtained at any arbitrary
experimental point and thus eliminated the need for obtaining the entire
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break-through curve for this purpose. Batta (1977) showed that the values of
'D' obtained by in situ determination in the field were 1.3 to 1.6 times as large
as those obtained with soil columns packed to field bulk densities and layering
sequences.
Gupta (1976) attempted to solve equation (1) with an arbitrary initial
condition represented by straight-line segments, which could be used for
predicting spatial and time varying salt concentration profiles. Pandey (1978)
showed that results with numerical solution of equation (1) compared
favourably with the exact solution.
Controlled studies with soil columns have shown that displacement of
solute with applied water is influenced by soil type, initial soil wetness, rate of
water application, time allowed for redistribution, and layering of the soil
profile. Similarly salt movement to the roots is affected by transpiration rates
and the amounts of water transpired. These effects are discussed in the
following paragraphs.
Soil Type
A surface slug of chloride was displaced deeper, with a given amount of
water, in a coarse-textured soil of lower water retentivity than in a finetextured soil of higher water retentivity (Ghuman and Prihar 1980a; Singh
et al. 1979). Column studies by Ghuman et al. (1975) and Ghuman and Prihar
(1980a) showed that, irrespective of the initial wetness of soil, the maximum
concentration of the chloride applied at the surface occurred at a depth above
which the soil water storage equalled the infiltrated water (Warrick et al.
1971). And for a given amount and rate of water application spread of the
solute in the profile was generally greater in the sand and loamy sand than in
sandy loam and silt loam soils (Ghuman and Prihar 1980a; Singh et al. 1979).
Soil Wetness
Initially Dry Soil. When the chloride slug was displaced with water added
to dry soil at 1.0 cm hr"1 and 0.1 cm hr the salt peak generally coincided with
the wetting front (Ghuman et al. 1975); in loamy sand, however, it lagged
slightly behind the wetting front (Ghuman and Prihar 1980a). In soil columns
studied by Dahiya and Abrol (1974) the chloride peak under a steady rate of
water application in dry columns was 4.5 cm behind the wetting front, this
could be attributed to the addition of about 2 cm of solution (added as the
salt slug), which must have wetted the upper 5 to 6 cm soil layer. Nevertheless,
under transient water flow the chloride peak in their columns lagged
considerably behind the wetting front in all the three soils, viz., sand, sandy
loam and clay. Interestingly, Ghuman et al. (1975), Bhadoria and Datta (1977)
and Ghuman and Prihar (1980a) did not observe this phenomenon in sandy
loam and silt loam soils on which the water was kept ponded. This
discrepancy could have arisen from the pore configuration resulting
from pre-filling treatment and the method of filling the soil columns.

SOLUTE MOVEMENT

39

Whereas Ghuman et al. (1975) and Ghuman and Prihar (1980a) dried
the soil brought from the field and passed it through a 2 mm sieve;
Dahiya and Abrol (1974), and Singh et al. (1979) washed the soil free of
chloride before drying, grinding and sieving it. It may be suspected that
grinding of soil dried after water saturation resulted in the formation of dense
fragments, which when packed in columns gave rise to rather small pores
within the fragments and some large pores between the fragments. Since water
ponded on the surface is conducted to the lower layers through all the pores,
including the large pores, it appears that a good fraction of water in these
columns moved down through the large pores between the fragments
bypassing the salt water located in small pores. Hence the water front moved
faster than the salt front and the salt peak occurred above the water front
even in the dry soils. If there are no small pores, as in pure sand, and if the
relative proportion of bigger pores is large, the surface solutes have a tendency
to spread throughout the profile without showing a distinct concentration
peak.
Table 1. Depth of maximum concentration of surface salts following
infiltration in initially dry and initially moist soils
Soil
texture

Water
added
(cm)

Loamy sand 10.0
5.0
Sandy loam 10.0
10.0
6.0
Silt loam
6.0
4.2
Sand
4.2
Sandy loam 6.5
6.5
Clay
10.0

Depth of salt peak
0,
(cm'cirf ')
Observed
Computed
(cm)
(cm)

Source

0.01
0.10
0.02
0.10
0.10
0.15
0.004
0.06
0.03
0.11
0.07

Ghuman & Prihar (1980)
—do—
—do—
—do—
—do—
—doDahiya et al. (1980)*
—do—
—do—
—do—
—do—

37
19
35
35
19
19
13
17
11
17
27

41
20
30
33
17
18
20(19)
24(18)
18(16)
20(19)
26(26)

* Figuresrti parentheses denote the depths calculated by equation (12) of Warrick et al. (1971).
Dahiya et al. (1980) computed the depths by dividing the water applied by the average water
content of the entire wetted zone.

The slow movement of salt peak relatively to the wetting front in dry soils
in the studies of Singh et al. (1979) and Dahiya et al. (1980) seems to be
associated with the manner of application of the surface salts. It appears that
where the salt was applied on the surface of a dry soil some of the applied
water passed down without dissolving the salt. But where the soil was initially
moist the salt got dissolved before leaching. This is why in the initially moist
soils the applied salt was displaced deeper than in the initially dry soil (Table
1). In the studies of Ghuman et al. (1975), Ghuman and Prihar (1980a), and
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Dahiya and Abrol (1974) salt was added as a saturation slug, and the salt
peaks under steady water application in dry soil coincided with the wetting
fronts.
Initially Moist Soil. In the initially moist soil the salt peaks always
remained behind the wetting front (Ghuman et al. 1975; Singh el al. 1979).
Whereas, Ghuman et al. (1975) and Ghuman and Prihar (1980a) observed that
with water applied @ 1.0 cm hr"1 and 0.1 cm hr ' the salt peaks occurred at
depths predicted by equation (12) of Warrick et al. (1971), Dahiya et al.
(1980) reported that even under low rates of water application the observed
peaks were a few centimetres above those predicted by the equation. We feel
that the discrepancy observed by Dahiya et al. (1980) arose from the reasons
stated earlier. Moreover, it is evident from Table 1 of their paper that they
determined the depths of calculated peaks by dividing the water applied by the
average water content in the wetted zone (Table 1 of this review), whereas the
equation requires that water storage be integrated as a function of depth —
and the depth at which it equals the applied water represents the location of
the peak.
Rate of Application and Redistribution Time
Several studies (Dahiya and Abrol 1974; Ghuman et al. 1975; Bhadoria
et al. 1978; Singh et al. 1979; Ghuman and Prihar 1980a; Dahiya et al. 1980)
have shown that immediately following infiltration the salts are displaced
deeper with a given amount of water applied at slower than at faster rates. But
Ghuman et al. (1975) argued that from practical standpoint the comparison
should be made for equal times of infiltration plus redistribution, and they
reported that when these times were matched the salt had moved deeper with
faster than with slower rates of water application. These and later experiments
(Ghuman and Prihar 1980a; Dahiya et al. 1980) revealed that in coarsetextured soils the salts were displaced deeper with slower rates of application;
in fine-textured soils the displacement was almost as deep. In mediumtextured soils like sandy loams the results were inconsistent. It appears that in
a soil having mostly large and small pores a large part of the redistributing
water moving in bigger pores bypasses the salt front located in small pores.
But in soils having a fair distribution of small, intermediate and large pores,
and in fine-textured soils having small pores, the salt and water front move
evenly together during distribution.
Soil Layering
Ghuman and Prihar (1980b) studied the movement of a surface slug of
chloride in two-layered air-dried soil profile consisting of combinations of
loamy sand, sandy loam and silt loam soils. In soil columns with 30 cm thick
top layer the surface slug of chloride moved deeper with a given amount of
water in a coarse-over-fine sequence of layering. This may be attributed to the
low water retention of the coarse top layer and more complete and rapid
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redistribution of water owing to greater suction in the fine layer. Immediately
following infiltration, salt was displaced deeper with v = 0.1 cm hr -1 than with
1.0 cm hr' 1 , in all combinations. But when infiltration and redistribution times
were matched, the higher rate was more efficient in coarse-over-fine profiles
except in loamy sand-over-silt loam. In fine-over-coarse profiles, the water
applied at 1.0 cm hr"1 and 0.1 cm hr was equally efficient in leaching down
the salts. Four and 8 cm thick, compact (bulk density 1.62 g cm -3 and 1.80 g
cm"3) layers at 8 to 16 cm depth in columns of sandy loam (bulk density 1.40 g
cm-3) caused the surface slug of chloride to move deeper with a given amount
of water (Hira and Singh 1979) possibly by reducing the rate of water
movement in the layers below the compact zone.
Solute Movement to the Root
Ions move to the root by diffusion and mass flow. Diffusion is generally
thought to be the main process behind phosphorus transport to roots. Hira
(1975), however, showed that in soils well fertilised with P mass flow was the
main source of P supply to maize roots. The rate of diffusive flux is governed
by the diffusion coefficient and concentration gradient. The diffusion
coefficient of solutes in soils is affected by pore configuration and volumetric
wetness. Hira and Singh (1977) showed that bulk density and soil water
content affected the self-diffusion coefficient of phosphorus in sandy loam and
silty clay loam soils. As bulk density increased from 1.25 g cm"3 to 1.60 g cm -3
the self-diffusion coefficient of P increased from 0.05 X 10"10 to 31 X 10"10 cm2
sec"1 in sandy loam and from 2.13 X 10~10 to 5.07 X 10~10 cm2 sec-1 in silty clay
loam, but decreased with further increase in bulk density in both soils. The
coefficient also increased considerably with increase in soil water content,
particularly at high bulk densities. Sen and Deb (1979) and Bhadoria and
Datta (1979) also observed that the diffusion coefficient of P increased with
increased bulk density and were maximum at intermediate bulk density. Hira
and Singh (1978) reported that diffusion coefficient of P could be calculated
from the relation :

D = -f (0'/2
where D\ is the diffusion coefficient of P in solution,
vi is the volumetric water content, ƒ is the tortuosity factor, b is the
slope of the linear adsorption isotherm, and Q is the material
applied mg cm" .
Sinha and Singh (1974, 1976a) studied the effect of transpiration rate on
the accumulation of chloride near the surface of maize and wheat roots.
Sodium and chloride contents of the soil closely adhering to roots were
linearly related to the total amount of water transpired by the plant as well as
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the water transpired per unit root length. On the basis of these and other
studies (Sinha and Singh 1976b) the authors postulated that the salt stress to
which plant roots are subjected in saline soils would be determined by the
evaporative demand during growth and could be much greater than that
indicated by EC of the bulk soil.
Reactive Solutes
Many solutes moving through the soil undergo reactions such as
exchange, adsorption, desorption, precipitation, dissolution, and microbial
transformations. To account for these reactions, the convective-diffusion
equation for the reactive solutes is written as:
dc

d2c

v /

dc

\

— = £ > —2 . - — I - I + S
dt
dz
0 \ dz /

(3)

The symbols are the same as in equation (1); S represents the source-sink term,
which could vary with the nature of the reaction of the solute in the soil.
The significance of term S has been amply demonstrated in the studies of
Misra and Mishra (1977, 1980). Pradhan (1979) recovered at 55 cm depth,
59% and 76% of the Ca added at surface as Ca (N03)2 and as calcium chloride
pulses, respectively. Calcium not recovered in the leachate obviously formed
part of the exchange complex. Misra and Mishra (1977) could recover only
70% of the applied NO3 in field plots on a lateritic sandy loam though they
could detect the entire amount of the applied chloride when the solute pulse
moved past the 55 cm soil depth. The loss of NO3 was attributed to microbial
metabolism (Fig. 2) which could be reduced by adding formalin (Mangaraj
1979; Mangaraj and Misra 1980). The nature of the source-sink term S is
influenced by several factors such as ambient temperature and concentration
of energy source/bactericidal chemical being leached along with the applied
calcium nitrate solution pulse (Mangaraj and Misra 1980).
Pandey (1979) reported simpler equations for predicting the transport of
linearly adsorbed solutes. Singh and Sekhon (1978) showed that nitrate
adsorption on the surface of CaC0 3 obeyed the Langmuir model. Misra and
Mishra (1977) observed that nitrate transformation in a water-saturated oxisol
was adequately described by the first-order reaction kinetics with a reduction
rate constant (K) of 0.1 hrM at 34° C. Mishra and Misra (1980) studied the
displacement of NH4NO3 pulse in the field and estimated the value of rate
constant K\, representing transformation from NH4 to NO3, as 0.02 hr~', and
that of Ki, for NO3 to NO2, about 0.05 hr"1 at 29° C for 0-25 cm soil
layer held at nearly 90% water saturation. Panda et al. (1978) studied the
miscible displacement of monocalcium phosphate in saturated cores of a
lateritic soil. Phosphate retention in the soil was inversely related to the
velocity of solution flow. The P-adsorption did not conform to the first-order
kinetic process. Sen and Deb (1975) reported that the rate of reaction of
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Fig. 2. Nitrate movement in soil columns (Mangaraj, 1979).

surface-applied labelled Zn was affected by soil type. But they did not report
the quantity of water used for leaching each soil during the 48-hour period.
Greater leaching of Zn in sandy soil than in clay soil, attributed by them to
lack of reaction in sand (5% clay) in contrast with clay (55% clay), could also
be partly attributed to the much higher quantity of water that leached through
sand than through clay.
In highly sodic soils containing free carbonates the CO3 content of the
effluent was much lower where gypsum (Abrol et al. 1975) or pyrite (Singh
et al. 1978) was mixed with top 8 to 10 cm soil than when broadcast at the
surface. This was attributed to precipitation of carbonates by gypsum or to
free acid of pyrite. It was suggested that in soils containing free carbonate, the
amendment (CaSCh) required to reclaim a high ESP soil need not be related
to the amount required to neutralise the carbonate, for most of the carbonates
are leached without reacting with the amendment applied at the surface
(Abrol et al. 1975).
Dahiya and Abrol (1973) leached a highly sodic soil (nearly 100% Na)
with CaCh at controlled rates lower than the infiltration rate of the soil. They
observed that exchange of Na by Ca was proportional to the degree of water
saturation because of part of the exchange sites becoming inaccessible during
unsaturated flow. Misra et al. (1976), however, found that the amount of K
fixed by a sandy loam soil (oxisol) during leaching of a given number of pore
volumes of KCl increased with decrease in pore-water velocity. Precipitation
of soluble carbonate with the percolating CaCl: solute increased with flow
velocity (Abrol and Dahiya 1974) because of greater mixing with an increase

44

REVIEW OF SOIL RESEARCH IN INDIA

in convective flow rate.
Solute Movement During Evaporation
Drying by evaporation decreases soil water potential in the surface layers
and causes water movement in the upward direction. This may occur in the
presence or absence of shallow water table. Soluble salts also move with the
moving water and are distributed in the soil profile. Several workers have
studied this phenomenon in soil columns (Chaudhary and Kheper 1972;
Sharma and Prihar 1973; Bandyopadhya 1973; Malik et al. 1978; Sen and
Bandyopadhya 1979; Khosla et al. 1980). The maximum rate of evaporation
from homogeneous soil columns decreased logarithmically as the depth to
water table increased linearly (Sharma and Prihar 1973; Malik et al. 1978).
Layering of soil profile has a pronounced effect on evaporation in the presence
of a water-table. Sur (1975) observed that with water table at 47 cm and 97 cm
depths the evaporation losses from silty clay loam soil overlain with a sandy
loam were lower than those from sandy loam overlain with silty clay loam.
Placement of a 5 cm thick layer of coarse sand 10 cm below the surface of a
sandy loam drastically reduced the rate of evaporation from water tables at 55
to 75 cm depths (Malik et al. 1978). This is attributable to low hydraulic
conductivity of the unsaturated sand. Khosla et al. (1980) showed that the
upward movement of water and the concomitant salt rise was associated with
hydraulic conductivity of the soil.
For a given soil and evaporative demand, the shallower was the ground
water table, the greater was the accumulation of salts in the surface layer
(Sharma and Prihar 1973; Chaudhary and Khepar 1972). The influence of
salinity of ground water on soil salinisation was also more pronounced with
shallower than with deeper ground waters (Fig. 3). From these studies with
bare soil and others with cropped lysimeters (Chaudhary et al. 1974) it is
suggested that to avoid salt accumulation in the root zone the water table
should be maintained at a certain distance below the surface. This depends
upon the salinity of ground water, soil type, evaporative conditions, and
nature of the crop.
In the absence of a shallow water table the salts that are displaced and
distributed in the soil profile by the percolating water move upwards with
upward water flux. Controlled column studies have shown that the solutes that
are displaced below the layers which contribute to evaporation are not
returned to the surface (Ghuman 1978; Dahiya et al. 1980).
Sen et al. (1975) studied the upward salt movement with drying in a silty
clay loam. As the drying proceeded, the salt content of the surface 5 mm
continued to increase, with no appreciable change in EC of the sub-surface
layers. As the soil dried further, EC of the upper 5 cm layer was very high,
and EC of the sub-surface layers started rising. Ultimately a threshold water
content was reached, below which there was no salt movement; for the water
moved as vapour only.
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Field Studies on Desalinisation
The importance of leaching in desalinisation of salt-affected soils was
recognised long ago (Voelcker 1897). Impounding of water at the surface of
salt-affected soils (Tamhane 1920; Henderson 1920) together with growing of
rice (Mehta 1940; Khan 1960) was shown to leach down the soluble salts and
reduce sodicity. Leaching caused a decrease in exchangeable sodium, pH and
insoluble carbonates (Hoon and Dewan 1949) and sometimes in permeability
(Talati 1947). Leaching with rain water (Hoon 1955), especially in the
presence of adequate drainage (Krishna Rao and Raja Rao 1960) was effective
in reducing salinity of coastal soils.
More recently, efforts were made to find quantitative relations between
reduction of salts and exchangeable sodium from a given depth of soil and
the amount of leaching water. Pandey and Gupta (1978) and Gupta and
Pandey (1980) reported theoretical equations for predicting the leaching of
salts heterogeneously distributed in the profile. Under otherwise comparable
conditions, leaching efficiency was higher where initial salt concentration in
soil columns increased with depth. In field studies on highly saline sodic soils
at Hansi (Haryana), Leffelaar and Sharma (1977) showed that changes in
relative concentration of salts in different soil layers, as a function of depth of
leaching water per unit depth of soil applied intermittently or ponded
continuously, could be described by a single curve. The mathematical
equation for this curve was:
(EC - EC eq )/(EC 0 - ECeq) = 0.062 ^ +

0.034
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where EC 0 and EC are the electrical conductivities before and after
leaching; ECcq is the equilibrium electrical conductivity under given conditions
(in these experiments the authors took the EC in 0-5 cm after leaching as ECeq);
Dw/Ds is the ratio between depth of leaching water and depth of soil.
Khosla et al. (1979) reported that 80% of soluble salts were leached with
0.4 cm water per cm of soil depth according to the following studies on salinesodic soils.
(ECe - ECeq)
(EC. - E C U " " » ' ' " ' • " " " '
Application of gypsum to saline-sodic soil was reported to displace the
salts deeper after leaching for a certain period (Abrol and Bhumbla 1973).
Evidently, owing to increased permeability more water infiltrated in treated
plots than in untreated plots and pushed the salts deeper. The same thing
would have been accomplished if water had been ponded on untreated plots
for longer periods. Leffelaar and Sharma (1977) showed that desalinisation
also takes care of desodification, and concluded that there was no need to add
gypsum for reclamation of the saline-sodic soils under investigation. This was
later substantiated by Khosla et al. (1979) who reported that desalinisation of
soil was accompanied with reduction in the sodium adsorption ratio (SAR) of
the soil solution. However, leaching after application of gypsum was more
effective in reducing SAR at lower depths.
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Soil Temperature
and Plant Growth
T.N. CHAUDHARY' AND B.S. SANDHU 2

have been made on thermal regime of soils, diurnal and annual
variations in soil temperature, soil and plant processes in relation to soil
temperature, and soil temperature management.
STUDIES

Thermal Regime of Soil
Soil temperature is dependent upon four factors, viz., incoming soil
radiation; convective, latent and radiative heat exchanges between soil and
atmosphere; spectral characteristics of the earth's surface; and thermal
properties of soil profile. The major factor is incident radiation, which
supplies almost all the heat energy for the biosphere. The diurnal and
seasonal periodicities of radiation cause corresponding temperature cycles in
soils. Energy balance at the soil surface, and both temporal and spatial
temperature variations within the soil, are greatly affected by its specific heat
and thermal conductivity.
Energy Balance. Since Indian soils are highly variable in surface features,
chemical composition and physical characters, it is natural to expect
significant variations in energy balance at the soil surface and in thermal
properties of the soil. But information is available for a few soils only.
Ramdas and Dravid (1936) computed energy balance of a bare, dry, black
soil at Pune on a clear day in March (Table 1). The daily energy gain across
the soil surface was 1616 g cal cm"2 against the loss of 1610 g cal cm" .
They assumed that the net latent heat flux was negligible. As this flux can be
quite significant in moist and cropped soils, the reported balance is not
representative of cultivated soils. In a further study on the same soil, Dravid
(1940) monitored the various energy fluxes daily over the year. In April and
May, heat transfer between the soil surface and the layers below was
downwards from 0700 to 1600 hrs, with a maximum value of 0.3 cal cm"2 min~'
at 1200 hrs, and upwards from 1700 to 0500 hrs with an average flux of 0.05
cal cm min .
Thermal Properties. Since soil moisture and soil porosity are the major
factors that influence thermal properties and vary considerably in the field,
attempts were made to relate thermal characters of soils with their water
content and bulk density. Volumetric heat capacity of a Kharagpur sandy clay
loam showed a linear positive relation with bulk density and parabolic
1. Division of Agricultural Physics, Indian Agricultural Research Institute, New Delhi; 2.
Department of Soils, Punjab Agricultural University, Ludhiana.
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Table 1. Energy balance at a dry black cotton soil at Pune on a
clear day in March
Energy gain
Process

Energy loss
Energy flux
(g cal cm"")

Process

Energy flux
(g cal cm-2)

Global radiation
absorbed by soil
surface

740

Radiation to
atmosphere during
day-time

680

Counter radiation
from atmosphere

654

Radiation to
atmosphere during
night

480

Upward heat flux
from soil layers
below

222

Convective heat
loss to
atmosphere

210

1616

Conductive heat loss 240
to soil layers below _
1610

relation with soil water (Ghildyal and Tripathi 1971). However, thermal
conductivity and thermal diffusivity of the soil increased exponentially with
these parameters. In contrast, Yadav and Saxena (1973) theoretically derived
a linear relation between heat capacity and soil water and varified it
experimentally on Jobner sand and Udaipur clay. Heat capacity of sand
increased from 0.30 to 0.72, and that of clay from 0.46 to 0.82 cal cm -3 °C _1 as
moisture was increased from nil to 22% in sand and from 7% to 22% in clay.
Specific heat of both soils showed linear increase with moisture content up to
15%, but beyond that the increase was slower with sand and faster with clay.
In another study with texturally variant mollisols, viz., Beni silty clay
loam, Phoolbagh clay loam, and Haldi loam of Terai region in Uttar Pradesh,
the specific heat of the soils was 0.224, 0.231 and 0.207 cal g"'°C"' respectively
(Tripathi and Ghildyal 1974). Heat capacities of the soils increased linearly
with moisture up to 85% of saturation. Thermal conductivity ranged from
0.60 X 10"4 to 6.54 X 10"3 cal cm"1 sec"1 ° C ' and thermal diffusivity from 1.84 X
10"3 to 9.6 X 10"3 cm2 sec"1 as moisture content varied from 0.065
to 0.434 cm3 cm"3. Both conductivity and diffusivity increased rapidly
up to 50% of moisture saturation. With further increase in moisture,
conductivity increased slowly, but diffusivity decreased. The differential rate
of increase in these properties in the three soils was ascribed to particle size
distribution. Further studies on these soils showed that damping depth of
diurnal temperature wave and rapidity of temperature propagation into the
soil increased up to 50% moisture saturation (Rao and Rao 1976).
Magar et al. (1979) found similar relations between thermal properties
and soil water on a drying column of black cotton soil. They made use of the
mechanistic model of Philip and de Vries (1957) for heat movement due to
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temperature and moisture gradients. They observed a linear increase in heat
flux with increase in water content, and recorded a maximum value of 0.108
cal cm-2 min"1 at saturation. In their study with sandy loam, Acharya and
Gupta (1975) observed that increase in bulk density and moisture content
increased thermal diffusivity as determined from temperature-time curve and
transient heat flow in one dimension. But the effect of moisture content was
more pronounced than that of bulk density. De et al. (1973) reported that
Newton's cooling coefficient was 25 for semi-desert soils and 20-23 for cropped
soils. They suggested that this was a good index to differentiate these soils.
The measurement technique itself may substantially affect the values of
thermal properties. For instance, thermal diffusivity of a sandy loam
determined from unidirectional transient heat flow was 3.7 times as much as
that estimated from radical heat flow (Acharya 1976). Similarly, thermal
diffusivity of sand to loamy sand soil at Jodhpur, as computed from the
amplitude equation of heat flow theory, did not agree with that estimated
from the phase displacement equation (Krishnan and Kushwaha 1972). Singh
and Sinha (1977) contended that an appropriate approximation of boundary
condition is essential for a reliable estimate of thermal diffusivity using heat
conduction equation. These reports emphasise the necessity of considering the
methods of determination used by different workers when comparing their
results.
Soil Temperature. Atmospheric factors and soil moisture were shown to
influence soil temperature. In a sandy loam soil at Delhi, Kailasa Nathan
(1979) found a highly significant and positive correlation (r = 0.97) between
ambient air temperature and surface temperature which decreased with
increase in soil moisture. Ram Das and Katti (1936) and Deb (1971) reported
that soil temperature had a small negative correlation with soil moisture.
Temperature of surface soil layers was positively related with duration of
sunshine hours, solar radiation flux and mean maximum air temperature, it
was negatively related with rainfall (or irrigation) and wind velocity (Balasubramanium 1966; Singh and Sandhu 1979; Tripathi and Ghildyal 1979;
Samui et al. 1978). The difference between soil temperature and air
temperature — 10°C in summer — progressively decreased with decrease in
solar radiation and was minimum in the spring (Samui et al. 1978).
Diurnal and Annual Soil Temperature Variations
Evaluation of diurnal and annual variations of temperature in the rootzone of a crop during its growth is necessary for understanding plant
responses to various cultural practices. Tillage, mulching and irrigation, with
or without crop cover, substantially affect time and depth variations of soil
temperature. In general, the amplitude of the temperature wave decreases, and
the time-lag between two adjacent waves increases with depth.
Diurnal Variations. Temperature regime of bare soil adequately
represents the temperature conditions of plant roots during the emergence of
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seedlings and early growth of crops. But studies on diurnal variations of
temperature have been made on a few soils only. At Pune, temperature
fluctuations at 0, 5, 15 and 20 cm depth of a dry black soil were 49°, 17.5°, 4°
and 2°C, respectively (Dravid 1940). At 0 cm depth the maximum
temperature was as high as 65° C at 1300 hrs and the temperature wave
penetrated only 25 cm deep. In May, the surface temperature fluctuated from
22° C to 42° C (Ram Das and Katti 1936). In January, soil temperature and air
temperature varied from 13°C to 52° C and from 8°C to 29°C, respectively.
In a sandy loam soil at Delhi, the diurnal temperature variation on a clear
day of December was 15°C at soil surface and 5°C at 15 cm depth (Deb 1971).
In a similar study (Tripathi and Ghildyal 1979) on a Beni silty clay loam of
Terai region in Uttar Pradesh with water table at 60 to 140 cm depth, the
diurnal variation at 0 cm and 10 cm was 16.5°C and 10.8°C in October and
17.6°C and 6.4° C in January, respectively; there was no variation at 25 cm
depth. Maximum temperature at 10 cm depth lagged behind that at 0 cm
depth by about 5 hours.
A recent study on a bare sandy loam at Ludhiana (Fig. 1) indicated a
quick temperature response of surface soil layer to increasing incident
radiation during the forenoon hours on a clear day (Singh and Sandhu 1979).
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Fig. 1. Diurnal soil temperature variations in bare soil on clear days of 5-6 June at Ludhiana.
Sunrise about 0600 hrs.
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Diurnal variation on a clear day in June was 14.5° C at 5 cm and 0.5°C at 50
cm depth. The temperature at 5, 10, 15, 30 and 50 cm depth remained above
34° C for daily periods of 16, 17, 21, 24 and 24 hours, respectively. The timelag between maximum solar radiation and maximum soil temperature at 5 cm
and 30 cm depth was 3 hrs and 7 hrs, respectively.
Annual Variations. Soil temperature distribution during the year is a
major factor that determines the lengths of growing seasons and the suitability
of crop species and cultivars. In several parts of India, the soil shows extreme
temperatures during certain periods determined for crop growth. For
example, in northern and central India the maximum soil temperature is
critical for crop growth during summer and the minimum temperature during
winter (Prihar et al. 1979).
Krishnan and Kushwaha (1972) made harmonic analyses of weekly means
of minimum and maximum soil temperature on a sandy to loamy sand soil at
Jodhpur. The temperature amplitudes for various depths ranged from 4.8 to 9.1°C
for the first harmonic and sharply decreased to 0.12-0.64° C for the fourth
harmonic. During summer, the time-lag between maximum temperature at 1
cm and 120 cm was about one month. Contrary to some earlier reports in the
literature, the first harmonic explained only 69-85% of the total variance at
different depths, and inclusion of the second and third harmonics was
considered essential for correct prediction of the true form of the composite
temperature wave. Probably the substantial mass and vapour movement of
soil water during the monsoon season invalidated the application of the first
harmonic concept.
In a comprehensive study with Beni silty clay loam soil at Pantnagar in
Uttar Pradesh, Tripathi and Ghildyal (1979) found the annual temperature
variation to decrease progressively with depth. The annual variations occurred
down to a much greater depth than the diurnal fluctuations. In general, the
temperature at each depth was minimum in January, increased rapidly from
February to May, remained relatively constant from June to October, and
then decreased rapidly. Soil temperature varied from 8°C to 47° C at the
surface, from 15°C to 33° C at 40 cm depth, and from 19°C to 29° C at 175 cm
depth. In general, the maximum soil temperature appeared to be critical
during May and August, and the minimum temperature during January and
February. In June and July, the maximum temperature was moderated by the
rains.
Soil and Plant Growth Processes in Relation to Soil Temperature
Soil Processes. Several vital processes, e.g., water transport, ion
movement, denitrification, nitrification, are affected by soil temperature. In a
laboratory study on sandy loam, an increase in temperature gradient from
0.5° C to 1°C c m ' caused a considerable increase in water transport from one
half to the other half of the soil column (Vishnoi and Tripathi 1979).
Similarly, the saturated hydraulic conductivity of Patharchatta sandy loam
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increased with temperature and was 15.3, 18.6, 23.5 and 25.9 cm day - at 10°,
20°, 30° and 45°C, respectively (Saha and Tripathi 1979).
Studies on movement of chloride ion are important to understanding the
salt build-up in soils. A recent study showed that as soil temperature
decreased from 25° C to 0°C, diffusion coefficient of soil for Cl~ decreased
from 9.33 X 10"7 cm2/sec to 0.0033 X 10-7 cm2/sec (Sen and Deb 1979).
An increase in temperature enhanced denitrification of nitrate-N
(Mangaraja and Misra 1978). For a 10° C increase in temperature from 25° C
to 35°C the denitrification rate constant (Qio) was 1.9, but at 45°C the value
of the constant was almost unity. Dutt (1978) reported that the optimum
temperature for N-mineralisation in sandy loam of Ludhiana was 25-30° C. As
soil temperature exceeded from 35° C, N-mineralisation was drastically
reduced.
Plant Growth. Soil temperature has profound influence on seed
germination, root growth, shoot growth, nutrient uptake and crop yields.
Even a 1°C difference in soil temperature can have significant effects on
growth (Walker 1969). Research information from controlled studies on the
effects of soil temperature on various growth events is reviewed below.
(i) SEED GERMINATION AND SEEDLING EMERGENCE. Chaudhary et al. (1971)
studied water absorption by seeds of wheat and maize over a temperature
range of 5°C to 35° C in 5°C increments under adequate soil moisture and
found it to increase with temperature. Wheat seed absorbed more water than
maize, probably because of the greater protein content of wheat.
Chaudhary and Ghildyal (1969) studied germination response of TN-1
rice to constant temperature in the range of 4.5° C to 43° C in 5°C increments
and including 7°, 24° and 41°C, and alternating temperatures of 41°/24°,
24°IT and 41°/7°C with temperature periods of 8, 12 and 16 hours under
high/low and low/high sequences. The favourable range was 26.5° C to
37.5°C; no germination occurred above 41°C and below 7°C. Alternating
temperatures and their sequences showed no advantage over constant
temperatures, but in the case of inhibitively high or low temperature, the
alternation of temperature promoted germination. It was further shown that
rice seedlings emerged only in the range of 15°C to 35° C, and that the
optimum range for seedling emergence and seedling vigour, as indexed from
root and shoot elongations, was 25° C to 30° C (Chaudhary and Ghildyal
1970a, b). These differential temperature requirements for germination and
seedling emergence were attributed to physiological differences in the two
events. In a study with wheat and gram (Chopra and Chaudhary 1981)
seedling emergence of wheat was quicker at 25° C than at 20° C, but the total
emergence at 25° C was less than at 20° C. Seedling emergence in gram was
maximum and rapid at 25° C. Similarly, in another study (Singh and
Dhaliwal 1972) seedling emergence of crops was significantly affected by soil
temperature.
(ii)

ROOT GROWTH.

Root elongation of 14-day seedlings of TN-1 rice was

54

REVIEW OF SOIL RESEARCH IN INDIA

maximum at 30° C and decreased at lower and higher temperatures
(Chaudhary and Ghildyal 1970a). In their study on the same cultivar, Kar
et al. (1976) investigated the effect of cyclic submerged soil temperature of
27°/15°, 32°/20°, 37° /25° and 42°/30°C at active tillering stage 40-45 days
after planting of sprouted seeds. Root growth was maximum at 37°/25°C and
minimum at 42°/30°C. But in an earlier report (Chaudhary and Ghildyal
1970c), root growth of this variety at maturity was said to be highest at
32°/20°C. As the temperature optima for TN-1 rice tended to decrease with
plant age (Chaudhary 1968), the difference in the temperature response of
roots at the two growth stages could be expected. It was also observed that
dry weight of roots was about 12% more at the cyclic temperature regime of
32°/20°C than at constant mean temperature of 26° C (Chaudhary and
Ghildyal 1971).
(iii) SHOOT GROWTH AND YIELD. Chaudhary and Ghildyal (1970c) evaluated

shoot growth and yield response of TN-1 rice to cyclic submerged soil
temperature regime of 27°/15°, 32°/20°, 37°/25° and 42°/30°, when the
aerial temperature averaged 27°/14°C and 37°/25°C during winter and
summer respectively. Shoot growth and yield decreased when temperature was
lower or higher than 32°/20°C. Maximum yield at 32°/20°C resulted from
higher shoot and root dry weight, greater number of effective tillers and
spikelets per panicle, and lower spikelet sterility. Interestingly, a 5°C
difference in soil temperature had greater effect on growth and yield than
11°C difference in air temperature. In another study (Chaudhary and Ghildyal
1970d), leaf water deficit at boot stage of rice was found to be minimum at
32°/20°C regime and increased linearly with a temperature higher or lower
than 32°/20°C. Further judged by growth of rice plants, the cyclic soil
temperature regime of 32°/20°C was somewhat superior to a constant regime
of 26° C (Chaudhary and Ghildyal 1971).
The uptake of various nutrients was also maximum at 32°/20°C
(Chaudhary and Ghildyal 1970c). At temperatures lower or higher than
32°/20°C a greater reduction occurred in the uptake of P and N than of K, Fe
and Mn. At 32°/20°C nutrient concentration was the highest in grain and the
lowest in straw; this suggested a more efficient translocation of nutrients to the
grain than to the straw at this temperature.
Soil Temperature Management
Considerable research effort has been directed towards altering soil
temperature under field conditions by cultural practices such as mulching,
irrigation and tillage, and evaluating crop response to the altered soil
temperature.
Mulching. Surface mulches such as crop residues and plastic films
increase or decrease soil temperature depending upon their conductive and
spectral characteristics, and accordingly have favourable or unfavourable
effects on plant growth.

SOIL TEMPERATURE AND PLANT GROWTH

55

(i) SEEDLING EMERGENCE. Mehta and Prihar (1973) observed progressive
decrease in maximum soil temperature with increasing rates of wheat-straw
mulch from 2 tonnes to 6 tonnes/ha. Mulching reduced 5-cm temperature by
7°C; it advanced the emergence of soybean by 34 hours and its maximum
emergence by 24 hours, respectively. The beneficial effect of the mulch was
also recorded on emergence of cotton.
Chopra and Chaudhary (1980) reported that mulching with transparent
polyethylene increased 5 cm maximum soil temperature by 1.9°C and
advanced emergence of January-sown wheat by two days.
(ii) ROOT Growth. Chaudhary and Prihar (1974) and Singh et al. (1976)
reported the response of maize roots to soil temperature alteration caused by
straw mulch and plastic mulch. Straw mulch significantly increased rooting
density in the upper 10 cm of the soil but decreased it below 15 cm depth
(Chaudhary and Prihar 1974). The denser rooting in the top layer with
mulching was attributed to the lower and more favourable soil temperature
and the reduced mechanical impedance due to greater moisture conservation.
Later, Singh et al. (1976) also suggested that straw mulch with or without
transparent polyethylene reduced the maximum temperature at 7.5 cm depth
by 8.5°-10.5°C and gave higher rooting density and lateral root-spread with
31-day and 38-day maize.
(iii) CROP YIELD. Each crop plant has a specific optimum range of soil
temperature for its rapid growth and maximum yield. Sub-optimal or supraoptimal soil temperature generally reduces yield. In certain areas, soil
temperature in summer is excessively high and restricts the growth of summer
crops (Khera et al. 1976; Prihar et al. 1977, 1979; Singh and Sandhu 1978,
1979). Reduction in the maximum temperature with straw mulching during
this period is likely to improve crop yields. In northern India, the low
temperature in winter is also critical for many crops.
Singh and Sandhu (1979) reported that straw mulching of sandy loam soil
in maize on 5th June during its early growth decreased the maximum soil
temperature by 10.0°, 7.5° and 5.0°C and the diurnal temperature oscillation
by 9.5°, 5.6° and 3.9°C at 5, 10 and 20 cm soil depth respectively (Figs. 2A
and 2C). Although the mulch effect diminished with the development of crop
canopy, it never disappeared even when the leaf area index (LAI) of the crop
was 5.9 (Figs. 2B and 2D). Similar studies on other soils are lacking.
Studies on sandy loam soil at Ludhiana (Khera et al. 1976; Singh and
Sandhu 1979) showed 13 to 26% increase in dry forage yield of summer maize
with straw mulching. Mulching also increased the response of the crop to
higher rates of N (Khera et al. 1976). According to Singh and Sandhu (1978),
straw mulch decreased the maximum temperature by 2-11°C and increased N
concentration in maize plants. In the unmulched maize, maximum soil
temperature at 5 cm depth remained excessively high for 50 days during the
60-day growing period; but in mulched maize it was rarely excessive.
Response of rainy-season (kharif) maize to straw mulching over a period
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JUNE 5

JUNE 6

JULY 2

JULY 3

Fig. 2. Diurnal soil temperature variations in unmulched (M„) and straw-mulch (Mi) maize on clear
days of 5-6 June and 2-3 July 1975 at Ludhiana.

of 10 years varied with soil and climatic conditions (Prihar and Arora 1980).
The yield increase due to mulching ranged from 4% to 36% on laomy sand
and from 11% to 18% on sandy loam.
In a study on irrigated sugarcane, Sandhu et ai (1980) reported 85 q/ha
(•13.8%) higher yield with straw mulching than without it. The yield advantage
from mulching was larger in a dry than in a wet year. The increase in the yield
was ascribed to a reduction of 2-9° C in the maximum temperature during the
pre-monsoon summer months. Similarly, mulching with tree twigs and crop
residues in unirrigated sugarcane in the submontane tract of Punjab reduced
the soil temperature at 10 cm depth by about 5°C and gave an average yield
increase of 85% and 27% on loamy sand and sandy loam soil respectively
(Prihar and Arora 1980).
Grewal and Singh (1974) reported that straw mulching in spring potato
reduced maximum soil temperature at 10 cm depth by 3.5°C and brought
about 51% increase in tuber yield. Reduced soil temperature minimised plant
respiration and favoured tuber growth. Similar results were obtained with
autumn potatoes in Punjab (Dhesi et al. 1964), hybrid maize in Haryana
(Bansal et al. 1971), sorghum (Verma et al. 1975; Ravindranath et al. 1974)
and soybean in Punjab (Kaul and Sekhon 1975).
On the contrary, there was no effect of straw mulch on minimum
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and maximum soil temperature in barley during January (Aggarwal
and De 1976). This was probably due to a complete crop cover on the
ground. The minimum soil temperature with straw mulching was either
unaffected (Chaudhary and Prihar 1974; Bansal et al. 1971; Mehta and Prihar
1973) or only slightly increased (Singh et al. 1976; Singh and Sandhu 1979).
Use of transparent polyethylene and black polyethylene increased the
maximum temperature of surface soil by 1 -1I°C and the minimum
temperature by 1-2.5°C with consequent adverse effects on summer crops
(Grewal and Singh 1974; Singh et al. 1976) and favourable effects on winter
crops (Murty and Rao 1969; Grewal and Singh 1974).
Crop or any other soil cover acts as an insulating layer on the ground and
reduces fluctuations in soil temperature (Dravid 1940; Deb 1971; Samui et al.
1978). Samui et al. (1978) reported that leaf area index of 4.5 in sunflower
caused a time lag of 2-4 hrs in temperature maxima. In a recent study (Singh
and Sandhu 1979), even when LAI of forage maize was 0.5, the maximum soil
temperature at 5, 10 and 20 cm depth was 4.0, 5.5 and 4.5°C less than that in
bare soil (Figs. 1 and 2A). A dense cover (LAI-5.9) further reduced this
temperature by 10, 7 and 5°C respectively. Dense cover decreased the diurnal
variation of temperature at 5 cm and 10 cm by 14.2°C and 12.3°C respectively
(Figs. 1 and 2B).
Irrigation. The effect of irrigation on soil temperature depends upon the
relative temperatures of soil and irrigation water, the atmospheric conditions,
the type of mulch, and the nature and extent of crop cover. In tropical areas,
irrigation generally causes a rapid and substantial reduction in maximum soil
temperature in summer. In a study by Singh and Sandhu (1979) there was a
temperature reduction of 11.4°C at 5 cm and 4.8°C at 20 cm soil depth
during early growing season in June with 80 mm irrigation. The effect was
large, rapid and short-lived in the surface layer, it was small, slow and longlived in deeper layers. The moderating effect of irrigation lasted for 4 to 9 days
in the top 20 cm soil. Similar results have been reported by Dhesi et al. (1964),
Khera et al. (1976), Prihar et al. (1977), Singh and Sandhu (1978) and Sandhu
et al. (1980). The dampling effect of irrigation was attributed to the lower
temperature of the irrigation water than that of the soil, high specific heat of
water, and greater evaporative cooling in irrigated soils.
Tillage. Tillage loosens the soil, increases its porosity, and decreases its
thermal conductivity. Therefore, the upper tilled layer shows higher
temperature than the underlying untilled soil. Soil compaction has reverse
effects on porosity and soil temperature. Compaction of sandy loam soil
between maize rows increased the maximum soil temperature by 1.3°C and
accentuated the adverse effect of supra-optimal temperature on root growth
(Chaudhary and Prihar 1974). At Hissar, the maximum temperature on the
eastern face of north-south ridge and furrow system of cultivation was I-10°C
higher than that of flat land and 5-12°C higher than that of the northern
face of east-west ridge and furrow system (Oswal et al. 1977).
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Conclusion
This review brings out the scarcity of information on thermal behaviour
of Indian soils in relation to ambient environment and crop canopy
development. There is need to strengthen research on soil temperatures that
impose limitations on productivity and efficient use of inputs. Monitoring and
mapping of diurnal and seasonal temperature variations and heat and water
budgets in relation to mulching, irrigation and tillage for representative soil
groups and climates are required for working out optimum management
practices. More studies are needed on soil temperature interactions with soil
moisture and biochemical processes and on the effects of soil temperature on
plant growth. Proper utilisation of research data is necessary to develop
appropriate predictive models on the aspects mentioned above.
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Soil Structure
and its Management
R.P. GUPTA AND Y. NAGARAJARAO*

THE main emphasis of research on soil structure has been on the
determination of size distribution of aggregates by wet sieving to evaluate the
structural status of the soil. A few other properties, such as retention and
transmission characteristics, bulk density and pore space distribution,
dispersion ratio and soil strength, have also been studied.
Soil Aggregation
Aggregate formation depends upon the (i) presence of small particles that
may be aggregated, (ii) flocculation of these particles, and cementing of the
flocculated material into stable aggregates. The size and arrangement of these
aggregates determine the inter- as well as intra-aggregate pore space, which are
important for the retention and transmission of water, air and heat.
Sampling at appropriate moisture content, handling and preparation,
method of wetting and duration of shaking determine the size distribution of
aggregates and other weighted indices (Chaudhary 1963; Singh and Chatterjee
1966). The weighted mean diameter (Puri and Puri 1939), summation of the
percentage of aggregates divided by the respective average diameter (Basu and
Kibe 1943), percentage of aggregates more than 0.25 mm in diameter (Sandhu
and Bhumbla 1968), and aggregation index (area enclosed between cumulative
curve of dry aggregates) and water-stable aggregates (Pharande et al. 1969)
have been reported to be reliable indices for expressing aggregate status of the
soil.
The percentage of aggregate more than 0.25 mm in diameter was
significantly correlated with mean weight diameter (Sandhu and Bhumbla
1968; Pharande ei al. 1969), geometric mean, log geometric mean, water
retention at 1/3 bar, hydraulic conductivity, bulk density, and dry aggregate
distribution (Pharande et al. 1969). The inter-aggregate porosity, as defined by
Chepil (1950), was independent of the size of the aggregates, but the intraaggregate porosity increased with the size of the aggregate up to 1.5 mm and
then reached a constant value depending on the texture of the soil (Sur et al.
1979).
Manures and Fertilisers
Aggregation was improved by the application of FYM in black clay soil
(Kibe and Basu 1952), alluvial sandy loam soil (Kanwar and Prihar 1962;
•Division of Agricultural Physics, Indian Agricultural Research Institute. New Delhi.
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Biswas et al. 1971; Khanna et al. 1975), calcareous soil of Pusa (Biswas et al.
1964) and non-calcic brown sandy soil of Jobner (Gattani et al. 1976).
Aggregation was also improved by application of organic residues such as
sugarcane trash (@ 0.5% carbon) in silty clay loam soil of Ambala (Sandhu
and Bhumbla 1967); dhaincha and Sannhemp (GM) in clay loam soil (Darra et
al. 1968); guar (GM) and FYM @ 125 q/ha for eight years in rainfed alluvial
sandy loam soil of Delhi (Havanagi and Mann 1970); wheat straw and bajra
(GM) in sandy loam soil of Ludhiana in sandy clay soil of Kama, and in
loamy sand of Tulewal (Varma and Singh 1974); rice husk, saw dust and
wheat bhusa in lateritic sandy loam soil of Kharagpur (Singh et al. 1976).
Biswas et al. (1961), Singh and Chatterjee (1966), Yadav and Bannerjee
(1968), Chakraborty (1969, 1970), Sharma and Das (1970), Prasad and
Sharma (1972), Sahi et al. (1976), and Hegde (1978) have also reported close
relationship between organic matter and water-stable aggregates. Nijhawan
and Kanwar (1952) reported on the role of earth-worm castings in improving
soil aggregation.
Sarkar et al. (1973) observed that the effect of application of FYM @ 45
q/ha on aggregation persisted only for three months and then declined.
Sandhu and Bhumbla (1967), Ghosh et al. (1968), and Sahu and Naik (1969)
pointed out that the nature of plant material played an important role in the
development of soil structure owing to the differential nature of the byproducts produced during the process of decomposition. Mehta (1960) found
that the soluble gums present in appreciable amounts in some plantation
materials improved water-stable aggregates and related characteristics of the
soil. Sarma and Dakshinamurti (1971) reported that organic matter coupled
with polysaccharides of bacterial origin bound the soil particles into waterstable aggregates. Khosla (1969) showed that the fulvic acid component of
organic matter played a significant role in soil aggregation. Sahu et al. (1978)
reported that addition of organic matter, such as compost, rice husk, and
viscosperse having high lignin content, to submerged soil resulted in higher
aggregation than that of green leaf manure and starch.
In a detailed laboratory study, Dhoot et al. (1974a, b) showed that
aggregates produced by readily decomposable polysaccharides such as guar
gum, acacia gum, glucose and hemicellulose persisted for a much less time
than those produced by cellulose and starch. The polyuronide (uronic acid)
content of aggregates in different size fractions of alluvial sandy loam soil of
Ludhiana was found to depend on the nature of plant material. The
aggregates produced by the decomposition of dhaincha and pearl millet had
more uronic acid in smaller aggregates than those produced by the
decomposition of wheat straw, rice straw and rice husk.
The phosphate content of the soil has been found to be highly
significantly correlated with the percentage of aggregates bigger than 0.25 mm
in diameter. Kanwar and Prihar (1962) and Biswas et al. (1963) showed that
superphosphate application increased the percentage of water-stable
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aggregates and suggested that the phosphate ions which were fixed by the
silicate minerals might be providing linkage for clay particles in the soil fabric.
Biswas et al. (1967) reported that the application of superphosphate with or
without FYM to alluvial sandy loam soil of Delhi significantly increased the
percentage of aggregates bigger than 0.25 mm in diameter during the growth
of berseem crop. The beneficial effect was carried over to the succeeding wheat
crop (Pharande and Biswas 1968). The effect of phosphatic fertiliser used in
conjunction with nitrogenous fertilisers was more conspicuous (Das et al.
1966).
Samra and Biswas (1974) reported that reductant soluble phosphorus, in
particular, and Al-P and Fe-P, in general, played an important role in soil
aggregation, and that Ca-P had an almost insignificant role.
Clay and Other Minerals
Aggregates bigger than 0.25 mm in diameter have been reported to be
significantly correlated with clay content (Biswas et al. 1961; Tamhane and
Datta 1965; Singh and Chatterjee 1966). Such correlation was not observed
by Yadav and Bannerjee (1968) and Chakraborty (1969) in forest soils having
high organic matter.
Krishnamurti and Singh (1975) reported that aggregates of black soils in
the Malwa plateau were significantly correlated with smectite, a dominant
crystalline mineral in clay fraction. Krishnamurti et al. (1977) reported that
micro-aggregates (2-50 /xm) in ferruginous soils of Mysore correlated
significantly with free ferric oxide and clay content, but in the alluvial soil of
Delhi only with clay content. The macro-aggregates (0.25-1.0 mm) in black
clay soil correlated significantly with clay and ferric oxide content.
Shankaranarayana and Mehta (1967) and Chakraborty (1969) reported that
ferric oxide was of no importance in aggregation of soil particles, but Biswas
et al. (1961) found a positive correlation in the case of alluvial and red soils.
Soil Conditioners
The role of soil conditioners as stabilising agents in aggregation was
observed by Gokhale et al. (1957) and Kamat (1958).
The mean weight diameter and saturated hydraulic conductivity of the
alluvial sandy loam soil of Delhi were increased by application of polyvinyl
alcohol (15% solution) and polyacrylamide-anionic (gel). The water retained
at 1/10 and 1/3 bar tensions decreased, but the infiltration rate, unsaturated
hydraulic conductivity and water diffusivity were not much affected. The
modulus of rupture and penetration resistance decreased with the application
of polyvinyl alcohol and acetate (Anon. 1978a). Treatment of loam and clay
loam soils with polyvinyl acetate (PVAC) @ 1 and 2% increased the
percentage of water-stable aggregates of more than 1.0 mm diameter in clay
soil and more than 0.25 mm diameter in loamy soil. Application of FYM and
PVA @ 0.1% and 0.2% to the alluvial sandy loam soil of Hissar increased the
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hydraulic conductivity and reduced penetration resistance. However, the yield
of groundnut (MH-1), wheat (kalyansona) and urd (type 9) crops was not
much affected (Sharma and Agarwal 1978b). Better germination of seeds was
reported when the soil was treated with a soil conditioner such as krillium
(Kapur and Nair 1954; Tamhane and Chibber 1955).
Crop Rotation and Cultivation
The effect of crop rotation on soil aggregation depends upon the nature
and sequence of crops. The beneficial effect of grasses on soil structure was
observed on acid soils of Bihar (Chaudhary 1963; Chatterjee and Sen 1964;
Singh and Chatterjee 1966; Singh and Singh 1970); on lateritic soil of West
Bengal (Ghildyal 1969); and on alluvial sandy loam soil (Chaudhary 1963;
Singh et al. 1975). The soil aggregates were found to be directly related to the
root growth of grass species (Chakraborty 1970).
Rangaswamy and Ramalingam (1961) and Gupta and Sen (1962)
emphasised the role of association of micro-organisms with legumes for their
ability to stabilise the soil aggregates. Rotations with legumes caused better
aggregation than that with cereals (Deshpande et al. 1955; Shankaranarayana
and Mehta 1967; Roysharma and Singh 1970; Yadav and Gupta 1977).
Legume grasses improved the aggregation in lateritic sandy loam soil not
because of increase in organic matter but because of the cementing materials
produced during crop growth (Ghildyal 1969). Several workers (Tamhane and
Tamboli 1955; Bhagat and Tamboli 1966; Bhusan and Ghildyal 1971, 1972)
reported changes in aggregation and other physical properties of soil. Singh
and Chatterjee (1966) and Shankaranarayana and Mehta (1972) found
deterioration in soil structure due to cultivation. Bhusan and Ghildyal (1972)
observed an increase in mean weight diameter of clods with increase in the
radius of curvature of the plough. They also reported that mould board
plough followed by discing of lateritic sandy loam soil of Kharagpur produced
bigger clods than did discing alone.
Water Retention and Transmission Characteristics
Water retention characteristics of the soil were found to be significantly
correlated with the percentage of water-stable aggregates (Chibber 1964;
Tamhane and Datta 1965) and aggregation index (Pharande et al. 1969). The
application of superphosphate with or without FYM to alluvial sandy loam
soil of Delhi increased moisture retention at 1/10 and 1/3 bar but less at 15
bar (Biswas et al. 1967). FYM application @ 697 q/ha for 16 years to alluvial
sandy loam soil of Sabour increased the amount of moisture retained by 2-3%
at 15 bar to 10-15% at 1/10 bar (Biswas et al. 1971) but had no effect when
applied @ 125 q/ha for 8 years to alluvial sandy loam soil of Delhi (Havanagi
and Mann 1970).
Dakshinamurti and Pradhan (1966) suggested the use of hydraulic
conductivity determined at minimum bulk density as an index of soil
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structure. Sandhu and Bhumbla (1967) observed that non-capillary porosity
and hydraulic conductivity of silty clay loam soil of Ambala could be
improved by the addition of sugarcane trash alone or with gypsum.
The importance of vegetative cover in maintaining high infiltration rates
was reported by several workers (Hay and Subramanyam 1955; Rage and
Srinivasan 1959; Mistry and Chatterjee 1965; Bonde and Subramanyam 1968).
Bulk Density and Related Properties
Crop rotations such as groundnut-wheat, guar-potato, ma\ze-raya, maizewheat, bajra-gram, mung-maize-wheat,
maize-guar-wheat, mung-maizepotato, fodder (maize)-wheat, fodder (guar)-wheat, followed for 8 years on
sandy loam soil of Ludhiana, had no long-term effect on hydraulic
conductivity and infiltration rates. However, the moisture retention at 0.1 bar
was reduced by the presence of maize crop in the rotations (Anon. 1978a).
Ghildyal and Satyanarayana (1965) reported that increase in bulk density
of soil decreased the percentage of pores bigger than 0.05 mm in diameter, but
had no effect on the capillary pore space. They also observed that pore space
decreased more drastically in heavy-textured soil than in light-textured soil. A
similar negative correlation between bulk density and volume of pores bigger
than 0.03 mm in diameter, and a positive correlation with volume of pores
smaller than 0.01 mm in diameter for alluvial sandy loam soil of Delhi was
reported by Sarma and Nagarajarao (1976).
Gupta (1968) showed that a reduction in size of pores from 0.1 mm to
0.01 mm decreased the saturated flow to one-hundredth even at the same level
of porosity. Sharda (1977) reported that increase in bulk density of black silty
clay loam soil decreased the average pore velocity, which in turn increased the
dispersion coefficient of nitrate nitrogen. Biswas et al. (1968) used a
microscopic technique to conduct a detailed study of the nature of pore space
after impregnation with 'HYLAK'; an unsaturated polyester resin.
Increase in bulk density decreased the hydraulic conductivity of the soil
(Khanna et al. 1975; Sharda and Gupta 1978), water diffusivity in black silty
clay loam soil (Sharda and Gupta 1978), and infiltration rates in alluvial
sandy loam soil of Delhi (Joshi et al. 1976). The transmission characteristics
of black silty clay loam soil were found to be more seriously affected by
increase in bulk density. The depth of infiltration was reduced by 30% and the
upward capillary flow by one-half to two-thirds as bulk density increased by
0.1 g/cm 3 over 1.2 g/cm 3 .
According to Yadav and Saxena (1973) compaction of the soil had no
significant effect on its specific heat; however, its thermal capacity increased
with moisture content. The thermal conductivity and thermal diffusivity of
sandy clay loam soil of Kharagpur (Ghildyal and Tripathi 1971) and alluvial
sandy loam soil of Delhi (Acharya and Gupta 1975) were observed to increase
with the increase in bulk density from 1.4 g/cm 3 to 1.8 g/cm 3 and from 1.2
g/cm 3 to 1.4 g/cm 3 , respectively.
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Soil strength, measured with either probing ring penetrometer, impacttype penetrometer (Kumar et al. 1971), or modulus of rupture apparatus
(Agrawal and Sharma 1979), has been used as an index of soil structure.
Penetration resistance depends mainly upon the texture, bulk density and
moisture content of the soil, but the modulus of rupture depends in addition
on the moisture content of the soil at the time of formation of briquette, the
method of wetting, and rate of drying (Sharma and Agrawal 1979b), and on
clay and organic matter content of the soil (Sharma and Agrawal 1980).
Soil strength, which increases with the increase in bulk density, offers high
mechanical impedance to root growth. Agrawal et al. (1975) observed that
increase in bulk density of the upper 10-20 cm layer from 1.5 to 1.7 g/cm 3
increased the concentration of bajra roots by 10% in the upper 10 cm layer
and reduced the concentration to 1/3 throughout the 10-20 cm layer. Further
increase in the bulk density to 1.9 g/cm 3 increased the concentration of roots
to 30% in the upper 10 cm layer. Kar et al. (1976) also reported that bulk
density greater than 1.2 g/cm 3 for clay soil, 1.6 g/cm 3 for loam soil, and 1.8
g/cm 3 for sandy loam soil adversely affected the root growth of paddy crop.
Nitrogen and magnesium uptake by paddy crop was reduced at a bulk
density greater than 1.63 g/cm 3 of lateritic sandy clay loam soil of Kharagpur
(Satyanarayana and Ghildyal 1970). Similarly, the uptake of nitrogen and
phosphorus by wheat crop decreased at bulk density greater than 1.44 g/cm 3
fine sandy loam soil of Kanpur (Singh and Gupta 1971). But the uptake of
these nutrients from sandy loam soil by maize crop of Hissar (Gupta and
Abrol 1970), and that of Fe, Mn, Ca, P and Na from sandy clay loam soil of
Kharagpur by paddy crop increased with the increase in bulk density. The
uptake of K, Na, Ca, and Mg from sandy loam soil of Hissar by maize crop
was not much affected by the increase in bulk density.
In alluvial sandy loam soil, bulk density greater than 1.6 g/cm 3 of the
upper 30 cm layer reduced the yield of wheat crop (Ramamohanrao et al.
1973; Anon. 1977; Samra and Goswami 1978). The yield of maize, bajra,
mung, mustard and arhar crops was also reduced at bulk density greater than
1.7 g/cm 3 (Anon. 1977).
Agrawal and Khanna (1977) observed that even if a 5 cm thick layer of
bulk density greater than 1.5 g/cm 3 was present at 15-20 cm depth the yield of
mustard, mung and arhar was reduced significantly. According to Prihar et al.
(1973), bulk density of 1.75 g/cm 3 artificially created at 22-26 cm depth in
Hissar sandy loam reduced maize yield by 18-27% but did not affect wheat
yield under irrigated condition. Ramamohanrao et al. (1973) reported that
1.47 g/cm 3 was the critical bulk density for the tomato plant.
In red sandy loam soil, the yield of wheat, sorghum, maize, bajra and
sunflower was reduced at bulk density greater than 1.7 g/cm 3 , of cowpea at 1.6
g/cm 3 , of groundnut at 1.4 g/cm 3 , and of lab-lab at 1.5 g/cm 3 (Anon. 1977). In
black clay soil the yield of wheat crop was reduced at bulk density greater than
1.2 g/cm 3 (Jaggi et al. 1972) and of maize crop at 1.1 g/cm 3 (Anon. 1977).
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Chiselling of the fields along with incorporation of bulky organic
materials such as wheat bhusa, rice husk and powdered groundnut shells at
the rate of 100-250 q/ha reduced the bulk density of alluvial sandy loam, red
sandy loam soil, and black clay soil (Anon. 1976; Mallick and Nagarajarao
1979). Similar observation was made by Biswas et al. (1964), who used cattle
manure. However, the application of FYM at the rate of 125 q/ha for 8 years
to alluvial sandy loam soil of Delhi had no effect on bulk density (Havanagi
and Mann 1970). The growing of grasses, especially napier, on red sandy loam
soil of Dharwar also reduced the bulk density significantly (Hegde et al. 1978)
but different crop rotations including maize, mung, cowpea, and potato had
no significant effect on bulk density of soil (Singh and Sandhu 1980).
SOIL STRUCTURE PROBLEMS
Investigations under All-India Coordinated Research Project on
Improvement of Soil Physical Conditions to Increase Agricultural Production
indicated that the various soils could be classified into eight groups: (1) highly
permeable soils, (2) poorly aerated soils, (3) crusting soils, (4) shallow soils, (5)
hardening soils, (6) soils with compact layers, (7) dispersed soils, and (8)
paddy soils.
Highly Permeable Soils
The highly permeable and low water retentive soil consists mostly of
unconsolidated sand up to one metre depth. Analysis of a typical soil profile
showed that the bulk density of the soil was low (1.5 g/cm 3 ), the infiltration
rate was rapid (17 cm/h), and the quantity of water retained at 1/3 bar was
only 5-7% by weight, so that the rate of unsaturated flow of water was very
slow (Gupta 1973). The high saturated permeability and low water and
nutrient retentivity lead to high losses of water and nutrients, especially under
irrigation. These soils cover a large area in the states of Rajasthan and
Haryana, and belong to the great group Camborthids and Calciorthids of
the order Ardisols, and to Torripsamments of the order Entisols.
Application of pod sediments @ 760 q/ha (Gupta et al. 1979), bentonite
clay@ 2.5-3.0 kg per pit or per metre of the trench (Singh et al. 1979), mixing
of fine-textured soil to increase the clay content of sandy loam soil of Sabour
(Umar et al. 1979), red sandy loam soil of Hyderabad, non-calcic brown sandy
soil of Durgapura, and loamy sand soil of Mandore (Anon. 1976, 1977), and
placement of asphalt barrier at shallow depth in loamy sand of Jodhpur
(Gupta and Aggarwal 1980), were found effective in reducing percolation
losses, enhancing soil water storage, and markedly increasing the grain yield
of several crops including wheat, barley, pearl millet, sorghum and maize by
20-40% over the control yield (Anon. 1976, 1977, 1978).
Compaction of Jaipur sandy soil at Proctor moisture by making 20 passes
of a 200 kg roller caused an increase in bulk density of the 10-20 cm layer
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from 1.557 g/cm 3 to 1.670 g/cm 3 and decreased the infiltration rate by 25%
from 17.9 cm/h. The yield of bajra grain was increased by 25-50% over the
control yield of 12.2 q/ha, and that of wheat grain by 20-30% over the control
yield of 24.2 q/ha. A similar effect of compaction by making four passes of a
1500 kg roller was observed on Shahpur sandy soil; in addition, the amount of
water required for each irrigation decreased by 40.6% from 8.4 cm (Anon.
1977, 1978).
The compaction of loamy sand on seedlines increased the emergence of
mustard and sunflower seeds (Yadav and Gupta 1977), and compaction of the
soil below the seedline helped in seedling emergence (Prihar and Aggrawal
1975).
Poorly Aerated Soils
The poorly aerated and very slowly permeable soils are known as black
clay 'regur' soils. They are formed in situ by weathering of sedimentary and
metamorphic rocks, and have a soil depth varying from 15 cm to 240 cm and
clay content of 30 to 60%. These soils become very sticky and plastic in the
rainy season and develop wide cracks in the summer season because of the
presence of clays such as montmorillonite and beidellite. Horizon
differentiation is usually not well defined due to churning of soil.
The major physical problem of these soils is low non-capillary (10%) pore
space, which limits the drainage of excess water in rainy season and develops
oxygen stress in the root zone.
These black clay soils cover a large area in Maharashtra, Madhya
Pradesh and Andhra Pradesh. They belong to the great groups Chromusterts
and Pellusterts of the order Vertisols; a few shallow phases belong to the
order Inceptisols.
In flat valley back clay soil, construction of 3 cm wide and 20 cm high raised
beds provided conditions for quick removal of free water to the adjacent
paddy fields and an optimum air-water balance in the root zone. This
increased the yield of soybean by 40 to 60% over the control yield of 17.5
q/ha during the years 1974-1978 depending upon the seasonal rainfall, and
that of jowar by 50% over the control yield of 14.4 q/ha. The yield of jowar
plus urd was increased by 22% over the control yield of 18.1 q/ha. The
transplanted paddy in the sunken beds produced a yield of 43.1 q/ha. The
subsequent rainfed crop of gram produced a yield of 15 to 23.5 q/ha after
soybean and 12.6 q/ha after jowar on raised beds and 10.3 q/ha in paddy
plots.
In the slowly permeable black clay soil on rolling and undulating lands,
planting of seeds on ridges increased the maize yield by 35% over the control
yield of 21.6 to 26.5 q/ha, jowar yield by 30% over the control yield of 18.9 to
32.3 q/ha, and soybean grain yield by 10 to 20% over the control yield of 19.3
to 22.2 q/ha (Anon. 1976, 1977, 1978). Similar results for soybean were
reported by Tornar et al. (1978).
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Crusting Soils
Most susceptible crust-forming soils are yellowish-brown in colour, sandy
loam to silty clay loam in texture having 60-70% coarse fractions and 30-40%
fine fractions in the surface layer. Clay content and bulk density increase with
depth. Sometimes a layer of bulk density greater than 1.7 g/cm 3 , the critical
bulk density for this soil, is present at shallow depth. The major physical
problem is the high mechanical strength of the crust, developed after drying of
the wetted soil. The dispersed soil particles of silt and clay re-orient
themselves to form strong bonds; this reduces seedling emergence if the
rainfall occurs within 48 hours of sowing. The infiltration rates of Hissar and
Delhi sandv loam soils were reduced by the dispersion of aggregation
(Agrawal et al. 1974; Chaudhari and Das 1977). A higher percentage of silt and
clay fractions in the crust than in the soil beneath has been reported (Dhir et al.
1974; Chaudhari and Das 1977; Ranganatha and Satyanarayana 1979b; Sharma
and Agrawal 1980).
In Hissar sandy loam soil, raya, bajra, cotton and guar seedling
emergence decreased in the presence of a crust, especially when the moisture
content of the soil was less than 10% (Agrawal and Batra 1977; Sharma and
Agrawal 1979a). In lateritic soil of Bangalore, ragi (ROH-2) seedling
emergence decreased when 20 to 40% clay was present in the surface soil
(Ranganatha and Satyanarayana 1979a).
Chaudhari and Das (1980) observed that susceptibility of seedling to crust
differed among the crops and crop varieties. Among the legumes, mung was
the least susceptible crop, followed by cowpea, guar and soybean. In the
cultivars, seedling emergence was higher in H-14 of cotton than in PS-10 and
32 DF, and in Ganga 5 of maize than inVijay, KT-41 and VL 43.
Gupta and Yadav (1978) reported that ridge sowing of mustard and
sunflower seeds on sandy loam soil of Jodhpur improved seedling emergence
and they attributed it to low crust strength. Sprinkling of water on seedlines
or loosening of the soil with harrow also improved seedling emergence.
Doubling of the seed rate, or application of 10% phosphoric acid solution at
1000 1/ha was not so effective.
Application of straw mulch on seedlines increase the emergence of cotton
seedlings (Mehta and Prihar 1973), ragi (ROH-2), soybean (HARDEE),
cowpea (G 152) and horse gram (local). It was superior to the use of
superphosphate (mix or spray), krillium spray, sulphuric acid spray, lime, and
FYM, and to sowing of soaked seeds or sowing on ridges (Ranganatha and
Satyanarayana 1979a). The superiority of straw mulch application could be
attributed to the high amount of moisture retained and to the consequent
reduction in soil strength (Agrawal and Batra 1977; Sharma and Agrawal
1978a; Chaudhari and Das 1980).
Application of FYM, paddy husk or wheat bhusa on seedlines in Hissar
sandy loam soil, as low as 2 q/ha, increased seedling emergence of bajra by 30
to 80%, of maize by 20 to 30%, of sorghum by 100 to 120% and of cotton 5 to
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6 times (Anon. 1978). But the mixing of rice husk and FYM @ 30 and 60
q/ha in the upper layer of alluvial sandy loam soil of Hissar was not so
effective as the application on seedlines in reducing the crust strength (Malik
1969).
The incorporation of wheat straw @ 100 q/ha in alluvial sandy loam soil
of Delhi reduced the penetration resistance (Mallick and Nagarajarao 1979),
and its surface application @ 40 q/ha reduced the disintegration of soil
aggregates under the impact of rain drops (Sood and Chaudhary 1980).
Shallow Soils
Shallow soils are mostly reddish-brown to red in colour, poorly
aggregated, and developed from granite-gneissic complex. The major physical
problem of the soil is quick drying of the surface layer due to the presence of
murrum at shallow depth restricting the capillary flow of water from the
underlying layers. The result is poor seed germination and poor root growth.
Shallow soils cover a large area in Andhra Pradesh, Karnataka and Tamil
Nadu. These soils belong to the great group Haplustalfs of the order Alfisols.
Experiments at Hyderabad showed that construction of 10 cm high ridges to
increase the soil depth conserved moisture in the soil and increased root
growth and yield of sunflower, red gram and maize crops (Anon. 1978).
Hardening Soils
Hardening soils, called 'chalkas', consist of red sandy clay loam soils of 60
to 65% coarse-textured and 35 to 40% fine-textured fractions. They belong to
the great group Haplustalfs of the order Alfisols. Beneath the sub-surface soil
is a permeable coarse rocky murrum layer, which in turn rests on semipermeable coarse rocky murrum, on calcareous gravelly murrum or on an
almost impermeable massive zone of nodular lime (kankar). The bulk density
increases from 1.5 g/cm 3 in the surface layer to 1.7 g/cm 3 in the sub-surface
soil. The soil is poorly aggregated and the major physical problem is its
hardening to form a solid mass on drying.
The hardening of red sandy loam soil was reduced by the incorporation of
powdered groundnut shells, paddy husk or FYM at the rate of 50 q/ha in the
upper 10 cm layer two weeks before sowing of kharif (summer) crops. Soil
strength and bulk density decreased, moisture was retained for a longer
period, and there was 30 to 60% increase in the yield of crops such as bajra,
jowar and groundnut in farmers' as well as experimental fields (Anon. 1976,
1977, 1978).
Soils with Compact Layers
Soils with layers of bulk density greater than the critical, at shallow
depths, have been detected at many places. The red sandy loam soil series
having clayey sub-soil and belonging to the great groups Haplustalfs and
Paleustalfs of the order Alfisols in Tamil Nadu and Andhra Pradesh, the
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black clay soil series belonging to the great group Chromusterts of the order
Vertisols in Andhra Pradesh, and the alluvial sandy loam soil series belonging
to the order Entisols in the north-east have layers of high bulk density at
shallow depths (Anon. 1978b). The presence of these high bulk density layers
in the sub-soil restricts root growth, as was reported for sugarcane crop by
Singh (1964). The chiselling of such soils to a depth of 30 to 45 cm at 60 to
120 cm intervals has been reported to increase the growth and extension of
crop roots, grain yield, and the residual moisture (Reddy and Dakshinamurti
1971; Mallick and Nagarajarao 1972; Dakshinamurti and Gupta 1977; Anon.
1977, 1978; Sarma et al. 1978). In black clay soil of Nizamabad, chiselling to a
depth of 20 cm along with mixing of gypsum 50 q/ha or FYM 250 q/ha
increased the sugarcane yield by 16% to 25% over the control yield.
Dispersed Soils
Dispersed soils are characterised by high exchangeable sodium content
which causes the dispersion of clay and organic matter; and the result is poor
drainage. They belong to the great groups Natrargids (Aridisols), Natrustalf
(Alfisols), and Entrochrepts (Inceptisols).
Gupta and Narain (1971), Poonia and Bhumbla (1973) and Pathak and
Patel (1980) found layers of very slow hydraulic conductivity in the subsurface of these soils. Dixit and Lai (1972) reported that increase in
exchangeable sodium percentage decreased the hydraulic conductivity of soil
varying in texture from sandy to clayey. Shankaranarayana and Mehta (1967)
reported that the percentage of aggregates bigger than 0.25 mm in 15-45 cm depth
in some of these soils was less than 5, although in the surface soil it varied from
8.8 to 23.7.
Acharya and Abrol (1978) reported that the water storage capacity
between 1/10 bar and 15 bar tensions of a sodic soil was much higher than
that of a normal soil. The basic infiltration rate of a sodic soil was 1/30 of a
normal soil, having the same textural and mineralogical composition
(Acharya and Abrol 1975). Hydraulic conductivity, in the laboratory and in
the field, decreased sharply when ESP was higher than 15 (Abrol et al. 1978;
Sandhu et al. 1980). In high ESP soil, surface layers dried up rapidly,
indicating that water transfer from the lower soil layer was not sufficient to
replenish the loss from the surface layers (Acharya and Abrol 1978).
Kanwar and Chawla (1963) reported that materials such as gypsum or
press mud improved the structure of sodic soils. Patnaik and
Bandhopadhyaya (1968) reported that the addition of basic slag (14.9% Ca,
4.5% Mg, 0.01% P), lime sludge (23% Ca, 1.9% Mg, 0.14% P), calcareous soil,
iron-rich mineral soil, and gypsum was found to be effective in reclaiming a
saline silty clay loam rice-growing soil. The pore space, water-holding capacity
and water-percolation rate of the soil were increased. The improvement in the
physical properties of the soil after the addition of iron-rich mineral soil was
attributed partly to the cementing effect of iron oxide in aggregation and
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partly to the direct addition of stable aggregates. Poonia and Bhumbla (1974)
reported that application of FYM was not of much use in increasing the
availability of Ca from calcium carbonate or gypsum in saline sodic soils; but
Mondal (1976) observed an increase in the solubility of calcium sulphate after
the application of FYM, and a higher beneficial effect of gypsum when
applied along with FYM to sodic soils.
Mixing of crop residues such as rice husk (Sen and Bandhopadhyaya
1974) and FYM (Talati 1975) or application of sand on the surface (Acharya
and Abrol 1976) and its mixing (Chakraborty et al. 1976) in sodic soils
improved their water intake rate considerably. Application of gypsum to sodic
soil increased the water storage capacity (Abrol and Acharya 1975; Abrol et al.
1978) by increasing the amount of water retained at low tensions, indicating an
increase in percentage of pores greater than 0.009 mm in diameter.
In salt-affected soil, Chaudhari and Das (1978) observed a significant
increase in emergence of soybean, cotton and maize seedlings with increased
frequency of irrigation, application of 2 cm thick layer of straw mulch and of
gypsum at 20 q/ha. Sahu et al. (1978) reported that the increase in
concentration of electrolyte present in irrigation water increased the soil water
diffusivity even in soils of ESP greater than 15. Singh et al. (1980) reported
that the addition of spent wash, a distillery waste, without dilution was very
effective in increasing the water intake rate of sodic-calcareous soil.
Paddy Soils
Paddy is grown on almost all types of soils varying in texture from sandy
loam to clay. Direct-sown paddy is grown on relatively coarse-textured
upland soils, and transplanted paddy on fine-textured lowland soils. The
uplands have high infiltration rates, which result in a considerable loss of rain
water by deep percolation (Vamadevan and Asthana 1972). It has been shown
that percolation losses can be reduced by puddling, which breaks down the
macro-aggregates and so reduces the pore size. In lateritic sandy clay loam
soil, mean-weight diameter of water stable aggregates was reduced from 1.7
to 0.36 mm by puddling (Chaudhary 1965). But the puddled soil becomes
very hard on drying, and it becomes difficult to prepare a fine seed bed for the
subsequent rabi (winter) crops. Ploughing after the harvest of paddy crop
produced 10% more clods of bigger than 12.7 mm in puddled fields than in
unpuddled soil.
After the harvest of paddy crop, the puddled soil contained more
moisture (22.6%) than the unpuddled soil (16.2%) and dried much slower, so
that the ploughable range of soil moisture was reached in 4 days in unpuddled
soil but in 10 days in puddled soil. Similarly, puddling of black clay soil of
Jabalpur decreased the infiltration rate by 40% and reduced the percentage
of non-capillary pores, with the result that puddled soil retained more water
than unpuddled soil and tillage operations for the subsequent crop were
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considerably delayed. Emergence of wheat seedlings was poorer in paddy
fields than in maize fields of Ludhiana sandy loam soil (Anon. 1977).
Infiltration rates and saturated hydraulic conductivity were higher under
maize-wheat rotation than under paddy-wheat rotation. This could be
attributed to the higher bulk density of the upper (10-15 cm) layer in paddywheat rotation. The paddy-wheat plots also had a higher percentage of wheat
roots in the upper 5 cm layer than maize-wheat plots. Water applied to wheat
was found to be almost uniformly distributed up to a depth of 120 cm in maize
fields, whereas it remained restricted to the upper 30 cm in paddy
fields (Anon. 1978). In lateritic soils, too, the presence of compact layers at
shallow depths had been reported (Ghildyal and Satyanarayana 1968).
Vamadevan and Manna (1971) observed that percolation losses from
light-textured soil could be reduced by sub-surface compaction, bentonite
application, and clay and tank-silt incorporation. Sub-surface compaction
with 4 passes of an 800 kg roller (Anon. 1978) or 15 passes of a 200 kg roller
(Patel and Singh 1979) at Proctor moisture content of lateritic sandy loam soil
caused a substantial reduction in loss of water by percolation and a significant
increase in yield of paddy and wheat crops. Mallick et al. (1976) reported 26
to 44% reduction in water requirement of paddy crop when a layer of bulk
density greater than 1.65 g/cm 3 was present at 20 cm depth.
The aggregate stability of the puddled soil was increased by the
application of compost at 92 q/ha (Bandhopadhyaya et al. 1969), paddy straw
at 0.3% organic matter (Choudhary and Ghildyal 1969), FYM, green manure
and groundnut cake at 45 kg nitrogen/ha in alluvial sandy loam soil of
Bhubaneswar (Biswas et al. 1970). Inclusion of gram crop in rotation with
paddy also improved the structure of puddled soil (Padmaraju and Deb 1969).
Cracking of paddy soils could be reduced by broadcasting sprouted seeds of
paddy in puddled soil (Prasad et al. 1980).
In black clay soil, wheat seedling emergence was increased significantly by
the addition of water at 12 kl/ha and compaction of the soil after sowing.
Mixing of wheat straw or rice husk 100 q/ha improved aggregation in Kota
black clay loam soil, and increased wheat yield by 20% over the control yield
of 18.9 q/ha (Anon. 1978).
Concluding Remarks
The studies have so far been confined mainly to the evaluation of
aggregate distribution in surface soil and its relationship with soil
constituents. Studies have also been conducted to determine the critical limits
of the degree of compaction for plant growth, but information is lacking for
most of the other physical characteristics of soils.
The concept of structural rating of soils based on physical conditions
optimum for the growth of different crops needs to be developed.
Studies on structural problems of major soil groups and soil types also
need to be intensified, especially in the regions where intensive cultivation and
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irrigation are contemplated to get the benefits of the new soil management
technology.
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Soil
Aeration
A.K. SINHA' AND B.P. GHILDYAL 2

paper reviews the research information on soil aeration under the
following heads: (1) Characterisation of soil aeration; (2) Aeration
characteristics of soils and effect of reduced aeration on plant growth; and (3)
Aeration requirement of crops.
THIS

Characterisation of Soil Aeration
In the earlier years soil aeration was characterised indirectly through soil
structure, bulk density (Biswas et al. 1964; Ghildyal et al. 1967), and total and
non-capillary porosity (Gupta and Narain 1971). Analysis of oxygen and
carbon dioxide was also used as index of soil aeration (Misra 1950, 1951). But
these indices proved inadequate for oxygen relations at the root surface.
Aeration index based on oxygen demand characteristics of plant root as
well as oxygen supplying power of the soil was obtained for the first time in
the U.S.A. through measurement of oxygen diffusion rate (ODR) using
platinum micro-electrode (Lemon and Erickson 1952). The method is based
on the assumption that the electric current resulting from the reduction of
oxygen at the platinum surface is governed solely by the rate at which oxygen
diffuses to the surface. The oxygen diffusion rate is calculated by the following
relation:
it X 10 6 = nFAf
or ƒ = i, X10"6 InFA

(1)

where U = current in micro-amperes; ƒ = moles of oxygen/cm2sec; A = surface
area of platinum electrode, cm2; F= faraday, 96,500 coulombs; n = number of
electrons required to reduce one molecule of oxygen = 4.
o- ii ™ D
Finally ODR =

6 0 X 3 2 X 10 *X/,

_2
g cm

. -,
min

4 X 96,500 X A
Ghildyal and Ghouse (1971) showed that under normal soil conditions the
pH, salt concentration and temperature did not interfere with oxygen
diffusion measurement with this method. Jain (1974) and Mohsin and Khan
(1977) fabricated the ODR meters locally.
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Aeration Characteristics of Soil and Effect of Reduced
Aeration on Plant Growth
Soils differ in their aeration characteristics (Ghildyal and Natarajan 1971),
and the aeration status is considerably altered by tillage, compaction and
moisture content. From his laboratory studies, Satyanarayana (1967) stated
that increase in bulk density decreased the ODR because of decrease in pore
space and increase in path length. As bulk density increased from 1.46 to 1.82
g cm"3, ODR decreased from 18 X 10"8 g cm"2min"' to 0.48 X 10~8
g cm"2 min"1 (Gupta 1970).
Sharda (1974) studied the effect of moisture content and compaction on
air permeability in a black soil. An increase in volumetric moisture content
from 11% (air dry) to 24% (2/3 bar) at 1.2 g cm"3 bulk density decreased the
air permeability from 23.3 n2 to 10 /JL2. At low moisture, increase in bulk
density decreased the air permeability.
Shallow water table and temporary flooding of fields cause excessive
wetting of the root zone and hence affect soil aeration to different degrees.
The ODR measured at 15 cm below the soil surface ranged from 7.1 to 40.1 X
10"8 g cm"2min"' when water table fluctuated between 25 and 150 cm (Sinha
1972). The ODR decreased with soil depth irrespective of the depth to water
table. However, the range of variation narrowed down in the case of deep
water table conditions. In another study the ODR was 3 X 10"8 g cm" min"1
and 19 X 10"8 g cm"2min"' respectively under shallow and deep water table
conditions (Jain 1974). In lysimeters planted to maize, the ODR at 15 cm
depth, during a rainless period, was 40 X 10"8 g cm~2min_1 and 48 X 10"8 g
cm"2min"' for water table at 60 cm and 120 cm depths respectively
(Chaudhary et al. 1975). In another study, lowering of water table to an
average depth of 60 cm by open drains improved the ODR in the root zone
from traces to 37 X 10"8 g cm"2min_1 after 12 hrs of flooding of pots planted
to maize (Khera and Singh 1975), and the decrease in the redox potential of
the soil was more marked in the presence of the crop than in its absence. In a
more recent study (Singh 1979) a 10-day intermittent flooding in maize
achieved through daily irrigation beginning 20 days after sowing decreased the
ODR from 35 X 10"8 to 6 X 10"8 g cm"2min"'. Singh and Ghildyal (1980)
studied the soil submergence effects on nutrient uptake, growth and yield of
corn cultivars and reported that ODR and redox potential decreased to 3.5 X
10"8 g cm"2min"1 and 50 mv respectively after 72 hrs of submergence.
Chakravarti and Kar (1970) also observed decreased Eh with increased
duration of soil submergence.
At very high moisture content, lack of O2 supply may limit plant growth.
Sometimes even temporary flooding is known to cause serious damage to crop
plants (Joshi and Dastane 1965). The extent of damage caused by flooding to
standing crop depends on the plant species, the duration of flooding, and the
prevalent temperature. Joshi and Dastane (1966) reported that flooding of
maize crop at pre-flowering stage significantly reduced root growth, grain and
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stover yields, and protein content of grain. Khera and Singh (1975) reported
that flooding of a one-month-old maize crop was more harmful than that of a
two-month-old crop, and yields were considerably reduced when the crop
remained flooded beyond 48 hrs. Chaudhary et al. (1974, 1975) reported that
yields of wheat and maize decreased significantly when the crops remained
submerged for more than two days and one day respectively. The adverse
effect was more pronounced when submergence occurred during early than
during advanced stage. Singh (1979) reported that flooding of maize at 20-day
stage was more harmful than at 40-day stage. Waterlogging beyond three days
in maize and one day in arhar during the seedling stage proved lethal through
insufficient aeration (Sinha 1973, 1979).
Singh and Ghildyal (1980) reported that waterlogging for 48 hrs and 72
hrs at knee-high stage and tasselling retarded the growth of several corn
cultivars, viz., Vijay, Kisan, Ganga-7 and Jaunpur; but cultivar Ganga-2
resisted the adverse effect of water-logging. Submergence for 72 hrs
significantly decreased N and K uptake and increased P uptake in all varieties.
Soil flooding was more harmful at knee-high stage than at tasselling stage.
Aeration Requirement of Crops
Adequate supply of oxygen to the roots is essential to efficient uptake of
nutrient and water. Mandal (1962) reported maximum dry-matter yield of rice
and Fe and Mn uptake in soils kept under an atmosphere at 10% oxygen.
Rice requires reduced conditions. With puddling or compaction of soil for rice
the ODR was always less than 0.36 X 10~8 g cm~2min~' (Satyanarayana
1967; Ghildyal and Mahajan 1968). The oxygen diffusion requirements of a
number of crops ranged from 22 to 39 X 10~8 g cm~2min~' as given in Table 1
(Sinha 1971, 1972, 1974, 1977).
Table 1. Oxygen diffusion requirements of crops
Crops

ODR (g X 108cm"2min"')

Maize
Soybean
Wheat (unirrigated)
Wheat (irrigated)
Peas (unirrigated)
Peas (irrigated)
Toria

20.0
28.4
26.9
26.3
32.9
39.5
22.9

The ODR of 20 to 33 X 10~8g cnf 2min_1 was adequate for peas irrigated at
-0.5 matric potential (Surve 1978).
It is evident that systematic studies on soil aeration in relation to plant
requirements are lacking in India. There is a need for collaborative work by
soil scientists and plant physiologists to define the relationships between the
aeration status and the functioning and growth of roots of different species of
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crop plants. The effect of aeration stress on crop yields also needs to be
determined. The role of practices such as tillage, mulching and irrigation in
influencing the aeration status of soil under different soil and climatic
conditions also warrants investigation.
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Soil Chemistry

Chemical Composition
of Soils of India
S.C. DAS1 AND R.K. CHATTERJEE2

THE Indian subcontinent, according to Wadia (1960), is considered to be
composed of three distinct segments or crustal blocks, which are unlike in
their physical characters and geological history:
1. The Deccan, or the block of crust forming the peninsular India.
2. The mountain regions bordering the peninsula on the west, north and
east.
3. The great sunken area between the peninsular block and extrapeninsular mountains, filled by alluvium of the Indo-Gangetic river
system. The bedrock weathers to produce soil materials which
resembles more like the parent rock in mineralogical properties.
On the basis of soil formation and development, there are mainly two
types of soil: (1) Soils developed over the underlying bedrock of the area, i.e.
soils formed in situ; the chemical composition, CEC, and percentage base
saturation of these soils reveal a broad relationship with the genetic processes,
and the soils bear the characteristics of the parent soil material and climate.
(2) Soils developed mostly from the transported materials, viz. alluvial soils;
the chemical composition of these soils bears no definite relationship with the
geology of the area and is dependent upon the climate of the region.
Here the chemical composition of soils is discussed in the following broad
groups. The description of the soils is adopted from Govindarajan and Gopal
Rao (1978):
1. Red and laterite soils (Alfisols and Ultisols)
2. Black soils (Vertisols)
3. Alluvial soils (Entisols, Inceptisols)
4. Desert soils (Aridisols)
5. Submontane soils (Inceptisols/Alfisols)
6. Peaty and kari soils (Histosols)
7. Saline and alkali soils (Aridisols, Alfisols, Vertisols)
RED AND LATERITE SOILS
Red Sandy Soils (Entisols)
These soils occur in parts of West Bengal, under a rainfall of 1,270 to

1. Department of Soil Science and Agricultural Chemistry, Bidhan Chandra Krishi Viswa
Vidyalaya, Kalyani, West Bengal; 2. Division of Soil Science and Agricultural Chemistry, Indian
Agricultural Research Institute, New Delhi.
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1,524 mm, and in the Bundelkhand area of Uttar Pradesh, where they have
developed from the Vindhyan rocks abounding in gneiss and granites of the
Deccan tract with highly ferruginous beds and soft limestone under a rather
dry climate (Mehrotra 1972). In Madhya Pradesh these soils occur in the
Chhattisgarh plains, the Mahanadi basin, and the eastern districts of the state
(Khanna and Motiramani 1972). In Karnataka they occur extensively in lowrainfall area (380 mm to 750 mm) and are derived from acidic granites and
gneiss. In Tamil Nadu they are mainly associated with granites and are rich in
iron-bearing minerals, such as limonite and magnesite. The rainfall of the
area varies from 740 mm to 830 mm (Perur and Mithyantha 1972). In Kerala
typical red soils are found in parts of Trivandrum and have developed under
conditions of heavy leaching due to excessive rainfall on gneisses, lyptinite,
charnockite and granite (Koshy and Varghese 1972). In the northern plateau
of Orissa, they have developed on the upper Dharwar system of Archaean
rocks under an average rainfall of 1,208 mm (Ratnam et al. 1972;
Sahu 1972).
Red sandy soils are mildly acidic (pH 5.5) to very slightly alkaline (pH
7.5) in West Bengal, Uttar Pradesh, Madhya Pradesh, Karnataka, Tamil
Nadu and Orissa. They are very acidic (pH 4.0 to 5.5) in Kerala. In general,
they are deficient in organic matter. The silica to alumina ratio of the red soil is
quite high in some areas. They contain much HCl-insoluble material, and the
values of N, P2O5, Fe203, AI2O3 and K2O in most of them are low. The soils
are rather poor in total CaO (Table 1). Some are high in Fe 2 0 3 , AI2O3, K2O
and nitrogen. The cation exchange capacity of the soil varies from 3 to 15
me/100 g, depending upon the amounts of clay and organic matter present.
The pH is generally acid to neutral, from 4.8 to 7.0, but a few may be
alkaline, depending upon the base status and presence of free lime.
Exchangeable magnesium varies from 0.3 to 5.0 me/100 g, and exchangeable
calcium from 1 to 7.5 me/100 g, depending upon the parent rock.
Exchangeable sodium and potassium vary from 0.3 to 0.8 me/100 g and 0.2
to 0.5 me/100 g, respectively. Red sandy soils contain quite a high amount of
manganese and moderate amounts of zinc, boron and copper. The
molybdenum content, on an average is quite low (Table 1). Red soils in
Karnataka are rich in total and available K2O. The silica/sesquioxide ratio is
2.5 to 4.8 (Basak 1972; Gupta et al. 1960; Mehrotra and Misra 1971;
Raychaudhuri 1963; Tamboli and Bali 1957; Rao 1969; Sahu 1972;
Govindarajan and Gopala Rao 1976).
Red Loamy Soils (Alfisols)
The soils occur in Karnataka, and in the southern region of Orissa, and
in Nagaland and Meghalaya. The parent materials are weathered granite,
gneiss (with quartz, feldspar, mica and iron-coated quartz). The organic
matter content is low, and the pH is almost neutral (6.7 to 7.5). Base
saturation varies from 88 to 93 per cent. Karnataka and Orissa soils contain
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Table 1. Average analytical data of red and laterite soils of India
Soil type and
location

Classification
(Soil Taxonomy)

pH

CEC

Org.
Mechanical composition
carbon Coarse Fine
Silt
Clay
sand
sand
%
%
%
%
%

N

K2O

P2O5

%

%

%

(5)

(6)

3.0

0.35

60.2

18.92

0.53

41.34

me/100g
(1)

(2)

(3)

Rhodustalfs

6.0

Paleustalfs

6.75

(4)

(7)

Exchangeable cations
Ca
Mg
Na
K
me/ lOOg

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

16.4

23.4

0.03

0.9

0.04

1.4

1.2

0.67

0.2

40.97

0.06

2.71

0.05

5.6

9.11

1.08

0.43

RED SOIL
Red Loamy Soil
Karnataka
Bangalore
(Dibbur)
Andhra Pradesh
Mehaboobnagar
Gadwal Taluka
(Uppal)
Andhra Pradesh
Mehaboobnagar
(Alampur)
Bihar
Ranchi
Red Sandy Soil
Tamil Nadu
Coimbatore
(Agril. College
& Res. Inst.)
Tamil Nadu
Tiruchirapalli
(Ariyalur)

12.57

3.58

Paleustalfs

7.5

11.1

1.63

32.0

9.5

25.6

30.8

0.07

0.26

0.03

7.5

0.9

1.85

0.34

Haplustalfs

6.4

7.0

0.76

23.4

20.0

26.8

27.2

0.02

0.37

0.02

3.1

1.5

0.64

0.51

Haplustalfs

8.3

10.4

0.4

52.8

18.1

9.3

19.2

0.06

1.82

0.32

5.2

3.9

0.8

0.5

Haplustalfs

7.5

2.9

0.65

50.1

27.6

2.4

16.8

0.02
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(2)

(3)

Karnataka
Mandya
Malvalli Taluka

Haplustalfs

7.7

Plinthaquults

LA TERITE SOIL
Tamil Nadu
Rammand
(Karaikudi)
Karnataka
Bangalore
(Alappawhalli)
Kerala
Trivandrum
(Nadu Mangad)
Orissa
Bhubaneswar
Soil type and
location

RED SOIL
Red Loamy Soil
Karnataka
Bangalore
(Dibbur)

(5)

(6)

(7)

(8)

8.8

0.20

28.4

37.4

6.1

5.1

6.1

0.19

40.3

15.6

Plinthastults

6.6

15.5

0.17

23.8

Plinthaquults

4.8

6.79

0.47

Oxisols

5.6

3.5

0.36

SiOz

R 2 0,

Fe 2 0,

(4)

A1203

CaO

(10)

(11)

(12)

(13)

16.1

0.02

0.7

0.04

4.72

2.25

0.42

0.26

14.3

29.4

0.06

0.34

0.36

3.4

2.2

0.61

0.08

22.9

11.7

41.4

0.03

0.58

0.04

6.9

5.04

0.51

0.16

58.3

13.6

6.5

21.82

0.04

0.26

0.05

1.2

0.80

0.48

0.09

38.3

31.8

16.3

12.0

0.35

1.55

0.45

1.1

0.50

0.30

0.10

MgO

(9)

Molar Ratios
SiO:/ AI2O3 SiOz/ R2O3 SiOz/ FejO,

B

(14)

Micronutrients (ppm)
Cu
Mo
Zn

%

%

%

%

%

%

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

40.5

57.3

16.4

40.9

0.61

1.6

1.3

13.7

28

12

4

0.26

(15)

(29)

21

(16)

Mn
(30)
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low to medium quantity of nitrogen, but Meghalaya soil is characterised by
high available nitrogen (Raychaudhuri et al. 1963; Venkata Rao 1969; Sahu
1965; Raychaudhuri and Mukherjee 1942).
Red and Yellow Soils (Aliisols)
Red and yellow soils mostly occur in south-eastern Madhya Pradesh,
north-western Orissa, southern Bihar and south-eastern Uttar Pradesh.
Patches also occur in Manipur and Tripura, and in parts of Rajasthan. These
soils have been derived from granite, gneiss, and quartzite schist complexes.
Lime is absent, ferruginous concretions of about 10 per cent concentration
are present in the subsoil horizons. The pH varies from 6.2 to 6.7. The
organic matter content is 0.6 per cent. The available nitrogen and phosphorus
are low. The cation exchange capacity varies from 3 to 7 me/100 g soil.
Silica/alumina and SiCh/RzOi ratios are less than 2, and copper and zinc
contents are poor (Table 1) (Mandal et al. 1956; Agarwal and Mukherjee
1951; Sahu 1965; Krishnamoorthy 1969.)
Laterite Soils (Ultisols)
Laterites are generally reddish or yellowish red, and occur on the hills of
eastern and western ghats in Kerala, Karnataka, coastal Maharashtra,
northern and eastern Andhra Pradesh, Orissa, Tamil Nadu, West Bengal and
Assam.
Tamil Nadu, Karnataka and Andhra Pradesh have both high and low
level laterites in the high rainfall areas. The soils are rich in organic matter,
poor in lime and magnesia, and generally deficient in P2O5 and K2O.
Maharashtra laterite soils have abundant quantities of coarse material.
Kerala soils are very acidic with pH 4.5 to 5.5. Bihar and Orissa laterites are
seen as caps on hills and over plateaus. The pH ranges from 4.5 to 5.5.
Laterite soils of Orissa are fairly rich in available phosphorus but poor in
available potash. The organic matter content and nitrogen are generally observed
to be low. The cation exchange capacity varies from 5 to 7 me/100g. Phosphatefixation studies have been carried out with a few soils of the region and
appear to be of a very high order. Silica/iron oxide and silica/alumina molar
ratios vary from 11.2 to 15.2 and from 2.5 to 5.0, respectively. The clay
disintegrates under the prevailing climate, and this promotes the leaching of
silica, as is evident from the low (less than 2) silica/sesquioxide ratio of the
clay fractions of these soils. Owing to intense leaching, alkali and alkaline
earth bases are leached down and the soils become very poor in these bases.
Laterite soils do not contain much of the primary clay-minerals though they
show the typical properties of clay, such as plasticity, cohesion and shrinkage
(Raychaudhuri 1963, 1964; Raychaudhuri and Mukherjee 1942; Clark 1938;
Lai 1958; Raychaudhuri and Chakravarti 1943; Sen and Deb 1941; Mathur
1965).
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BLACK SOILS (VERTISOLS)
Black soils, varying from dark brown to deep black, occur extensively in
south-central and central India. These soils are heavy-textured and have a
clay content varying from 40 to 70 per cent. They are plastic and sticky when
wet. They are mostly rich in smectitic group of minerals and show strong
swelling or severe shrinkage with varying moisture.
Shallow Black Soils (Inceptisols)
Derived from basalts of Deccan traps, shallow black soils are found
extensively over the districts of Bijapur and Gulbarga in Karnataka and in
Nagpur and Ahmednagar in Maharashtra. They are almost neutral in
reaction (pH 7.2 to 7.6). The CEC varies between 25.0 and 36.0 me/100 g
soil. The clay content ranges from 40 to 50 per cent and the organic matter is
less than 1 per cent. These soils are poor in N and P2O5 but moderately well
supplied with potassium and quite rich in calcium, magnesium and sodium
(Table 2). Si0 2 /Al 2 0 3 and Si0 2 /R 2 0 3 range from 3 to 4 and 2 to 3,
respectively. The soils are well supplied with micronutrients (Table 2).
Medium Black Soil (Vertisols)
These soils are developed from a variety of parent rocks including
basaltic traps, Dharwar schist, basic granites, gneiss, hornblende and chloriteschists. They are moderately rich in organic matter, are fairly well drained,
and contain lime in varying proportions. Some of them have thick layers of
calcareous nodules. Medium deep black soils are found extensively in
Karnataka, Tamil Nadu, Maharashtra, and Madhya Pradesh.
The clay content varies from 40 to 55 per cent. Organic matter content is
less than 1.5 per cent. The C/N ratio, on an average, is fairly constant
throughout the profile. The P2O5 content is low about 0.06 per cent. The
percentage of total potash is fairly good 0.5 to 0.7 per cent. The total
exchangeable bases are very high—50 to 75 me/100 g—being exchangeable
calcium. Analysis of the clay fraction shows that the ratio of S i 0 2 / R 2 0 3
varies from 3 to 3.5. Total soluble salts vary from 0.65 to 0.3 per cent and pH
from 7.5 to 8.0. Medium black soils are characterised by sodium saturation
(15 per cent) and base saturation (100 per cent).
Deep Black Soils (Vertisols)
These soils, commonly identified as regur, are derived from basaltic traps
and cover a large part of the Deccan plateau. The percentage of clay may be
60 to 70. Lime in the form of irregularly shaped nodules is distributed
uniformly throughout the profile. In general, deep black soils have a heavy
clayey texture. Except where there is stratification, the clay content is uniform
down the profile. The soils are calcareous and mildly alkaline (pH 8.0-8.5).
They have a high clay content but low organic matter. Their carbonate

Table 2. Average analytical data of black soils of India
Soil type and
location

Classification
(Soil Taxonomy)

pH

(1)

(2)

(3)

Ustorthents

Ustopepts

CEC

Org.
Mechanical composition
carbon Coarse Fine
Silt
Clay
sand
sand
%
%
%
%
%

N

(4)

(5)

(6)

7.6

28.6

0.76

7.2

36.8

0.98

me/100g

BLACK

K2O

P2O5

Exchangeable cations
Ca
Mg
Na
K

%

%

%

(8)

(9)

(10)

(11)

(12)

28.8

21.8

49.4

0.07

1.9

0.21

18.5

9.2

1.4

0.53

31.7

21.7

43.2

0.02

6.9

0.07

15.3

2.1

2.5

0.91

(7)

me/ lOOg
(13)

(14)

(15)

(16)

SOIL

Shallow Black soil
Maharashtra
PuneAgril.
College
Rajasthan
Chittorgarh

Medium Black Soil
Maharashtra
Nagpur
Pellusterts
Kopra
Karnataka
Bangalore
Pelluderts
Gujarat
Powarkheda
Chromusterts
Tamil Nadu
Coimbatore
Pellusterts

8.1

59.1

0.33

1.7

15.4

21.7

56.2

0.05

0.74

0.27

47.1

9.3

1.1

0.72
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11.9

13.2
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0.04
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0.08
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1.6

2.8

0.64

7.8

37.7

1.01

2.1

5.1

28.4

55.6

0.04

0.47

0.06

31.1

3.7

2.3

0.61

8.1

28.6

0.76
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0.03
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g

(1)

(2)

(3)

(4)

(5)

Maharashtra
Pune State
Agri. Farm

Pellusterts

7.8

47.4

1.34

Heavy Black Soil
Maharashtra
Nagpur
Govt. Dairy Farm
Andhra Pradesh
Hyderabad
Rajendranagar
Farm
Deep Black Soil
Maharashtra
Pune
Padegaon
Soil type and
location

BLACK

(6)

5.3

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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61.4
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0.13
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0.50
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17.5
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Pellusterts

S1O2

7.8

R2O3

Fe 2 03

61.3

AI2O3

0.60

CaO

0.3

9.1

12.1

69.9

0.05

MgO

Molar Ratios
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Rajasthan
Chittorgarh
Medium Black Soil
Maharashtra
Nagpur Kopra
Karnataka
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Gujarat
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Tamil Nadu
Coimbatore
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16.38
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1.5
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55.03
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Heavy Black Soil
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Govt. Dairy Farm
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Rajendranagar Farm
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(19)
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Deep Black Soil
Maharashtra
Pune Padegaon
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14.3

25

130

6.2
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Data compiled from: Sharma (1971); Rathore (1972); Dalai (1966); Das (1962); Krishnamurthy (1967); Kanwar and Randhawa (1974); and Govindarajan and
Gopala Rao (1978).
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contents generally range from 0.5 to 3.0 per cent with extremes from 0.1 to 20
per cent. These may be present as concretions throughout the profile or
concentrated at a certain depth. The cation exchange capacity, on an average,
is about 50 me/100 g of soil. The predominant cation being calcium. Total
manganese in the surface soil ranges from 800 to 1,300 ppm and the boron
content from 10 to 25 ppm (Bal 1935; Basu and Sirur 1938; Raychaudhuri
1943; Mandal et al. 1956; Soni et al. 1961; Sharma and Motiramani 1964;
Anjaneyulu 1964). In general, these soils have a high degree of fertility, but
some, especially in the uplands, have low fertility. In the valleys the soil is
darker, deeper and richer; it is repeatedly enriched by washings from the
highlands. The deep black soils contain a high proportion of iron. They are
moderately well supplied with potash though its content varies. But these soils
are poor in nitrogen and phosphorus. The variations of several constituents of
these soils are given in Table 2. The SiC^/RjCh ratio varies from 2.0 to 4.0
(Bal and Mishra 1935; Bal 1935; Govindarajan and Rao 1978; Jain 1967,
1971; Sastry and Mathur 1972; Vasudeva Rao and Chatterjee 1972;
Krishnamoorthy 1969).
ALLUVIAL SOILS (ENTISOLS AND INCEPTISOLS)
These soils have been developed mainly by the deposition of silts through
the ages from the big rivers, viz. the Indus, the Ganges, the Brahmaputra and
their tributaries. These rivers carry the products of weathering of the rocks and
deposit them on the plains along their course.
Coastal Alluvium (Entisols)
These soils are found in the coastal belts of Karnataka, Kerala, Tamil
Nadu, Andhra Pradesh and Orissa. They are alluvial deposits of recent origin.
Their texture is extremely variable and ranges from sandy to silty clay. The
soils are usually deep and the colour varies from bright reddish brown and
yellow to brown, grey and dark grey. Soils derived from calcareous material
are usually composed of dark heavy clay. Granitic gneissic rocks are
predominant in red alluvial soils. The soils are poor in fertility, and are very
often affected with salinity. The composition and mineralogy of the soil are
influenced by the parent material of the area. The nitrogen content varies
mostly from 0.26 to 0.029 per cent, P 2 O s from 0.01 to 0.035 per cent, K 2 0 from
0.031 to 0.035 per cent, CaO from 0.01 to 0.035 per cent, and MgO from 0.5
to 1.1 per cent. The pH ranges from 5.5 to 4.2 (Table 3). These soils are sandy
and have low water-holding capacity and low in fertility.
Coastal Sand (Entisols)
These soils are prominent along the coast in Tamil Nadu, Kerala,
Andhra Pradesh and Orissa. They are very sandy and very deficient in
available P2O5 and K 2 0, although the total contents of these two constituents

Table 3. Average analytical data for alluvial soils group of India
Soil type and
location

Classification
(Soil Taxonomy)
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%
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(9)

N

K2O

P2O5

%

%
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1.1

6.2

3.4
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13.7
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5

530
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39.2

14.1

24.0

1.1

3.9

3.9

2.8

14.2

16

19

5
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1480

40.2

12.0

29.2

1.06

3.50

2.9

2.3

lt.6

13.5

23

5

560

335

30.3

7.1

23.2

5.6

3.49

2.93

17.5

18

17

4.5

45

750

38.9

13.2

25.5

0.6

3.8

3.5

2.6

15.4

19

16

5

52

765

15.6

8.1

7.5

0.13

3.9

2.4

16.5

15

14

2.4

27

280

36.5

12.3

24.4

0.45

3.42

2.6

13.1

16

15

3.5

62
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SOILS

Gangetic Alluvial Soil
Bihar
Darbhanga
46.3
Pusa
Bihar
Bhagalpur Sabour
54.9
Calcareous Alluvial Soil
Bihar
Champaran
48.5
Pipara
Deltaic Alluvium
West Bengal
Dighipura

47.8

Recent Alluvium (Khadar Soil)
West Bengal
Chinsurah
53.1
Goa
Malazana
55.5
Pernem Taluka
Punjab
Jullundur
49.2
Nawan Shahr

2.45

Data computed from: Maji (1980); Sharma (1966); Dalai (1966); Das (1962); Govindarajan and Gopala Rao (1978); and Kanwar and Randhawa (1974).
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are fairly good. Nitrogen is also insufficient except in a few places (Table 3).
The composition of the soils varies with the nature of the silt brought down
by the rivers. The SiCh/RjCh ratio varies from 2.5 to 3.0, and in their
properties the soils are almost midway between black soils and red soils. The
soils, being sandy from excessive drainage, have the least water-holding
capacity. They are, in general, poor in plant nutrients.
Deltaic Alluvium (Inceptisols)
The soils of deltaic alluvium in Thanjavur district of Tamil Nadu are
found to possess alternate layers of sand, silt or clay brought and deposited by
the Kavery river and stream. The deltaic soils vary considerably both in
composition and in texture. The Mahanadi alluvium is light brown and light
yellow in colour and silty loam, loam and sandy loam in texture. The
Godavari and Krishna rivers formed the black soils from the basaltic trap,
and they are fine-textured silty clays. The Cauveri delta alluvium contains a
high proportion of dark silt and silty clay. The organic matter accumulation is
variable. The Gangetic alluvium shows a large accumulation of organic matter
at the mouth of the Ganges; but in other deltaic areas, where the land is under
intensive cultivation, such accumulation of organic matter is rare. The deltaic
alluvium is poor in nitrogen and P2O5 but rich in CaO and potash. The CEC
is quite high. The pH varies from 7 to 8.2 (Table 3). The soils show marine
influence, as indicated by the presence of shells (Chatterjee and Vasudeva Rao
1980; Vasudeva Rao and Chatterjee 1972).
Alluvial Soils of the Indo-Gangetic Basin (Inceptisols)
The alluvial soils of the Brahmaputra valley and Surma valley in Assam
and similar soils in parts of Bihar and Uttar Pradesh are included among
these soils. Large areas in Murshidabad, Bankura and Burdwan, and the
western half of Midnapore in West Bengal are composed of the old alluvium.
Most of these soils are old deposits, but newer deposits are continuously being
added, especially in the areas liable to flooding in the rainy season. The colour
of alluvial soils varies from pale grey and yellow-brown to dark-grey.
Deposition of lime and soluble salts in B-horizon is observed. A
characteristic feature of some of these alluvial soils is the formation of hard
pan. Such pan formation takes place by the binding of the soil particles by
filtered-out silica or calcareous matter. Because of frequent floods great
variations in mechanical composition and chemical properties of these soils
are observed due to the deposition of sediments (Chatterjee and Dalai 1976 ;
Chatterjee and Gupta 1970; Chatterjee and Sachdev 1979; Dhamija et al.
1956).
Alluvial Calcareous Soils (Inceptisols and Alfisols)
These soils occur in the north-eastern districts of Uttar Pradesh and
extend to north-western Bihar. They are calcareous soils developed on the
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alluvium of the Gandak river. Their chief characteristic is high content of free
calcium carbonate ranging from 10 to 40 per cent and distributed throughout
the depth of the profile. The soils are light-coloured, pale brown to yellowishbrown, and lack horizontal differentiation. Their texture varies from sandy
loam to loamy sand, and the pH is mainly alkaline in character. Available
phosphate and potash are also low (Table 3). The soils are zonal
in character.
Calcareous soils have very high P-fixing capacity. It is suggested that the
retained phosphates in calcareous soils can be rendered available by suitable
management practices, such as adjustment of soil moisture and organic
matter. In general, the potassium status is medium to high and the cation
exchange capacity is low. The soils show on average 0.05 N, 0.21% P2O5, 5.0%
K 2 0 and pH 8.5 (Table 3). The soils are developed from basic rocks like
hornblende schist which give rise to calcium carbonate on weathering. They
have low permeability because of poor structure and frequent presence of clay
pans in the subsoils. The nitrogen and organic matter contents are very low
and their deficiency is widespread (Table 3) (Chatterjee and Dalai 1976;
Chatterjee and Sachdev 1979).
Sierozemic Calcareous Aluvial Soils
These soils occur in the north-western region of India, mainly in Punjab
and Haryana. The origin of these soils has been mostly under the influence of
the Indus river. They are formed under the influence of climate ranging from
humid to arid, with the annual rainfall varying from 300 to 500 mm. These
soils are light-coloured, deep and clayey with clear evidence of mechanical
illuviation in the middle horizon. Movement of CaCÜ3 down the profile is
evidenced by a layer of CaCOj even at a depth of 150 cm. The pH is neutral to
alkaline. The soils are deficient in phosphate, nitrogen and potash (Table 3).
Salinity and alkalinity are serious problems in these soils. The organic carbon
content is generally low (0.2 to 0.4 per cent). Available phosphorus content
(Olsen's sodium bicarbonate-extractable) is generally low, and K2O content is
less than 1 per cent. Most of these soils are deficient in zinc and available zinc
varies from 0.92 to 2.0 ppm (Chatterjee and Lai 1971; Chatterjee and Sachdev
1979).
Grey-Brown Alluvial Soils (Inceptisols)
These soils are mostly of alluvial origin, developed under arid conditions
in Gujarat and Rajasthan. They are usually light sandy loam with a
preponderance of coarse sand. CaCÜ3 is found throughout the profile with
layering found near the subsurface (60-90 cm). The exchange complex is
dominated by calcium. These soils are neutral to alkaline, poor in nitrogen
and phosphorus, but adequate in potash (Table 4) (Chatterjee and Vasudeva
Rao 1980).

Table 4. Average analytical data for alluvial (old and coastal) soils group of India
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Acid Alluvial Soil
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Data computed from: Soils of India (1972); FAI Pub; Maji (1980); Chatterjee and Sachdev (1979); Chatterjee and Gupta (1970); and Kanwar and Randhawa
(1974).
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DESERT SOILS (ARIDISOLS)
Desert soils are found in the north-western arid regions especially of
Rajasthan and Haryana, in the areas between the Indus river in the west and
the Aravalli mountains in the east. There are two distinct types of soils: (i)
Regosol, and (ii) Lithosol.
Desert Soils-Regosolic (Entisols)
These are deep, coarse-textured, and sandy. They are low in organic
matter. The colour varies from yellowish brown to pale brown. They may
contain considerable amounts of weatherable minerals. Some soils contain a
high percentage of salts in lower horizons, and some contain appreciable
amounts of gypsum. They contain calcium carbonate in varying amounts
together with soluble salts. In some parts, the soils are saline-alkali with
unfavourable physical conditions and high pH value. The predominant
components of desert soils are quartz, feldspar and hornblende. The calcium
content in the subsoil is nearly ten times that of the top soils. The phosphate
content of the aeolian sand compares favourably with that of some normal
alluvial soils. In most desert soils P2O5 ranges from 0.04 to 0.08 per cent. This
deficiency is, however, made up to a certain extent by the presence of high
available nitrogen in the form of nitrates. So, phosphates together with
nitrates can make the desert sand fertile for agricultural crops and other
plants whenever moisture is not deficient. The pH of the soils varies from 7.2
to 8.8, in most places from 8.1 to 8.8. The salt content is below the toxic level.
The clay content varies from 2.5 to 18 per cent. Though the clay content is
low, a high tendency to dispersion on account of sodium clay formation in the
subsoil has rendered desert soils less permeable and, therefore, more retentive
of moisture. The organic carbon content varies between 0.6 and 0.7 per cent.
The C/N ratio varies between 7 and 14. The geology of these soils is highly
variable with different rock formations and alluvial and aeolian deposits. The
soils have moderate to high quantities of water-soluble boron (17.0 to 24.0
ppm). The available zinc varies from 1.0 to 4.8 with an average value of 2.7
ppm. The soils appear to be well supplied with total, available, reducible and
active manganese, and they have sufficient quantities of total copper (Table 5)
(Gupta 1958; Krishnaswamy and Gupta 1952; Mehta et al. 1962).
Desert Soils—Lithosolic (Entisols)
These soils are very shallow and rest on bedrock of sandstone and other
formations characteristic of deserts. They occur in extensive areas in southwestern Rajasthan in a large stretch extending from Pokharan towards
Jaisalmer. The colour is rusty brown and dark reddish brown, and moisture
retentivity is nil. Some soils and sand of Rajasthan desert contain hornblende
as the predominant mineral; they also contain granite, magnetite, limonite and
tourmaline. In the lighter fraction, quartz is predominant.

Table 5. Average analytical data for desert, peaty, kari, brown hill and saline alkali soils of India
Soil type and
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47.17
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Data computed from: Soils of India (1963); Kanwar and Randhawa (1974); Ali (1965); Jain (1967); Jain (1971); and Govindarajan and Gopala Rao (1978).
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SUBMONTANE AND MONTANE MEADOW SOIL
(INCEPTISOLS, ALFISOLS)
Submontane soils are found in the sub-Himalayan region under
coniferous forest vegetation. The shallow montane meadow soils are also
found at higher elevations in the Himalayas above the zones of tree growth. In
the meadow soils a certain amount of build-up of organic matter occurs as a
result of accumulation of grass roots and the prevailing lower temperature of
the region. These soils contain varying proportions of partly weathered gravel
and pieces of sandstones and shells. The submontane soils are developed on
hard and soft stones and shells, characteristic of the upper Himalayan region.
The accumulation of organic matter and lack of free lime has qualified these
soils to be classified as brown podzolic soil. They are acid soils. Surface layers
contain a high amount of organic carbon (about 2 per cent), but organic
carbon and total nitrogen content decrease with depth. C/N ratio of all the
layers, in general, is high (17 to 30). This suggests that the organic matter has
not undergone complete decomposition to reach the normal C/N balance of
arable lands. Free iron ranges from 1.5 to 1.8 per cent, free alumina mostly
from 0.03 to 0.004 per cent, and CEC from 10 to 15 me/100 g of soil.
Exchangeable calcium contributes 4 to 22 per cent of the exchange capacity; it
is followed by Mg, Al, K, Na, and Fe. The variation in the CEC of the soil
generally follows the changes in the organic matter content. Most of the
physical properties of the soils also have a direct relation with the organic
matter content. However, volume expansion, apparent density, and true
density are found to be independent of the quantity of organic matter.
Analysis of soils indicates that the top layers are silicious, with illuviation of
sesquioxides at a depth of 60 cm (Hoon 1936, 1938; Mohan 1956; Mukherjee
and Das 1940; Raychaudhuri 1963; Taylor et al. 1935; Sharma 1966; Maji
1980).'
PEATY AND KARI SOILS (HISTOSOLS)
These soils are found in Kerala and in some parts of northern Bihar. They
are developed from brackish-water sediments containing appreciable amount
of pyrites (FeS2). They contain a high percentage of free alumina and iron
resulting from the action of sulphuric acid on clay. There is a high
accumulation of organic matter in layers of peaty soils due to poor drainage.
The soils are characterised by deep black colour, heavy texture, and high
acidity (pH 4.2 to 5.0). They are rich in total nitrogen but often deficient in
phosphate and lime. The potash content is generally satisfactory. Toxic
concentrations of soluble salts of iron and manganese are observed in some
places. Zinc and copper are low in these soils (Table 4). The soils are generally
infertile (Rajagopal 1969; Praseedom 1970; Koshy and Varghese 1972;
Govindarajan and Rao 1978; Govindarajan 1965).
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SALINE

AND ALKALI SOILS (SALORTHIDS, NATRARGIDS,
NATRUSTALF, NATRUDALF, HALAQUEPTS)

Extensive areas of saline and alkali soils occur in Uttar Pradesh, Punjab,
Maharashtra, Karnatka, Gujarat and Rajasthan. These soils are characterised
by the presence of high concentration of soluble salts of alkali bases. They
record high electrical conductivity (more than 4.0 mmhos/cm) and show a fair
concentration of exchangeable sodium often to the extent of 30 to 40 per cent
of the total bases. The salts in the saline areas are mainly carbonates and
bicarbonates of monovalent cations, chlorides and sulphates. The soils are
composed of coarse and fine sand or a thin silty surface. The saline-alkali soils
are highly alkaline. These soils are refractory and do not respond to simple
measures of reclamation (Chatterjee and Sachdev 1979; Raychaudhuri and
Datta Biswas 1955; Raychaudhuri and Singh 1957; Pareek and Jain 1966).
Summary and Conclusion
Like tropical soils, in general, soils of India have long been categorised as
poor in organic matter and nitrogen content, although there are appreciable
variations in genetic, morphological, physical, chemical and biological
characteristics associated with changing physiography, climate and vegetation.
The total nitrogen content varies from 0.01 to 1.00 per cent. The drier, densely
populated lowlands and the central plateaue are low in total nitrogen. It is
observed that the C/N ratio of the soils is dependent on temperature, rainfall
and cultivation. The low organic matter is caused primarily by climate and
only secondarily by cultural practices. A majority of the nitrogen indices are
between 50 and 70. The alluvial soils of the Indo-Gangetic plains are silty and
have a low nitrogen level. In the north-western region, high temperature and
low rainfall limit nitrogen accumulation. In the north-eastern and eastern
regions, high temperatures accelerate the loss of nitrogen and thus limit
nitrogen accumulation in the soils. In mid-north, the climate is conducive to
nitrogen accumulation. The mean annual temperature of the central and
peninsular India hinders nitrogen accumulation in the soils.
Organic phosphorus tends to increase or decrease with the content of
organic matter, hence it is comparatively low in subsoils and high in surface
soils. Analyses of surface soils have shown values of organic phosphorus
ranging from as low as 0.3 per cent (Patel and Mehta 1961) to as high as 95 per
cent of the total phosphorus. Increase in the content of soluble phosphate due
to the release of native phosphate after the application of organic matter has
been repeatedly observed (Khanna et ah 1954; Datta and Goswami 1962). The
different forms of phosphate have been estimated. Highly weathered acid soils
in the northern plains contained 51 per cent of Ca, Mg phosphate compounds
and 10.7% of Fe, Al-phosphate compounds. Goel and Agarwal (1959)
found that in profiles of genetically related soils in the Indo-Gangetic alluvium
the total P and Ca-P contents decreased with the depth in mature and sub-
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mature soils, whereas in immature soils the trend was reversed. Between
profiles, Fe and Al-P increased with the maturity of the soil at the expense of
Ca-P. The distribution pattern of P has been considered as an index of
weathering sequence in different soil types of India (Khanna and Datta 1968;
Mehta and Patel 1963).
The available potassium status is low in Meghalaya, Mizoram,
Pondicherry, Tripura, and most districts of Assam, Uttar Pradesh, Jammu
and Kashmir, Kerala and Himachal Pradesh. It is high in the whole of
Gujarat, 71 to 82 per cent of the districts in Haryana, Madhya Pradesh,
Rajasthan and 28 to 46 per cent of the districts in Andhra Pradesh,
Karnataka, Maharashtra, Punjab and Tamil Nadu. It is moderate in Delhi,
Chandigarh, Arunachal Pradesh, and most districts in Orissa and West
Bengal (Ghosh and Hasan 1976).
Rajani (1969) observed that the major Indian soils show a definite size
gradation for the clay fraction (2 to 3.2 microns) and the order on the basis of
fineness of particles is black > red > laterite > alluvial.
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Cation Exchange
in Soils
S.R. POONIA AND RAJ PAL*

THE study of cation exchange in soils is important for understanding and
explaining many problems of practical importance. Various soil properties,
such as surface charge density, quality and quantity of mineral and organic
constituents, solution composition with respect to total electrolyte level, and
nature and relative proportion of cations and anions, are known to be
concerned in the distribution of cations between the soil exchange complex
and the solution in equilibrium with it.
Ever since the discovery of the cation exchange phenomenon, efforts
have been made to work out a formula to predict the equilibrium distribution
of cations in solution and adsorbed phases of soil. Empirical, classical
thermodynamic, and DDL (diffuse double-layer) theory-based approaches
have been used to describe the data on cation exchange equilibria. The
experimental results pertaining to cations not undergoing transformation —
chemical or biological — and not fixed or specifically adsorbed because of
geometric considerations could reasonably be described by all the said
approaches. However, most of the work done on specifically adsorbed cations
and heavy metal ions could be described, at best, empirically or through
thermodynamic functions.
This paper briefly reviews the exchange/adsorption studies on cations
undergoing simple exchange or specifically adsorbed, other heavy metal ions
and organic ions/molecules.
Exchange Behaviour of Ca2+, Mg2+, N a \ K+ and NH4+ Ions
The study of cation exchange equilibria involving Ca +, Mg + and Na+
could be useful in the prediction of leaching and accumulation of salts closely
associated with the processes of sodification and desodification of normal and
alkali soils, respectively. On the other hand, such a study on NHj and K+
helps in understanding the behaviour of applied nitrogenous and potassic
fertilisers as well as the release/fixation patterns of native and applied K+.
Paliwal and Maliwal (1970, 1971b) conducted cation exchange
equilibrium studies on (i) two clays — kaolinite and bentonite, and (ii) five
soils — deep medium black from Kota, yellow-brown from Fatehnagar, greybrown alluvium from Pali, desert brown calcic from Jodhpur, and non-calcic
brown from Durgapura — all from Rajasthan, using Na+ — Ca2+ and Na+ -
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Ca2+ — Mg2+ systems.The equilibrating solutions had different total electrolyte
concentrations (t.e.c.) and SARs. The values of KG, as calculated from their
data, decreased sharply for all the soils and gradually for bentonite with the
increase in SAR. For kaolinite, the value first increased and then decreased.
In general, KG was slightly higher for Ca2+ — Mg2+ — Na+ than for Ca2+ — Na+
system, and at high than at low t.e.c. The coefficient of variation for different
selectivity coefficients followed the order Kv > KKDO > KG for different soils
and clays.
Similar studies were undertaken by Paliwal and Gandhi (1976) on some
more soils of Rajasthan by including different Ca 2+ : Mg2+ ratios. The trend of
KG in relation to SAR, Ca2+ : Mg2+ proportions, CEC of soils, and t.e.c. was
the same as reported by Paliwal and Maliwal (1970, 1971b).
Paliwal and Maliwal (1971a) found that the exchangeable sodium ratio
(ESR) and SAR of the 106 surface soils of Rajasthan were very poorly
correlated (r = 0.13). This was in sharp contrast with a very high correlation
[r = 0.92) obtained by US Salinity Laboratory Staff (Richards 1954).
Surprisingly, however, the observed values of ESPs correlated well with the
ESPs calculated from the regression equations of Richards (1954), i.e., ESP =
[100(-0.0126 + 0.0147 SAR)]/[1 +(-0.0126 + 0.0147 SAR)], and of Bower
(1959), i.e., ESP = [100(0.0057 + 0.0173 SAR)]/[(1 +(0.0057 + 0.0173 SAR)]
with r = 0.65 and 0.80, respectively. The superiority of Bower's equation over
that of Richards was explained by these authors on the basis of the positive
and negative intercepts involved. They considered the positive intercept as
'theoretically more sound' than the negative one, which is difficult to perceive.
In fact, the theoretical value of intercept should be zero, i.e., zero ESP for
zero SAR. The regression equations between ESR and SAR, as developed by
Paliwal and Maliwal (1971a) from the data of cation exchange equilibria on
three selected soil samples were as follows:
Soil location
Kota (CEC 29.5 me/100 g)
Pali (18.3)
Durgapura (8.1)

'r'
0.69
0.66
0.72

Regression equation
ESR = 0.0025 SAR + 0.15
ESR = 0.0036 SAR + 0.20
ESR = 0.0065 SAR + 0.32

Contrary to the equation of Bower or Richards where the intercepts are
negligible (i.e., giving ESPs of 0.6 and -1.2 at zero SAR), they observed very
high values of positive intercepts, predicting as high as 13 (Kota) to 24
(Durgapura) ESP for zero SAR. Paliwal and Gandhi (1976) observed similar
intercepts in their studies, which limited the practical utility of these regression
equations for reliable prediction.
The studies involving Na+, Ca2+ and Mg2+ exchange equilibria, as already
discussed in the preceding paragraphs, aimed at developing statistical
regression equations to predict sodification of soils on irrigation with brackish
waters, besides testing constancy of certain empirical exchange selectivity
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coefficients. Various predictive approaches were attempted to interpret the
experimental data on the exchange behaviour of Ca2+ and Mg2+ vis-a-vis Na+
in relation to quantity and quality of organic matter in soil, t.e.c, and C\~ or
SOl' as the anion in the equilibrium solution.
The sodium-calcium exchange equilibrium was studied by Poonia and
Talibudeen (1977) in some normal and salt-affected (saline and saline sodic)
soils of Haryana. The results on the effect of organic matter and surface
charge density (SCD) on the values of AG°r Na-Ca, activity coefficient of
adsorbed ions (fi), KG and correction factor for SCD (CF) were reported. The
values of AG°r Na-Ca were always larger for surface (0-20 cm) than for their
corresponding sub-soils (45-65 cm), indicating greater preference for Ca2+ by
the former. The activity coefficients of adsorbed Na+ (fNa) decreased from 1 to
0.1 with Na+ saturation, those of adsorbed Ca2+ (fCa) increased from 0.1 to 1
with Ca2+ saturation. In this respect C a + behaved normally, while the
behaviour of Na+ was anomalous. This was ascribed to non-accessibility of the
interlayer sites to Na+ at low Na+ saturation. The DDL equation could predict
the experimental data reasonably well, provided the SCD was multiplied with
an appropriate (>1) factor which varied considerably from soil to soil and for
surface soils and sub-soils. The need for the correction factor for SCD was
ascribed to the underestimation of SCD, the possibility of the soils being more
Ca2+ selective, and above all, the non-uniformity of charge distribution. The
values of KG were found to be greater for sub-soil than for the corresponding
surface soils, i.e., KG was inversely related to SCD.
Poonia and Pal (1979b) studied cation exchange equilibria among three
cations, N a \ Ca2+ and Mg2+, on four soils differing in their texture and CEC,
primarily with the object of differentiating the exchange behaviour of Ca2+
and Mg2+. They found the values of AG° Na— (Ca + Mg) to be slightly larger
with high (75 : 25) than with low (25 : 75) proportions of Ca2+ : Mg2+ in the
equilibrium solution, thereby showing marginally higher preference of the soil
exchanger for Ca2+ to Mg2+. And, contrary to the findings of Paliwal and
Maliwal (1970, 1971b), they found the values of Kv and KKDO to be less
dependent on ESP than the values of KG.
In a similar study (Poonia and Pal 1979a) on a sandy loam soil with (Fi)
and without (Fo) long-term farmyard manure (FYM) treatments, the values of
AG° Na (Ca + Mg) were higher for Fi than for F0 treatment. The effect of
the proportions of Ca + : Mg2+ in the equilibrium solution on Na+ selectivity
was slightly more on the mineral complex (Fo) than on the soil rich in organic
matter (Fi). This showed that the organic exchange sites had a greater
preference for Ca + than for Mg2+.
Poonia et al. (1980b) studied Na+ - Ca2+ and Na+ — Mg2+ exchange
equilibria in soils to compare the roles of natural and applied organic matter.
Their observation was that 'apparently' the applied organic matter had a
greater preference for divalent cations than the natural organic matter in soils.
They attributed this to incomplete oxidation of the chemically more active
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natural OM by H2O2 treatment and long-term binding action of natural OM
in the clay-humus complex.
Poonia et al. (1979) used the DDL equation to explain their experimental
data on Na+ — Ca + exchange equilibria, and pointed out that the assumption
that Vd ( = Cosh Yd, with Yd related to the potential midway between two
clay platelets) = 1, i.e., there was no interaction between the two electric
double layers on the overlapping clay platelets, did not predict the
development of ESP of a soil at different SAR of the equilibrium solution
throughout the exchange isotherms, even after multiplying the SCD with a
correction factor. This was especially true at high SAR values, where the
predicted ESP was significantly smaller than the experimental one.
Recently, Mehta et al. (1980b) tested the predictability of the DDL theory
for Na+ — Ca2+ and Na+ — Mg2+ exchange equilibria, when the surface area of
the soils was obtained by nitrogen adsorption. The correction factor (CF) for
SCD to predict the experimental results not only decreased gradually with
Na+ saturation of the exchange complex but also dropped to less than one.
This was in contrast with CF always >1 applied to SCD determined by
ethylene glycol adsorption. They also observed that although SCD obtained
by nitrogen adsorption was always overestimated, the values of CF at low Na+
saturation, both in Na+ — Ca2+ and in Na+ — Mg2+ systems, were > 1. This they
attributed to either the higher preferential exchange sites for Ca2+ or Mg + to
Na+ or to the non-uniform distribution of the surface charge.
Poonia et al. (1980a) studied Na+ — Ca2+ exchange as affected by t.e.c. at
different SARs of the equilibrating solutions on some soils of Haryana. The
normalised exchange isotherms for Na+ revealed that at a given proportion of
Na+ : Ca + the accumulation of Na+ in the adsorbed phase increased with the
increase in t.e.c, which was in accordance with ratio law (Schofield 1947) and
Gapon (1933) equation. The values of AG°r Na — Ca increased and that of KG
decreased with the increase in t.e.c, thereby showing an increase in the
preference of Ca2+ by the soil exchanger with increase in t.e.c. at a given SAR.
The effect of anions (Cf and SO,2-) on Na+ - Ca2+ and Na+ - Mg2+
exchange equilibria in three soils differing in OM, clay content and CEC was
evaluated by Mehta et al. (1980a). At a given equivalent fraction of Na+ and
SAR of the equilibrium solution, sodification was more in the sulphate than
in the chloride system. The values of AG° Na - Ca were smaller and those of KG
were bigger for SO2 than for Cf systems (Table 1).
Studies on exchange equilibria for K+ vs (Ca2+ + Mg2+) were conducted by
Paliwal (1961) on different clay materials and oxides. The data obtained in
terms of soluble and exchangeable cations were used to evaluate the
various selectivity coefficients (viz. Vanselow, Kv; Krishnamoorthy-DavisOverstreet, KKDO; Gapon, KG, etc.). All the coefficients were found to decrease
with potassium adsorption ratios (PAR) of the equilibrium solutions, the
decrease being minimum in the case of KG. Similar results were obtained by
Paliwal (1967) for 15 soils widely differing in pH (3.0 to 8.5) and CEC (2.5 to
40.3 me/100 g).

114

REVIEW OF SOIL RESEARCH IN INDIA

Table 1. Effect of CI" and SOf on the values of AG°r and KG for Na-Ca and
Na-Mg systems
Soü

Jind forest
Hansi

AG", (Cal, mol'1)
Na-Ca
Na-Mg

K0 (mor'/2
Na-Ca

lm)
Na-Mg

cr

so42'

cr

soV

cr

soV

cr

soV

927
696

614
437

867
455

489
175

0.48
0.54

0.60
0.62

0.54
0.62

0.67
0.78

Singh et al. (1980) studied K+ - Ca2+ exchange equilibria in eight soils
from arid and semi-arid regions. The values of KG were found to decrease
with exchangeable potassium percentage (EPP), but the decreases were of
various extents in different soil samples. The K+ exchange isotherms were
arbitrarily divided into three broad classes representing exchange sites with
high, medium, and low specificities. Such sites were respectively identified as
edge interlayer sites (mica), wedge-shaped interlayer sites (intergrade micamontmorillonite packets and partially weathered mica), and planar sites
(mainly on montmorillonite).
It is evident from the preceding review of literature that the exchange
formulae used for predictive purposes were limited to two-cation systems. But
a soil rarely, if ever, contains only two cations. Recently, Pal et al. (1980)
commended a procedure proposed by Wiedenfeld and Hossner (1978) based
on classical thermodynamics to evaluate the activity coefficients of adsorbed
ions in the binary systems involved. In general, the activity coefficients of
adsorbed cation in the ternary (Na+ — Ca2+ - Mg2+ clay loam) system, to
which the above theoretical analysis was applied, increased with their solid
phase equivalent fractions. Contrary to binary systems, none of the activity
coefficients assumed value >1 as demanded by the theory.
Wiklander and Ghosh (1970), in their continuous ion exchange studies on
Ca2+ and Mg2+ kaolin, Fithian illite and Wyoming bentonite, observed that the
ratios of the activity coefficients of exchangeable Mg + to that of exchangeable
Ca2+ (fMg/fCa) of the first exchange stage were 4.45, 2.65 and 1.57 for illite,
montmorillonite and kaolin, respectively. Singh and Ramamoorthy (1965)
also observed that the activity coefficient of adsorbed Mg2+ was higher than
that of adsorbed Ca2+. This suggested that treating Ca2+ and Mg2+ as the single
divalent cation, as given in the US DA Handbook 60 (Richards 1954), was
inappropriate.
Pasricha and Ponnamperuma (1976), from their studies on K+ vs (Ca + +
2+
Mg ) exchange equilibria, showed that the various salinity and alkalinity
treatments of soils did not affect the form of K+ - Q/I relationship. They also
claimed that K+ vs (Ca2+ + Mg2+) exchange obeyed Schofield's ratio law
irrespective of t.e.c. in the equilibrium solution and ESP levels in soils. In
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similar studies on exchange equilibria in four soils, Pasricha (1976) reported
that NH 4 vs (Ca2+ + Mg2+) also obeyed Schofield's ratio law though the soils
tested showed some specific adsorption sites for NH4 at low NH4 saturation
levels.
The values of AG°r obtained by Biddappa et al. (1974) for Ca2+ - NH+4
exchange revealed that all the three soil clays tested preferred Ca2+ to NH4
since the whole of NH4 could not be replaced even by 3.5 symmetry values of
Ca2+.
In the preceding discussion reference was made to only a few studies on
the exchange of NH4 and K+ vis-a-vis Ca2+ and Mg2+ in normal and alkali
soils. In regard to fixation on release of NH4 and K* as such, the following
studies were conducted on different soils mainly in relation to the sequence
and proportion of addition of other cations.
Raju and Mukhopadhyay (1973, 1975) studied exchange hysteresis in
different soils of West Bengal involving NH 4 and K\ They observed greater
fixation of NH+4 when it was added before K+ in illitic than in kaolinitic soils,
and also when it was added in higher quantities.
In their studies on the fixation of NH4 added in various amounts to
different soils of West Bengal previously saturated completely or partially with
H+, K.+, N a \ and Ba2+, separately or in combination, Raju and
Mukhopadhyay (1974, 1976, 1977a, 1977b) observed that (i) the amount of
NH+4 fixed was in the order Ba2+ > Na+ > Ca2+ > K+, (ii) in Ca2+ - Na+ or Ba2+
resulted in greater fixation of applied NH4, and (iii) as the percentage
saturation of CEC by Ca, Ba and Na increased up to 30-40 per cent, the
amount of fixed NH4 increased, and further increase in the saturation by these
cations caused a slight decrease in NH4 fixation.
Mukhopadhyay and Das (1973) observed that the quantity of KC1
extractable plus fixed NH4 was significantly more in low CEC soil than in
high CEC soil; this appeared to be anomalous. The difference in the original
levels of NH4 in the two soils, not reported in their paper, seemed to be a
probable reason for this anomaly.
Mukhopadhyay and Bose (1974) studied the effect of varying saturation
of soils with Ca 2 \ Na\ Ba2+ and K+ on the previously applied NH4 and
reported that the fixed NH4 increased gradually with the increase in Ca2+ and
Na+ saturation up to 50 per cent of CEC and Ba2+ and K+ saturation up to 30
per cent of CEC. After that, in both the cases, fixation of NHl
decreased.
Grewal and Kanwar (1967) reported that in Punjab soils the amount of
fixed NH4 increased gradually from 19 ppm to 214 ppm when the amount of
applied nitrogen in the form of NH4C1 increased from 100 to 2000 ppm. The
proportion of applied nitrogen which got fixed, however, decreased from 19
per cent to 11 per cent. Bose (1960) studied the exchange equilibria of Ca2+ vs
K* ions with the help of a membrane electrode and found 'fixation' of K+,
which prevented its easy exchange for Ca2+.
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Exchange Behaviour of other Cations
Studies on exchange behaviour of cations other than Ca2+, Mg2+, Na+, K+
and NH4 are important for reclamation of acid soils (Al3+, H4), availability of
certain essential micronutrients (Zn2+, Fe2+, Mn2+, Cu2+, Co2+, etc.), and
accumulation and leaching of certain toxic elements (Ni2+, Cr2+, Co2+, Li+,
Th4+, etc.) causing pollution hazards in soils and underground waters.
Mukherjee et al. (1947, 1948) studied the liberation of Al3+ and Fe3+ ions
in a two-step process consisting of leaching H-clay with N BaCb followed by
0.02 N HC1 treatment to reform the H-clay. They observed that the base
exchange capacity of montmorillonite and pyrophyllites decreased markedly
with acid treatments, whereas that of kaolinite remained constant.
In K+, Ba2+ and Th4+ exchange equilibria in Ag-bentonite and Agkaolinite, Mukherjee and Ghosh (1950) observed that the exchange reactions
probably took place discontinuously and at stages which were characterised
by different equilibrium constraints. Basu (1958) observed that the adsorbed
Cu2+, Zn2+ and Mn2+ metal ions could not be completely displaced from
bentonite by dilute acid leaching treatment, suggesting fixation of these ions
by clays. The metal ions exchanged H+ in the order Cu2+ > Mn2+ > Zn2+, and
their replacement by Na+, K+, NH4, Ba2+ and Mg2+ was in the order Zn2+ >
Mn2+ > Cu2+. The exchangeability of the replacing cations followed the
lyotropic series. Basu and Mukherjee (1965) studied the exchange behaviour
of Co2+, Ni2+ and Cr2+ against Na+, K+, NH4, H+, Mg2+ and Al3+ in mono-ionic
H+—, Co2+—, Ni2+— and Cr2+— bentonites. A summary of their results is given
in Table 2.
Table 2. Exchange of Ni +, Co + and Cr
cations
System

Ni-clay
Co-clay
Cr-clay

Suspension

(%)

pH

2.2
2.3
1.6

4.9
5.2
3.6

+

(% of adsorbed) against other

Exchange- Exchanging cations
ahle
K*
cation
Na*
NH;
(me/100 g)
67.5
68.5
48.2

20.2
20.3
2.0

21.4
21.4
2.1

22.9
22.7
2.8

H*

Mg2+

Al3+

34.3
31.6

50.2
51.5
14.1

83.8
82.6
42.5

In their studies on the fixation and release of trace-element cations from
their respective clay salts, Basu and Mukherjee (1966) observed that the per
cent release of the adsorbed metal cations was maximum for Mn-H-clay
followed by Cu-H-clay, Ni-H-clay and Cr-H-clay systems. The amount of
metal cations fixed was in the order: Cr2+ > Ni2+ > Mn2+ > Cu2+.
Dalai and Chatterjee (1970, 1971) studied the release of Mn2+ by various
cations from the Mn-saturated clay minerals and soil clays. Their results
showed that (i) divalent cations (Mg2+ and Fe2+) released greater amounts of
adsorbed Mn2+ than monovalent cations (Na+, K+, NHl), (ii) H+ anomalously
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exchanged more Mn in all the clay minerals and soil clays than did the
other monovalent cations, and (iii) in general, the exchangeability of the
cations considered followed the lyotropic series.
Mukherjee et al. (1973) studied the exchange reactions of Mn2+, Co2+ and
2+
Ni with Mg2+ as a complementary ion in Bihar bentonite. The results
showed that quantitatively the adsorption of Co2+, Ni2+ and Mn2* increased
with increase in the total concentration of these cations in the system. The
order of adsorption was Mn2+ > Ni2+ > Co2+, and that of desorption was just
the reverse. The per cent release of the adsorbed cation decreased with the
increase in its initial saturation level.
Upadya et al. (1974) studied the adsorption of Cu2+ in a mixture of Casaturated halloysite, montmorillonite and illite in different proportions. A
summary of the results on Cu2+ adsorption for different mixtures is given in
Table 3.
Table 3. Copper adsorption in Ca-clay mixtures dug g~ clay)
Clay mixtures
Halloysite
3
1
I

:
.

1

Treatment (initial addition
of Cu;* ng g~' clay)

Montmorillonite

Illite

2000

4000

8000

12000

1
3

1
1

432
1136
832

1240
2040
1588

2000
3388
2532

2400
4224

:

3

The results were also interpreted by the Langmuir's adsorption isotherms.
The adsorption maximum for 1:3:1, 3:1:1 and 1:1:3 systems was 6.7, 4.08 and
4.65 mg/g, respectively.
Singhal and Singh (1973) studied the thermodynamics of Co2+-Na+
exchanges in montmorillonite. The results suggested that the clay had a
strong preference for Co2+ to Na+, and that the release of adsorbed Co2+
would not be easy for cations of lower valence or smaller size.
In similar studies on Zn2+-Na+ exchange in montmorillonite, Singhal and
Gupta (1977b) observed that the normalised exchange isotherms for Zn2+ lay
above the diagonal and the values of AG° were negative (i.e. —1742 at 30° C
and —1628 at 60° C), suggesting a strong preference for Zn2+ to Na+. On the
other hand, studies on the thermodynamics of Zn2+ with Mg-bentonite and
Mg-illite (Singhal and Kumar 1977) showed that, on the whole, the zinc
exchange isotherms remained below the diagonal, producing AG° as 175 and
133 for Mg-bentonite and 440 and 530 cal. mof' for Mg-illite for 30°C and
60° C reaction temperatures, respectively. The positive AG? suggested the
nature of reaction as non-spontaneous, and hence lower preference for Zn2+
to Mg2+. Shukla et al. (1980) evaluated the effect of exchangeable cations on
the adsorption of Zn + in two soils of Haryana (Jind loam and Ambala loamy
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sand). The values of selectivity coefficient (Kc) increased with the increase of
Zn + in the equilibrating solution. The values of AG° for Zn2+ — Mg2+, Zn2+ —
Ca2+, Zn2+ — K+ and Zn2+ —• Na+ reactions in Jind loam were 41.5, 41.3, 31.1
and 23.6 cal. mole-1, respectively. This indicated a non-spontaneous nature of
these exchange reactions. Shukla et al. (1980) compared the AG° values for
different cation pairs of their studies with those of Singhal and Kumar (1977)
for Mg-bentonite and Mg-illite, and claimed similarity. In passing, it may be
mentioned that the magnitude of positive AG° for Mg-bentonite and Mg-illite
(Singhal and Kumar 1977) was four to ten times that of Mg-Jind loam
(Shukla et al. 1980). Further, the results on Na-montmorillonite (Singhal and
Gupta 1977b) showed strongly negative AG°r (-1742 to -1628 cal. mof') but
for Na-Jind loam (Shukla et al. 1980) AG°r was positive (23.6 cal. mole"1).
Dhillon et al. (1975), in their studies on zinc adsorption and desorption in
three soils of Punjab, observed that 0.05 M CalCb and 0.1 M Mg(N03)2
extracted electrochemically bonded zinc; 0.008 M fulvic acid extracted weakly
complexed and 0.001 M DTP A extracted strongly complexed forms of zinc.
Sidhu et al. (1977) evaluated the thermodynamic values such as AG, AH and
AS for Zn2+ adsorption data on four soils of Punjab. They observed that the
values of AH increased with the increase in fineness of soil texture. The
adsorption of Zn2+ in these soils conformed to the Langmuir's adsorption
isotherm. Sinha et al. (1975) reported similar results on zinc adsorption in
some acid soils.
Shukla and Mittal (1979) observed that the Langmuir adsorption
isotherm describing data on zinc adsorption could be resolved into linear
parts. The binding energy coefficients were higher and the adsorption maxima
were lower for part I than for part II of the curves. The adsorption pattern at
different concentrations indicated differential bonding energies for adsorbed
zinc and occurrence of precipitation reactions along with adsorption in soils
even before the saturation of CEC with Zn + ions. Zinc 'adsorption' exceeded
the CEC at equilibrating solution Zn2+ concentration of 0.01 mole/1.
Rao et al. (1974) conducted zinc adsorption studies on clay fractions of
seven different soils. The results showed that the soil clays dominated by illite
and kaolinite minerals, i.e., with relatively low CEC, had anomalously higher
Zn2+ sorption capacities than those dominated by montmorillonite clays, i.e.,
with relatively high CEC in Ca-system. The order, however, was reversed for
H-clays.
Adsorption/ Desorption Behaviour of Organic Ions/Molecules
Studies on the adsorption/ desorption behaviour of organic
ions/molecules, particularly insecticides and pesticides commonly used in
agriculture, are important from the point of view of their toxic accumulation
in soil profile and pollution of ground water. Some pertinent reports on the
adsorption behaviour of some of the pesticides on clay minerals previously
saturated with different cations are briefly discussed below.
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The adsorption of paraquat in H- and Ca-saturated metabentonite,
montmorillonite, halloysite and pyrophyllite clays was investigated by
Mithyantha et al. (1974). The results revealed that (i) paraquat was strongly
adsorbed on montmorillonite and was converted to a form which could not
be extracted by saturated NH4CI solution even when the quantity of paraquat
added was 25.3 mg/g clay, (ii) the differing capacity of the four clay minerals
to absorb paraquat was considered to be primarily the result of differences in
their CEC, strength of negative charge (SCD), and presence of specific
exchange sites, (iii) Ca-saturated clays adsorbed slightly more paraquat than
H-clays, and (iv) in clays other than montmorillonite more than 50 to 80 per
cent of the added paraquat could be extracted in a saturated NH4CI solution.
In similar studies, Mithyantha and Perur (1975) observed that larger amounts
of Ca2+ were adsorbed in predominantly kaolinite clays (isolated from red
soils and lateritic soils), but the adsorption of paraquat was more preferential
in montmorillonitic clays (isolated from black and Kari soils).
Singhal and Singh (1974, 1976a, 1976b, 1977) studied the adsorption of
nemagon (1, 2-dibromo-3-chloropropane) on Na+—, Ca2+— and H+—
bentonites, montmorillonites, illites and kaolinites. The order of adsorption
onall the four clays was Na+ > Ca2+ > H+. The partial molar free energies (i.e.,
—F = RT In Ce/Co, with Ce and Co as the equilibrium and initial
concentrations of the solution) for NaT, Ca2+ and YV systems were 173, 128
and 102 cal. mole"1 for bentonites; 812, 665 and 335 cal. mole -1 for
montmorillonites; 616, 447 and 304 cal. mole-1 for illites; and 600, 440 and
299 cal. mole-1 for kaolinites, respectively.
The exchange of nicotine with Al-montmorillonite was studied by
Singhal et al. (1976). The exchange isotherms for nicotine lay below the
diagonal, indicating a preference by montmorillonite for Al3+ to nicotine over
the entire range of concentration studied. The values of separation factor
a (Nicotine/Al) = (Nicotine adsorbed/Al adsorbed) (Al solution/Nicotine
solution), ranged from 0.186 to 0.580 at 60° C and from 0.127 to 0.458 at
30° C. These values suggested a very strong preference for the trivalent Al3+.
The values of AG°r nicotine Al were -247 and 424 for 30° C and 60° C,
respectively.
Singhal and Kumar (1976) studied the adsorption of telone (a pesticide;
1, 3-dichloropropane) on H- and base-saturated illites. The results gave
adsorption isotherms with three clearly defined slopes, peculiar to illitic surfaces.
The curve represented a process of chemisorption of telone followed by slow
penetration of the illitic surfaces. In similar studies on the adsorption
of nicotine on dickite mineral, structurally somewhat similar to kaolinite,
Singhal and Gupta (1977a) observed that 15.8 mmole of nicotine per 100 g of
H-dickite (i.e., equal to CEC) was completely adsorbed without leaving any
significant amount of nicotine in the equilibrium solution. In Na-dickite,
however, the amount of nicotine adsorbed was much smaller; it remained
insignificant till the concentration of nicotine in the equilibrium solution
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reached 0.8 mmole 1"\ This suggested considerable difference in the
adsorptive forces at binding sites in the two systems, particularly at low initial
concentrations of nicotine.
Summary and Conclusion
This article, meant essentially to review the work done on cation exchange
in India, introduces in brief the various predictive approaches — empirical,
thermodynamic, and diffuse double-layer theory based. This is followed by a
resume of work done on exchange of cations which are easily exchangeable
(Na\ Ca2+, Mg2+), partially fixed or chemically transformed (K+, NH4, Al3+,
H+, Zn2+, Fe2+, Mn2+, Cu2+, Co 2 \ Ni2+, Cr2+, etc.), and adsorption/desorption
of organic molecules/ions — nicotine, telone, paraquat, nemagon, etc.
This review suggests that though some work on ion exchange has been
carried out at different places in the country, much remains to be done for
improving the reliability of the data on cation exchange equilibria for
prediction, particularly when applied to complex soil problems of practical
importance. The values of the selectivity coefficients, particularly of KG, need
to be evaluated for different zones of the exchange isotherm for accurate
prediction of sodification and desodification of soils. Similarly, for systems
containing sulphate and carbonate ions in appreciable quantities, due
consideration should be given to ion-pair formation while evaluating 'true
SAR' of the equilibrium solution. In case of heavy metal-transitional
elements, which give rise to pH-dependent ionic species in soil solution, the
relative proportion of these species should be considered while applying any
of the predictive approaches to the experimental data. To evaluate correctly
the response of applied potassic fertilisers in different soils, efforts should be
made to relate exchange behaviour of K+ to the nature and relative proportion
of different soil clay minerals. More elaborate and systematic studies on
adsorption/desorption of heavy metals and on organic molecules/ions need to
be taken up. Similarly, the extension of the predictive approaches essentially
meant for binary systems to a multi-component soil system needs special
attention in order to make the studies on cation exchange equilibria more
realistic and field-oriented.
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Nutrient Transformations
in Soils—Macronutrients
N.N. GOSWAMI 1 AND K.L. SAHRAWAT 2

STUDY of nutrient transformations in soils is an important component of
plant nutrition research. The availability of a nutrient, present in the soil or
applied as fertiliser, is governed by the net effect of a series of physical,
chemical and biological reactions in the soil. This paper reviews the Indian
research on transformations of macronutrient elements (N, P, K, Ca, Mg and
S) with special emphasis on the three primary ones.
NITROGEN
Nitrogen is deficient in soils throughout India, and the use of fertiliser
nitrogen gives spectacular increase in crop production. But usually only 30 to
40 per cent, and seldom more than 50 per cent, of the fertiliser nitrogen is
utilised by any crop. Knowledge of the transformations of nitrogen in soils is
necessary for better appreciation and manipulation of the various processes
for making efficient use of soil and fertiliser nitrogen. The various
transformations of soil and fertiliser nitrogen discussed here are:
1. Mineralisation
2. Nitrification
3. Denitrification
4. Leaching
5. Urea hydrolysis
6. Ammonia volatilisation
7. Chemical fixation by soil minerals and amorphous materials
8. Immobilisation by soil microorganisms
Because urea is the most important N source in India, urea hydrolysis and
ammonia volatilisation are discussed in some detail.
Mineralisation
Mineralisation, i.e. conversion of organic nitrogen by soil microorganisms
into inorganic and more mobile form of nitrogen, is carried out in two steps,
viz. ammonification and nitrification.
Ammonification occurs at an optimum rate when the moisture regime is
50 to 70 per cent of the water-holding capacity; and the net ammonium
release, which is the key process in nitrogen nutrition of wetland crops like
1. Division of Soil Science and Agricultural Chemistry, Indian Agricultural Research Institute,
New Delhi; 2. International Crop Research Institute for Semi-Arid Tropics, Hyderabad, Andhra
Pradesh.
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rice, is maximum in water-logged soils. Although acidity decreases
ammonification, yet it does not stop it. Sahrawat (1980a, 1980e) reported urea
hydrolysis and ammonification in acid sulphate soils of pH as low as 3.4,
though nitrification was completely absent in these soils. However, liming
increased mineralisation of organic nitrogen in upland and wetland soils
(Banerjee and Sinha 1966; Tamboli and Tulsi 1967; Abichandani and Patnaik
1961).
Mineralisation of soil nitrogen was adversely affected by salts and
alkalinity (Nitant 1974). It decreased steadily with increase in the salinity level,
but the decrease varied with the soil types (Gandhi and Paliwal 1976). At an
E.C. level of 45 to 50 mmhos/cm, the decrease in mineralisation was 65 to 71
per cent, the highest decrease being in a sandy loam and the least in a clay
loam. Perhaps the slow rate of soil N mineralisation coupled with high losses
due to ammonia volatilisation is the cause of low efficiency of fertiliser
nitrogen in salt- and alkali-affected soils (Yadav 1979).
Laura (1974, 1975, 1976) studied the effects of salts on mineralisation of
soil and added nitrogen in incubation experiments lasting six months and
reported that CO2 production and carbon mineralisation decreased with
increase in salt concentration in soil from 0.1 per cent to 5.1 per cent.
Nitrification in soil was also completely inhibited at salt concentration higher
than 0.9 per cent, but N mineralisation was similar at all the salt levels and
was not retarded with increasing salt concentration as were carbon
mineralisation and nitrification. Laura explained this by advancing a
hypothesis according to which ammonium is formed solely through chemical
reactions with organic compounds adsorbed on soil minerals by the
proteolytic action of water in the presence of salts at high pH values. The
same hypothesis, according to Laura, can explain the priming effect of
fertilisers.
Nitrification
Ammonium formation occurs under both aerobic and anaerobic
conditions, but nitrification occurs mainly under aerobic conditions. Of the
various factors that affect the nitrification process in soils, the more important
are the pH, temperature, moisture regime, and oxygen supply.
Nitrification occurs at a very slow rate in soils of pH less than 5.0, and
may be inhibited in very acidic soils (Sahrawat 1980b, 1980e). But the rate of
nitrification increases with increase in soil pH from 5.5 to 10.0. High pH may
result in accumulation of higher amounts of nitrite in soils when urea or an
ammonium fertiliser is applied to soil at a higher rate. Nitrite accumulation
also results in poorly buffered soils because of the presence of higher amounts
of undissociated ammonium; this is toxic to Nitrobacter, which oxidises
nitrite to nitrate. Nitant (1974) studied urea transformations in normal and
sodic soils and reported accumulation of higher amounts of nitrite in sodic
soils.
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Temperature about 30° C has been reported to be optimum for
nitrification in soils. Nitrifiers in general are more sensitive to high
temperature than to low temperatures. For example, Sahrawat (1980b)
observed no nitrification of soil or fertiliser ammonium after drying at 60° C.
Chandra (1962) reported that the nitrification rates of ammonium were 30 per
cent and 60 per cent, respectively, at 5°C and 16°C in comparison with 100
per cent nitrification rate at 27° C during 24 days of incubation. Nitrification
was observed to occur at a temperature as low as 1.5°C, and it increased with
the rise in temperature up to 32° C (Ramamoorthy and Velayutham 1976).
Moisture regime is very important for optimum nitrification because too
much or too little water retards nitrification in soil. In water-logged anaerobic
soils, mineralisation ceases at the ammonium level, and nitrification is very
slow because of lack of oxygen supply. Moisture regime, therefore, affects
nitrification both directly and indirectly. Nitrification is more sensitive to high
soil moisture than to low soil moisture. It has been observed that at moisture
regimes near saturation or above, nitrification is greatly retarded though it
may go on even at the wilting point (FAI 1977) .
It is of practical importance and scientific significance that in seasonally
dry soils there is a flush of nitrate formation at the onset of monsoon
following a hot and dry spell. The longer the dry period, the higher the flush
of mineral and nitrate nitrogen. Perhaps planting of crops to tap the flush of
mineral nitrogen is an important consideration in the semi-arid tropical
regions (ICRISAT 1978).
Govindarajan and Rao (1957) and Khengre and Savant (1977, 1979)
followed the transformations of anhydrous ammonia applied to soils. They
reported that disappearance of ammonia due to nitrification was complete in
two weeks though initially very high concentration of ammonia accumulated
near the zone of application. The loss of N as free ammonia was less than 1
per cent and the disappearance of ammonium was mainly due to the
nitrification process in the soil, which proceeded normally after a short lag
period.
Nitrification of anhydrous ammonia in a non-calcareous Vertisol
followed the first-order reaction kinetics. Nitrification curves were sigmoid,
with a delay phase, maximum nitrification rate phase and the retarded rate
phase, the latter two were prominent in the case of ammoniated soils during
120-day incubation study. A temporary accumulation of nitrite to the extent
of 0.3 to 10.5 per cent of the applied NHh-N was also observed. Application of
anhydrous ammonia stimulated nitrification of soil organic nitrogen, resulting
in the priming effect (Khengre and Savant 1979). Positive priming effect on
mineralisation of soil nitrogen due to anhydrous ammonia application was
observed when the soil was ammoniated to 33 per cent and 66 per cent
ammonia-retention capacity, but 100 per cent ammoniation resulted in
negative priming effect due to toxicity of undissociated ammonia to nitrifiers
(Jhadhav 1976; Khengre and Savant 1979).
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Denitrification
Nitrate added to soil or formed from soil organic N pool is microbially
reduced to gaseous N2 and N2O and is lost from the system under anaerobic
soil conditions. Denitrification is also supposed to be active in anaerobic sites
in apparently aerobic soil systems. The bacteria use oxygen from nitrite or
nitrate for respiration, and this "nitrate respiration" results in loss of N in
gaseous form mainly as N2 and N2O and in some cases as NO. Microbial
denitrification is carried out mainly by Achromobacter,
Bacillus,
Pseudomonas and Micrococcus (Ramamoorthy and Veiayutham 1976). There
are also some autotrophic sulphur-reducing bacteria, e.g. Thiobacillus
denitrificans and T. thiopains, which are capable of reducing nitrate.
Denitrification is one of the most important pathways of nitrogen loss in
wetland rice soils. After submergence, the concentration of oxygen in soil
solution falls below 0.1 ppm, and facultative microorganisms use the oxidised
forms of nitrogen, viz., NO2 and NO3 as electron acceptors in their
respiration; this results in loss of nitrogen as N2 and N2O gas.
Denitrification in soil is affected by pH, moisture regime, oxygen
concentration, temperature and organic matter content of the soil. The
literature of denitrification losses in soils has been reviewed by Prasad et al.
(1971), Tandon (1974a, b) and Sahrawat (1979). It has been generally reported
that low pH inhibited not only nitrification but also denitrification.
Denitrification proceeded at a faster rate in soils with pH about 7 or higher.
Similarly the higher the temperature, the greater the rate of denitrification in
soils. For example, Mangaraja and Misra (1978) reported that the Q10 value
of denitrification for a laterite soil between 25° C and 45° C was about 2
(Table 1).
Table 1. Q10 values for denitrification in a lateritic sandy loam soil from
Bhubaneswar (Mangaraja and Misra 1978)
Temp. (°C)
25-35
35-45

Nitrate
1.9
2.1

Treatment
Nitrate + Sucrose
1.8
1.1

As stated earlier, denitrification occurs at very low oxygen concentration
in soils or at microsites with low oxygen supply. Organic matter acts as a
source of energy for the denitrifiers, and denitrification is at a low ebb in soils
with low supply of easily oxidisable matter. Laboratory studies indicate that
denitrification losses are very high (up to 90 per cent) under alternate flooding
and drying regimes (Prasad and Lakhdive 1969; Prasad and Rajale 1972;
Sahrawat 1980b). However, most of the studies on denitrification losses have
been indirect and there have been no studies measuring direct losses of
denitrification.

NUTRIENT TRANSFORMATIONS IN SOILS—MACRONUTRIENTS

1 27

The difference between the total quantity of nitrogen added and the
quantity left in the soil as well as removed by the crops is attributed to
gaseous (denitrification and ammonia volatilisation) and leaching losses. For
example, in a tracer study of nitrogen transformations in wetland rice soils
Patnaik (1965) could not account for 24 per cent of the applied nitrogen in an
incubation test. He attributed this loss to denitrification.
Datta et al. (1971a) studied the losses of fertiliser nitrogen using 15Nlabelled ammonium sulphate and nitrophosphates in a green house
experiment with lowland rice. Gaseous loss as N2 and oxides of nitrogen
ranged from 24.1 to 53.7 per cent. Denitrification losses were 24.1 per cent for
ammonium sulphate but were higher for nitrophosphates (30.2 per cent and
53.7 per cent). In another experiment, using N-labelled fertilisers with rice in
greenhouse pots, Daftardar (1973) reported that the amounts of losses not
accounted for varied with the nature of the nitrogen carrier. Such losses with
ammonium sulphate were 5 to 14 per cent, but with urea and ammonium
nitrate they were 5 to 14 per cent and 56 to 87 per cent, respectively.
Evidently, nitrate added to wetland rice soils is lost by denitrification.
Krishnappa and Shinde (1980) reported an unaccountable loss of 15N
fertiliser to the extent of 31 per cent, which might have resulted either from
denitrification or from leaching into deeper soil layers.
Leaching
Nitrate formed from soil or fertiliser nitrogen can leach down in a lighttextured soil because nitrate is not held with any kind of force by the soil.
Similarly, leaching of urea may also pose a problem if its application is
followed by heavy irrigation or rainfall in coarse-textured soils with low
urease activity. Though ammonium moves in reduced wetland soils, its
leaching should not be a problem in soils with significant exchange capacity.
It has been recognised that the leaching loss of nitrogen occurs mainly as
nitrate. Pande and Adak (1971) reported leaching loss of fertiliser nitrogen in
paddy soils ranging from 45 to 70 per cent from the basal application, but
these losses were reduced to 11 to 33 per cent by phasing out the application
of nitrogen.
Daftardar (1973) using 15N-tagged fertilisers in a greenhouse study with
lowland rice reported that leaching of ammonium was negligible but nitrate
leaching losses ranged from 1.2 to 25.6 per cent depending on the nature of
the nitrogen carrier. Nitrate leaching accounted for a loss of 1.2 to 16.2 per
cent of urea and 4.0 to 25.6 per cent of ammonium nitrate.
Tandon (1974a, b; 1980) reviewed the literature on leaching of fertiliser
nitrogen and concluded that frequent irrigation above field-capacity moisture
regime may leach the pool of available N to as deep as 90 to 120 cm in the
profile (Reddy and Dakshinamurti 1976). Leaching of nitrate in light-textured
irrigated soils could not only be of great importance in reducing fertiliser N
efficiency but as suggested by Singh and Sekhon (1978/1979) also pose a
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nitrate pollution problem for groundwater; this is more likely under heavy
dressings with N.
Studies under controlled conditions in soil columns also point out that
leaching of urea and nitrate can occur. Leaching of urea may be reduced by
increasing the soil urease activity; leaching of nitrate may be reduced by
increasing the surface area of calcium carbonate in soils (Beri et al. 1978;
Singh and Sekhon 1978). Artificially increased urease activity will cause rapid
hydrolysis of urea into ammonium and so counteract its leaching. On the
other hand, free calcium carbonate in soils of high pH may be able to retain
nitrate to some extent but may cause or give rise to severe NH3 volatilisation
losses.
Similarly, Viswanath et al. (1978) reported significant leaching losses of
fertiliser nitrogen in the greenhouse in a sandy loam soil from Bangalore. The
N lost (per cent) by leaching in 12 weeks from five N sources applied in three
split applications decreased in the following order: ammonium nitrate (19.5) >
ammonium sulphate nitrate (9.7) > calcium ammonium nitrate (9.4) >
ammonium sulphate (7.7) > urea (7.4).
Interestingly, significant amounts of ammonium too were leached,
perhaps because the soil had very low exchange capacity (6.4 me/100 g).
Leaching losses were higher when the plant's root system was not competing
for nitrogen during the early stages of growth of ragi (Eleusine coracana); they
were reduced by split application of nitrate carriers, but not in the case of urea
or ammonium fertilisers.
Using 15N-labelled urea in micro-plots on a Vertisol, Krishnappa and
Shinde (1980) reported a leaching loss of 7.5 per cent of the N applied to a
wetland rice crop. They used a simple device consisting of a plastic tubing
sealed at the lower end and perforated at 20 cm above the bottom to collect
the leachate (Shinde and Vamadevan 1974).
Urea Hydrolysis
Most of the arable soils have enough urease to cause rapid hydrolysis of
urea, which creates problems such as increase in pH, ammonia volatilisation,
nitrite accumulation, and toxicity to germinating seeds and to seedlings.
Studies have been devoted to investigate the factors affecting urea hydrolysis
in soils, and efforts have been made to regulate urea hydrolysis in soils with
the use of chemicals (FAI 1977; Sahrawat 1979, 1980f).
Urease activity in soils varies greatly. It should be pointed out, however,
that comparisons across the soil groups are not possible because of the
different methods employed for assaying urease activity. Nevertheless it is
clear that the buffer methods used give higher values for urease activity
because they detect the urease occurring at optimal pH; the non-buffer method gives
the rate of urea hydrolysis under simulated field conditions and more
reliable. It is also evident from available data that the rates of urea
hydrolysis are faster in soils having high pH and high organic matter than in

NUTRIENT TRANSFORMATIONS IN SOILS—MACRONUTRIENTS

1 29

soils having lower pH and lower organic matter (Sinha and Prasad 1967;
Ananthanarayana and Mithyantha 1970; Sankhyan and Shukla 1976; Beri
and Brar 1978; Beri et al. 1978; Sahrawat 1980c; Pal and Chhonkar 1981).
Urea hydrolysis proceeds at slower rates in acid soils. For example, in
Bihar soils of pH 5.4 to 5.9 ammonification of urea was complete in four
weeks, but in soils of high pH (>7.2) urea hydrolysis was rapid and took only
three to seven days depending upon the concentration of urea (Sankhyan and
Shukla 1976; Ben and Brar 1978). Increasing the rate of urea N application
slowed down the ammonification rate of urea, more so in acid soils than in
alkaline soils.
On the basis of the kinetics of urea hydrolysis in some rice soils, Patnaik
(1966) suggested mixing of the urea with five to six times its weight of soil and
incubating it for 48 to 72 hours (depending on the rate of urea hydrolysis)
before its application to the field. The idea is to allow urea hydrolysis to be
complete before the fertiliser is applied so that loss of urea from leaching and
run off is reduced. However, the practice may be limited to soils having acid
to neutral pH, and may result in ammonia volatilisation losses from soils
having pH > 8.0 (Patnaik 1966; Patnaik and Nanda 1967).
Pal and Chhonkar (1979) studied thermal sensitivity, pH optima, and
reaction-rate constants of urease in alluvial soils. Soil urease activity was not
adversely affected between 40° C and 70° C, but at 80° C and above the enzyme
system was completely denatured. In buffered systems, peak urease activity
was observed at pH 6.6 and 9.25. Among the various soil characteristics
studied, Michaelis constant (Km) for the enzyme was significantly and
positively correlated only with soluble salt content.
Studies on the effects of biuret on transformations of urea nitrogen have
shown that urea hydrolysis may not be affected even by high concentration of
biuret, though biuret concentration higher than 1.5 per cent can result in
retardation of nitrification and accumulation of nitrite in calcareous lighttextured soils (Sahrawat 1977a).
The literature on retardation of urea hydrolysis by chemicals
demonstrates that tea waste, some organophosphorous insecticides, and nonedible oilseed cakes and their constituents may find use in reducing the
problems associated with the rapid hydrolysis of urea (Sahrawat 1980f).
However, studies have also shown that the addition of organic residues such
as Pongamia glabra seed cake and compost may temporarily stimulate urea
hydrolysis (Balasubramanian et al. 1972).
Jain et al (1980) tested the nitrification retardation property of Citrullus
colocynthis oilcake (2.68 per cent N) and observed that when it was mixed
with urea @ 5 to 10 per cent it conserved the NH4 ion in the soil, but at
higher rates it led to nitrite accumulation and consequently lower N recovery
by wheat. Jain et al. (1981) further reported that the advantage of the
nitrification-retarding property of this oilcake was offset by greater ammonia
volatilisation in alkaline soils.
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Ammonia Volatilisation
Part of the applied ammonium or the ammonium hydrolysed from urea
can be lost through ammonia volatilisation if the pH of the soil is high. Urea
is hydrolysed by soil urease to ammonium carbonate which provides its own
alkalinity for loss of ammonia through volatilisation. In the case of
ammonium fertilisers, an external source of alkalinity is important even for
initiating ammonia volatilisation; in the case of urea this may be needed to
maintain ammonia volatilisation because loss of ammonia produces an
equivalent acidity in the system by the reaction NH4 v^NIT + H+ (Sahrawat
1979).
The literature on ammonia volatilisation has been reviewed by Tandon
(1974a, b) and Sahrawat (1979). Among the factors that affect loss of
ammonia through volatilisation are pH, CaCCh, temperature, cation exchange
capacity, and texture of the soil; nature of fertiliser nitrogen source and its
rate and method of application; water regime of the soil (Tandon 1974a, b;
Sahrawat 1979); and crop canopy (Jain et al. 1981). It has been
generally observed that the higher is the pH of soil or flood water, the higher
is the loss through ammonia volatilisation (Shankaracharya and Mehta 1969;
Basdeo and Gangwar 1976; Sahrawat 1980d). Similarly, a higher loss of
ammonia occurs in soils having lower cation exchange capacity and at high
temperature (Singh Verma and Sarkar 1974; Basdeo and Gangwar 1976;
Dafta-rdar and Shinde 1980). In lowland rice soils the pH of flood water may
be more important than the soil pH in controlling loss through ammonia
volatilisation of dissolved ammonium from the flood water because the pH of
the soil may not change much; but the flood water pH is liable to changes and
the growth of biota such as algae may raise the pH of the flood water one or
two units over that of the soil.
Bigger losses have been reported generally with urea than with
ammonium sulphate and slow-release N fertiliser sources (Basdeo and
Gangwar 1976). Placement of fertiliser deep in the soil has also been reported
to reduce the losses through ammonia volatilisation considerably (Sarkar and
Singh Verma 1973; Basdeo and Gangwar 1976). Most of the studies have
revealed that the losses through volatilisation of ammonia can be significant
when urea or an ammonium fertiliser is applied at the surface in soils having a
high content of CaCCh or high alkalinity. For example, Gupta (1955)
reported that about 22 per cent of the 66 kg N/ha applied as ( N H ^ SO4 was
lost as NH3 gas from a flooded soil of pH of 8.4. Similarly, Gandhi and
Paliwal (1976) reported that the loss of volatile ammonia increased with
salinity and that the total loss as ammonia was about 35 ± 5 per cent of the N
added as ammonium sulphate or urea at an E.Ce of 45 to 50 mmhos/cm.
Salinity and pH were both positively correlated with volatilisation loss of
ammonia in the salt-affected soil. In a detailed laboratory study
Shankaracharya and Mehta (1969) investigated the various factors affecting
ammonia volatilisation in soils by using the air-flow technique to collect
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volatilised ammonia. The losses through ammonia volatilisation were found
to increase with increase in pH, temperature, and rate of N application. The
loss in loamy sand soils was as high as 58 per cent at 15 per cent WHC
moisture and 34 per cent at 75 per cent WHC moisture in 14 days from urea
applied to soil surface at a rate of 440 kg N/ha. It was also observed that the
losses were negligible when urea was applied at 5 cm depth.
Sarkar and Singh Verma (1973) reported ammonia volatilisation loss of
about 30 per cent from surface-applied urea, but the losses were negligible
when the fertiliser was applied 10 cm deep in a calcareous soil of Hissar.
Basdeo and Gangwar (1976) reported that ammonia volatilisation losses
increased with increased level of fertiliser application, temperature and soil
pH but decreased with the depth of placement. The losses were higher under
water-logged conditions on light-textured soils. Ammonia volatilisation losses
decreased in the following order : urea > ammonium sulphate > ammonium
nitrate. Under a wide range of factors affecting ammonia volatilisation, the
losses ranged from 0.1 to 20.6 per cent during the 16 days of the study
(Table 2). In general, it has been observed that the anion part associated with
NHÏ determine the magnitude of ammonia volatilisation loss.
There are reports to indicate that ammonia volatilisation may not be
important. For example, Datta et al. (1971a), using 15N-labelled ammonium
sulphate and nitrophospate fertilisers, reported that the loss of volatilised
ammonia was negligible under greenhouse wetland soil conditions. Recent
studies using 15N-labelled urea show that ammonia volatilisation losses from a
Vertisol (pH 8.1) were of the order of 9.7 per cent when urea was incorporated
into top 8 cm soil layer in micro-plots with a wetland rice crop (Krishnappa
and Shinde 1980).
Jain et al. (1981) have recently studied the ammonia volatilisation loss of
N from urea under field conditions. Their results show that this loss was
negligible during the first three days after application, reached a peak value in
10 days, then showed a gradual decline up to 25 days, after which practically
no loss occurred irrespective of the texture of the soil.
A survey of literature clearly brings out the importance of ammonia
volatilisation in calcareous, saline and sodic soils with high pH or in soils with
low CEC and under high temperatures. It should be emphasised that there
have been few studies on loss of volatilised ammonia under field conditions,
and these have been hindered by lack of techniques for studying their losses.
Chemical Fixation by Soil Minerals and Amorphous Materials
It has been repeatedly observed that in some soils quantitative recovery of
added ammonium is not obtained even when the soils are extracted
immediately or after a short period of equilibration. This has been attributed
to the fixation of ammonium by clay minerals or by amorphous soil materials.
Fixation by clay minerals is mainly due to trapping of ammonium ions within
the crystal lattice of montmorillonite, illite and vermiculite minerals. On the
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Table 2. Effects of different factors on ammonia volatilisation losses from soils
(Basdeo and Gangwar 1976)

s.

Factors studied

Treatment

fo loss as
ammonia after
16 days

1.

Soil pH

2.

Soil texture

3.

Moisture regime of soil

7.1
11.8
17.6
10.5
15.7
2.7
0.1
3.6
7.8

4.

Temperature (°C)

7.4
8.4
9.4
Sandy loam
Loam
Clay loam
Air dry
50% WHC
Water-logged
Max.
21.0
33.6
42.2
Surface
2.5 cm
5.0 cm
Urea
Ammonium i sulphate
Ammonium i nitrate
100
200
400

No.

5.

Depth of placement

6.

N source

7.

Level of N application
(kg/ha)

Min.
8.5
16.8
27.2

9.2
14.4
20.6
11.0
3.0
0.1
8.9
2.8
1.1
4.6
6.3
10.7

other hand, amorphous soil materials, which are mainly colloidal hydrated
oxides of aluminium and iron, and allophanic materials adsorb ammonium to
form reaction products like taranakite. Among the factors that affect
ammonium fixation the important ones are pH, moisture content, nature and
amount of clay minerals, organic matter content, and presence of cations like
K+ (Sahrawat 1979).
The mechanisms of ammonium fixation and potassium fixation are
similar because of their similar ionic sizes. The expanding clay minerals such
as illite, montmorillonite and vermiculite fix ammonium; they fix more
ammonium when soils containing these minerals are dried. Cations such as
Ca2+, Mg2+, Na+ and H+, which expand the lattice, can replace the fixed
ammonium; on the other hand, ions such as K+, Rb + and Cs+ which contract
the lattice, are not able to replace it (Ramamoorthy and Velayutham 1976).
Several papers have reviewed ammonium fixation in soils (Datta et al.
1971b; Ramamoorthy et al. 1971; Bhumbla 1976; Ramamoorthy and
Velayutham 1976; Sahrawat 1979). They have highlighted the significance of
fixed ammonium in soils — its transformation and availability to
microorganisms and plants. There are contradictory views on the availability
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of fixed ammonium to plants.
Ammonium fixation usually increased with increase in clay content and
cation exchange capacity of soils (Sen 1954; Raju and Mukhopadhyay 1974,
1976); but in some studies there was no significant correlation with the clay
content or cation exchange capacity of soils (Ghildyal and Singh 1961).
Alkaline reaction in soils was found to favour ammonium fixation. Kanwar
and Grewal (1967) examined ammonium fixation in some Punjab soils and
reported that in 21 soil samples studied the amount of naturally fixed ammonium
ranged from 18 to 68.5 ppm. Nitrification and availability of the fixed
ammonium as measured by rye seedling growth showed that it was available to
the extent of 9 per cent of the total pool.
In some recent studies on ammonium fixation by Singh and Dixit (1972)
and by Raju and Mukhopadhyay (1974) for soils of Uttar Pradesh and West
Bengal, respectively, the amounts of naturally fixed ammonium varied from
12 to 319 ppm and formed 4 to 54 per cent of the total N content.
The work on retention of anhydrous ammonia and the factors affecting its
adsorption and transformations have been discussed by Bhumbla (1976).
Ammonia retention capacity (ARC) of soils depends on the moisture regime,
soil texture, pH and CEC. Fine-textured soils with high CEC have high ARC.
There seems to be no agreement on the influence of moisture content on
ARC, and there are reports which indicate that ultimate ammonia retention
may be more in the dry soils though moist soils may retain more ammonia
immediately after application (Bhumbla 1976). But studies by Shimpi and
Savant (1974, 1975) indicated that in some Maharashtra soils the retention of
ammonia was more under water-logged conditions than under low moisture
content.
Immobilisation
Acharya (1935 a, b) made an outstanding contribution to our knowledge
of mineralisation and immobilisation during aerobic and anaerobic
decomposition of organic materials. He concluded that, though the
decomposition of plant residues is faster under aerobic soil conditions,
because of greater immobilisation effects by soil microorganisms (fungi,
actinomycetes and bacteria), the amounts of net mineralised nitrogen
produced are lower than under anaerobic decomposition. Under flooded
conditions, bacteria constitute the main group of microorganisms; they
operate at low energy level and synthesise less cellular material and therefore
cause less net immobilisation of soil or fertiliser nitrogen. The nitrogen factor,
defined as the weight of nitrogen immobilised by 100 g of the decomposing
residue, has been used as an index for quantification of immobilisation of
nitrogen. Acharya (1935b) reported that the nitrogen factors for aerobic,
flooded and anaerobic conditions were 0.54, 0.39 and 0.07, respectively.
Similarly, Sircar et at (1940) observed that the net mineralisation of N
occurred at much higher C/N ratio under anaerobic conditions than under
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upland or aerobic conditions, and they attributed this to the low nitrogen
requirement of the anaerobes, mainly bacteria.
In a study by Datta et al. (1971a) with 15N-labelled fertiliser, 5.7 to 12.6
per cent of the nitrogen applied to a wetland rice crop was found in the soil
after the harvest. The residual soil N was not fractionated into clay-fixed and
immobilised fractions, but the data do indicate the importance of fertiliser N,
immobilised or retained by soil materials, after a season's cropping. In studies
by Oza and Subbiah (1973, 1980), a significant fraction (up to 43 per cent) of
the fertiliser 15N was found in the soil. Though the nature of the residual
labelled nitrogen is not known, it seems that a good part of it is immobilised
fertiliser 15N. It is clear from the limited studies that that immobilisation may
have been of considerable importance in nitrogen transformations in these
soils. The fate of residual N on a long-term basis also needs further research.
PHOSPHORUS
Crop uptake of fertiliser phosphorus rarely exceeds 20 to 25 per cent in a
single cropping season, and this is due to the various physico-chemical and
biological transformations that revert the soluble P into insoluble forms. This
section mainly reviews the recent observations relating to major pathways of
P transformations in soils; it does not discuss the large body of literature which
has been well reviewed from time to time (Kanwar and Grewal 1971;
Raychaudhuri 1976; Tandon 1976; Goswami & Banerjee 1978; Goswami 1980).
Transformations of P, both native and applied, vary with crop, fertiliser,
and soil and crop management practices. The soil factors that affect
transformations are pH, organic matter, temperature, mineralogical
composition, free sesquioxide content, microbial population and root
exudates.
Singhania et al. (1973, 1976) investigated the transformation of 32P-tagged
single superphosphate in soils having a wide range in pH and other properties.
In soils with acid to neutral pH, the highest amount of applied P was
recoverable in Fe and Al-P fractions after 20 days, but Ca-P was the major
fraction after a period of 80 days particularly in soils having higher calcium
content. In soils of neutral to alkaline pH (7.2 to 8.6), Ca-P accounted for
most of the P applied, followed by Al-P, Fe-P and saloid P. The recovery of
saloid P and Al-P decreased with time, but that of Fe and Ca-P improved. It
was suggested that the clay content, pH, and ratio of Fe203 to AI2O3
controlled the transformation of P.
Reaction Products of Phosphorus
Singh et al. (1975) studied the transformations of inorganic phosphate
applied as single superphosphate in sodic soils by measuring the phosphate
potential (PH2PO4) and pH. Using the solubility diagram of pH and PH2PO4
they predicted that the predominant reaction product was octacalcium
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phosphate in the soils. Research on the formation of reaction products from
the applied phosphate has led to the identification of calcium aluminium
phosphate [CaAl H(PC>4)2 • 6H2O] in Alfisols, and of ammonium-taranakites
[(NH4)3A15H6(P04)8 • 8H2O] and variscite in a soil with pH of 3.9 (Das and
Datta 1966, 1967, 1968, 1969). Struvite (Mg NH4PO46H2O) and brushite
(Ca HP0 4 -2H 2 0) have also been identified in a highly calcareous soil of pH 8.5.
Recent work on the subject by Sarkar et al. (1977, 1979) has confirmed the
formation of ammonium taranakite and variscite as the dominant reaction
products of monoammonium phosphate in red and brown forest soils of pH
5.3 to 6.4. Formation of potassium taranakite and brushite was indicated
from the reaction of monocalcium phosphate. These authors have suggested
that the release of phosphate is more from amorphous precipitates, and that
single or triple superphosphate may be more effective than monoammonium
phosphate, because monoammonium phosphate forms ammonium taranakite,
which does not release phosphate easily. Mistry et al. (1973) and Yadav and
Mistry (1974) have also studied the hydrolytic degradation, adsorption,
mobility, and reaction products of polyphosphates and orthophosphates in
different soils.
Distribution of Inorganic P Forms
Ramamoorthy and Velayutham (1976) discussed the chemistry of
phosphorus cycle in soil-plant system; their analysis of the Indian data showed
the importance of Fe and Al-P in the profiles of mature and sub-mature soils,
for their amounts in these soils increased, but those of total P and Ca-P
decreased. On the other hand, in immature soil profiles Ca-P was the most
important fraction of inorganic P.
Sahrawat (1977b) investigated the distribution of different inorganic P
forms in 20 surface soil samples belonging to Alfisol and Vertisol orders and
reported that in Vertisols the most dominant form was Ca-P followed by Fe
and Al-P. In Alfisols the order was Fe-P > Ca-P > Al-P. It was further
shown that the amount of EDTA-extractable P in these soils was highly
correlated with Al, Ca and Fe inorganic P forms and extractable P according
to Olsen, Morgan, Bray (1 and 2) methods.
Tandon (1980) discussed the distribution of different forms of phosphorus
in Indian soils and concluded that Ca-P constituted 40 to 50 per cent of the
total P in most neutral to alkaline soils, and even more than 50 per cent P in
highly calcareous soils. Al and Fe-P formed up to 10 per cent of the total P in
these soils. In acid soils, the increase in Al and Fe-P was less than the decrease
in Ca-P, mainly because of the predominance of reductant-soluble and
occluded forms. Similarly, Sahrawat (1977b) reported that in Alfisols with pH
ranging from 5.5 to 6.8, Ca-P contributed more than Al-P and slightly less
than Fe-P in terms of extractable P following fractionation scheme.
The transformation of P in soils is also greatly influenced by crops and
their management practices. There is lack of data on phosphate
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transformations as affected by soil and crop system, and most of our
knowledge about P transformations is based on laboratory studies excluding
plants from the system (Goswami 1980). In a recent study by Singhania and
Goswami (1978b) the increase in Fe-P was very conspicuous in different soils
after a crop of rice, and accounted for 20 to 32 per cent of the applied P. Al-P
also increased but was significant at higher rate of P application, and 2 to 18
per cent of the applied P was recovered in this fraction. In other studies
(Goswami 1980) P transformations in soils were greatly affected by cropping
(Table 3). The studies of Jain and Sarkar (1979, 1980) also lent credence to
this view; they observed a pronounced effect of rhizosphere on P
transformations.
Table 3. Effect of cropping on native phosphorus fractions (Singhania and
Goswami 1978b)
ppm P

Soil
ALLUVIAL
Without crop

Al-P

Fe-P

R-P

Ca-P

a)
b)

8.9
8.7
4.0
5.0

18.8
20.1
19.1
18.7

40.0
40.3
32.2
31.7

64.5
60.3
63.2
60.6

a)
b)

14.3
15.5
11.2
10.9

21.7
23.9
26.8
20.5

57.0
52.1
44.7
41.5

74.5
80.0
77.4
75.0

a)
b)

7.0
9.8
5.3
4.5

21.8
17.4
24.7
21.5

57.7
54.4
58.3
37.7

75.6
77.9
75.6
78.5

a)
b)

8.0
8.0
6.2
6.6

25.9
27.6
21.1
17.8

36.6
39.1
26.8
33.1

8.8
6.8
5.8
5.6

After rice
After rice and wheat
BLACK
Without crop
After rice
After rice and wheat
RED
Without crop
After rice
After rice and wheat
LA TERITE
Without crop
After rice
After rice and wheat

a) Corresponding to the period of rice crop (122 days).
b) Corresponding to the period of both rice and wheat (227 days).

P Transformation in Wetland Soils
Moisture regime influences transformations of both soil and applied
phosphorus. Flooding of soils sets off a series of reactions, which usually
result in better availability of phosphorus mainly through increase in the
amounts of water-soluble P and Fe-P. For example, several reports indicated
an increase in the Fe-P following submergence and reduction of soils of a
wide range in pH (Subramanyan 1937; Mandal 1964; Khan and Mandal 1973;
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Ghildyal 1976; Katyal 1977; Singhania and Goswami 1978a); it was mainly
due to reduction of ferric P to ferrous P, the chief source of phosphorus for
wetland rice. That flooding of soils results in formation of organic acids which
help in solubilisation of phosphorus had been observed by Subramanyam in
1937. Low Eh values in lowland soils also help in the release of phosphorus
from organic phosphorus, mainly iron phytates. In calcareous soils, solubility
of phosphates is increased through lowering of pH by accumulation of CO2 in
the soil water system (Khan and Mandal 1973; Katyal 1977). Increase in
availability of P due to flooding is also caused by displacement of phosphate
from aluminium and ferric phosphates by the organic anions produced in soil
(Mandal and Mandal 1973).
Savant et al. (1970) reported that a cycle of drying and flooding before
reflooding of the acid soils from Maharashtra resulted in increased availability
of the native phosphorus. Mandal and Khan (1975) and Singhania and
Goswami (1978a, b) observed that alternate flooding and drying increased the
amounts of Fe-P and reductant soluble P fractions but decreased those of
water-soluble and Al-P.
Phosphate Fixation
The phenomenon of phosphate fixation has attracted considerable
research effort, as is evident from the volume of literature on the subject
(Kanwar and Grewal 1971; Datta et al. 1971b; Nad et al. 1975; Ramamoorthy
and Grewal 1976; Tandon 1976). The following salient conclusions can be
drawn from the results obtained.
(i) The clay fraction in soils seems to be the site of phosphate fixation,
which is reflected by the fair correlations between the clay content
and P fixation obtained in various studies. The role of clay minerals
such as muscovite and phlogopite in P fixation has been recognised.
(ii) Free CaCÜ3 present in calcareous soils adsorbs phosphate, though in
soils with a wide range of CaC03 content better agreement has been
observed between the clay content and P fixation than between
CaC03 content and P fixation.
(iii) Organic matter in soils influences P fixation both directly and
indirectly. Directly, phosphate can be adsorbed by organic matter,
the clay complex and the chelating compounds; indirectly, the
organic acids released during the decomposition of organic matter
affect phosphate solubilisation and fixation.
(iv) Oxides of iron and aluminium rather than the respective ions of
these metals combine with phosphates to form metal phosphates
and cause reversion of soluble P into insoluble products. In
calcareous and alkaline soils, too, the amount of free sesquioxides is
highly correlated with phosphate fixation.
In recent studies by one of us (K.L. Sahrawat, unpublished), Vertisols had
a higher phosphate-fixing capacity than Alfisols. The adsorption curves for
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these soils constructed by equilibrating the soil samples for six days with
different rates of phosphate showed that to obtain a concentration of 0.2 ppm
of P in solution (considered to be optimum for field crops) application of 20
to 40 ppm of P to these soils could be required.
Leaching of Phosphorus
Chhabra IT al. (1980) observed that significant amount of phosphorus was
leached out when a sodic soil (pH 10.55) was flooded in field or leached in
columns. In columns, up to 60 ppm of P was lost when the soil was leached as
such or after applying gypsum on the soil surface. Formation of highly soluble
sodium phosphates from the reaction of native monocalcium phosphate and
sodium carbonate has been suggested as the mechanism for leaching loss of
phosphate in these soils during their reclamation.
POTASSIUM
Most of the potassium in soils occurs within the crystal lattice structures
of silicate minerals. The important K-bearing minerals are (i) micasmuscovite and biotite; and (ii) feldspars—orthoclase and microcline. The
silicate minerals release potassium slowly to soil on weathering. In general,
micas are more weatherable than the potash feldspar. Important sources of
soil K among the secondary clay minerals include kaolinite, halloysite, nacrite
and diorite—all belonging to 1:1 clay mineral type. The release of K is easier
from these clay minerals than from 2:1 clay minerals such as montmorillonite,
illite, vermiculite, chlorite and interstratified minerals because of stronger
binding of K in the latter group. About 5-7 per cent K2O in illite clay
minerals is easily replaceable by ion exchange (Ramamoorthy and
Velayutham 1976; Roy et al. 1978).
Potassium Fixation and Release
The important factors which affect K fixation in soils are pH, nature of
clay minerals, cation exchange capacity, nature of cations, and moisture
regime. Several studies have demonstrated that K fixation in soils increases
with increase in pH and cation exchange capacity (Grewal and Kanwar 1967;
Kansal and Sekhon 1974; Singh and Singh 1979).
Alluvial and black soils, dominant in illite and montmorillonite,
clay minerals respectively, have high K-fixing capacity (Goswami and
Bandyopadhyay 1978; Zende 1978); and this has generally been associated
with pH, clay, and silt content. In black soils, with expanding clay minerals,
increase in moisture regime increases the availability of K. Alternate wetting
and drying of soils also brings out release of native K (Kadrekar and Kibe
1974; Patil et al. 1976). On the other hand, red and lateritic soils having 1:1
clay minerals have low K-fixing capacity, and this has been observed to be
associated with their low content of organic carbon and low cation exchange
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capacity (Panda 1978; Ramanathan and Krishnamoorthy 1978).
Singh and Singh (1979) studied the fixation of potassium as affected by
ammoniacal fertiliser in some Uttar Pradesh soils and reported that an
increase in the level of ammonium application resulted in greater fixation of
K. Maximum K fixation was observed when ammonium sulphate was added
before K application, and the least when KC1 was applied alone.
Simultaneous application of ammonium sulphate and KC1 resulted in fixation
of more K than when KC1 was applied before ammonium sulphate. This
study along with earlier observations (Zende 1978) indicates that fixation,
release and availability of K may be affected by the timing of ammonium
fertiliser application in soils which have higher capacity to fix K.
As for the role of cations in K fixation in soils, it was shown (Mehta and
Shah 1956) that the ability of different cations to reduce K fixation decreased
in the following order: NH4 > Ca + > Mg2+ > Na+. Application of increasing
amounts of soluble K enhanced K fixation in soils (Ramakrishnayya and
Chatterjee 1976). On the other hand, exchangeable cations decreased K
fixation in the order: Na+ > Ca2+ >Mg 2+ > H+ > NH4 (Grewal and Kanwar
1967).
Leaching of K
Sekhon (1976) observed that leaching of K beyond the root zone was
negligible in alluvial soils of Punjab containing 2:1 clay minerals. Singh and
Sekhon (1977) investigated the leaching of K in illitic soil profiles at Ludhiana
under different crop rotations. Their results indicated that the amount of K
applied after the rainy season contributed towards K saturation of the plough
layer. On the other hand, application of fertiliser K to summer and rainy
season crops determined K saturation of the 30-180 cm layer. A significant
increase in K saturation of 180-225 cm layer was observed after the rainy
season, but different crop rotations had no effect on K saturation. It was
concluded that the K released from illitic minerals during the rainy season is
leached up to 225 cm or deeper and that fertiliser and cropping activities do
not influence leaching of K up to this depth.
K Availability in Soils
In general, factors that reduced fixation caused release of soil K and its
better availability to crops. An ideal method for characterising K-supplying
capacity of soils would be the one that not only determines the K
concentration in soil solution but also takes into account the forms of K
susceptible to absorption by plants (Ramanathan and Krishnamoorthy 1978).
Results of a recent study by one of us (K.L. Sahrawat) with T.J. Rego
(unpublished) on the K dynamics in an Alfisol (medium in exchangeable K) as
affected by continuous cropping for five years without K application indicated
that measurement of exchangeable K alone may not give a reliable estimate of
the K-supplying capacity of these soils and that there is an obvious need to
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follow the changes occurring in non-exchangeable K too, as suggested earlier
(Sekhon and Velayutham 1978). This is further borne out by the recent report
of Sachdev and Khera (1980) that on an average as much as four-fifths of the
total potassium removed by cropping sequences of v/hzal-bajra and wheatbajra-wheat was utilised from non-exchangeable sources in a sandy loam soil
containing predominantly illite clay mineral.
CALCIUM AND MAGNESIUM
Calcium is an essential plant nutrient and an important amendment
element for alleviating the problems caused by excessive alkalinity or acidity
in soils. In these situations, calcium application not only corrects calcium
deficiency but also helps in correcting the toxicity and deficiency of several
other nutrients. Mg is an essential constituent of all green plants. The main
transformations of Ca and Mg in soils include (i) solubilisation and leaching,
and (ii) conversion into less soluble fractions by adsorption.
Solubilisation and Leaching of Calcium and Magnesium
Large amounts of Ca and Mg are leached by rain and irrigation water and
through interactions with fertilisers and manures (Kanwar 1976). Losses are
considerable in light-textured soils because of high permeability and
percolation rates of rain and irrigation water. In regions with high rainfall
there is leaching of bases such as Ca and Mg from the soil and the result is
development of acidity. As the rainfall increases, the loss of Mg and Ca also
increases. Kanwar (1976) reported that loss of exchangeable Ca 2+ and Mg 2+ in
run-off water and soil ranged from 57.2 to 382.9 kg/ha and from 25.6 to 103.3
kg/ha, respectively, under various cropping systems.
Acid-forming fertilisers neutralise Ca2+ and Mg2+, and this results in
acidification of the soil. Continuous use of sulphur as dusting powder for
plant protection will acidify soil, solubilise calcium and magnesium and
facilitate their leaching. Application of organic matter leads to net loss of
calcium and magnesium from the soil (Kanwar 1976). In lowland rice soils
high amounts of bases such as Ca2+ and Mg2+ can be knocked out from the
exchange complex and leached by high amounts of cations such as Fe2+ and
Mn2+, which are released following submergence and reduction of soil by the
process of ferrolysis.
Conversion of Calcium and Magnesium into Less Soluble
Form by Adsorption
Calcium and magnesium in soil solution and in exchange complex are in a
state of dynamic equilibrium. For example, in the case of losses of these
nutrients due to leaching their concentration in solution decreases and is
replenished by more Ca2+ and Mg2+ coming into solution from the exchange
complex. On the other hand, if there is high concentration of Ca2+ or Mg2+ in
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soil solution, there is a tendency towards their being converted into less
soluble forms mainly by adsorption on the exchange complex.
SULPHUR
Considerable attention has been paid to sulphur nutrition of crops in
several states, but there is lack of data on sulphur transformations in soil
(Kanwar 1976). The transformations of sulphur, of both soil and fertiliser
origin, are important indicators of its availability to plants. Availability of
sulphur from organic sulphur reserves in soils depends on its mineralisation
and immobilisation through microbial activity.
The important factors that affect elemental sulphur transformation in soil
include temperature, organic matter content, pH of soil, cations, and moisture
regime of the soil (Kanwar 1976). It has been reported that mineralisation of
element sulphur increased with temperature and followed first-order kinetics,
the rate being higher at 35° C than at 25° C. The transformation of element
sulphur was faster in soils having low content of organic matter than in those
having high organic matter (Chopra 1965). Drying of soil enhanced
mineralisation of organic sulphur, and there was a flush of sulphate sulphur in
soils after a prolonged drought (Kanwar 1976).
Venkateswarlu (1963) studied the distribution of different forms of
sulphur in the profile of some soils and reported that the maximum sulphur
was in the surface (0-15 cm) soil and decreased with depth. Organic S
accounted for 14 to 84 per cent of total S in the soils studied. Total sulphur in
the surface samples varied from 112 to 275 ppm. Distribution of sulphate S
did not follow any definite trend in the profile.
Chopra and Kanwar (1968) reported that the oxidation of element
sulphur to sulphate was affected by the nature of the cations in the soil in the
following order: Na+ > H+ > K+ > Ca2+ > Mg2+. So, it is not surprising that
the alkali or saline alkali soils in the arid regions have greater amounts of
sulphate.
Das (1973) studied the transformations of sulphate sulphur in a sandy
loam soil by using 35S-labelled calcium sulphate under aerobic and submerged
soil conditions and reported that heat-soluble sulphur, sulphate sulphur,
reducible S, organic S, carbon-bonded S and elemental S increased with the
incubation time but water-soluble sulphate decreased during the 120 days of
the study. He concluded that under both aerobic and submerged incubation a
major part of the added sulphate S remained in a form available to plants.
Sachdev and Chhabra (1974) reported that after four months of aerobic
incubation 68.1 per cent of the added labelled sulphate was detected, but
under anaerobic conditions only 12.7 per cent of it could be recovered. This
was mainly due to its conversion to organic sulphur forms. Small but
detectable amounts of hydrogen sulphide evolved during incubation of the soil
sample under aerobic and anaerobic conditions.
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Haldar and Barthakur (1976) reported formation of hydrogen sulphide in
water-logged soils of Assam. Liming and addition of ammonium sulphate and
single superphosphate increased the production of sulphide in these soils. The
combined application of lime, ammonium sulphate and superphosphate
resulted in production of the highest amounts of hydrogen sulphide (25.8
ppm) and water-soluble sulphide in the soils.
The production of sulphide was found to be significantly correlated with
the sulphate-reducing bacterial population in the eleven soils studied. These
results indicate the possibility of sulphide toxicity to wetland rice crop in
certain soils because of sulphate reduction when large amounts of sulphatecontaining fertilisers or amendments are applied.
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Nutrient Transformations
in Soils—Micronutrients
J.C. KATYAL1 AND D.L. DEB :

IN recent times micronutrient deficiencies have been recognised as a widely
prevalent cause of low crop yields. Perhaps an insight into the
transformations which micronutrients, both native and added, undergo in
soils can settle several issues related to crop nutrition. In this paper the
transformations of micronutrients in soils are reviewed, with particular
reference to the various reaction products that control the fixation and release
of micronutrients in soils.
The usual forms of a micronutrient (M) in soil are:
Solution M
: Micronutrient present in the soil solution.
Sorbed M
: Micronutrient present in soil exchange complex.
Precipitated M : Micronutrient arising from reaction with another soil
component and forming a new reaction product.
Organic M
: Micronutrient present in organic combination and as a
body constituent of living microorganisms.
Occluded M
: Micronutrient incorporated in secondary minerals during
development of new solid phases.
Mineral M
: Micronutrient present as a primary constituent of minerals.
Solution M is an infinitesimal fraction of the total content of majority of
nutrients in upland soils; iron and manganese in the solution of anoxic soils
are notable exceptions. Despite its small content, a micronutrient in soil
solution is essential to plant nutrition. Solution M is the immediate source of
a micronutrient for growing plants; it is in dynamic equilibrium with the other
forms of the micronutrients in soil. Micronutrients which are present on the
soil exchange complex or those which are precipitated, or are in organic form,
are the chief participants in this equilibrium.
Boron
Boron is present in soils chiefly as boric acid or borate ions. Tourmaline,
a fluorine borosilicate, is the best-known boron-containing soil mineral.
However, owing to its resistance to weathering, tourmaline contributes only
marginally to boron availability in soils. The major sources of water-soluble
boron -in soils are silicates not yet clearly understood. Boron is also
contributed by organic matter, irrigation water and boron-containing

1. All India Coordinated Scheme of Micronutrients in Soils and Plants, Punjab Agricultural
University, Ludhiana: 2. Nuclear Research Laboratory, Indian Agricultural Research Institute, New
Delhi.
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fertilisers. The total boron content in Indian soils varies between 6 and 630
ppm (Kanwar and Randhawa 1974), but the available content ranges from
0.03 to 3.82 ppm (Katyal and Sharma 1979).
The water-soluble boron, whether native or added, is quickly removed
from the soil solution through its reaction with inorganic oxides of
aluminium, iron and manganese. A part of it may combine with organic
matter and be available with difficulty. The transformations of boron are
significantly controlled by soil pH, soil texture, type of clay minerals, organic
matter, salinity and alkalinity, quality of irrigation water, moisture stress and
soil temperature.
Borate is an anion like molybdate; but, unlike molybdate, its adsorption
increases with a rise in pH. This is borne out by the results of Singh and Sinha
(1975), who investigated the transformations of boron in a large number of
soils from Bihar. More than 72 per cent of the applied water-soluble boron
was converted to water-insoluble forms when the soil pH was above 7.5. On
the contrary, more than 60 per cent of the applied boron was in water-soluble
form when the pH was below 5.5. It appears that the major boron-fixing
inorganic compounds, for example hydroxides of aluminium and iron,
increase with a rise in pH, and therefore facilitate boron adsorption in high pH
soils. It may, however, be pointed out that the process of boron fixation is
reversible with a change in pH.
A rise in clay content also increases the fixation of applied boron (Singh
and Kanwar 1963; Singh and Sinha 1975). For example, the data of Singh
and Kanwar (1963) indicated that in sandy soils the boron moved down the
profile with irrigation water up to 61 cm, and there seemed to be virtually no
mechanism to hold boron in light-textured soils. On the other hand, in heavy
soils nearly the entire amount was retained in the surface soil. Work done
outside India suggests that even the type of clay minerals markedly modifies
boron retention by soils.
The antagonistic effect of calcium on boron nutrition of crops is well
known, but reports on the influence of CaC03 on boron fixation are
conflicting. In the studies conducted by Bhattacharjee (1956), Gandhi and
Mehta (1958), and Singh and Singh (1967), the availability of native and
applied boron was not significantly affected byCaCÜ3 content of soils. On the
contrary, in the studies of Moghe and Mathur (1966) and Baser and Saxena
(1967) there was a significant adverse effect of CaC03 on boron availability.
And in the studies of Singh and Randhawa (1977), a positively significant
relation between water-soluble boron and CaC0 3 content of soils was
demonstrated. A Ca:B ratio has been suggested to predict boron availability
in soils. This ratio was found to be more than 300 in good soils and 100 or less
in poor soils (Dhawan and Dhand 1950).
Irrigation waters may contain boron, and their continuous use may not
only cause soil salinisation but also build up the boron level (Singh and Singh
1972). Even electrical conductivity has been shown to have a positive
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relationship with the water-soluble boron content of soils (Kanwar and Singh
1961; Paliwal and Anjaneyulu 1967; Singh 1970; Talati and Agarwal 1974).
In extremely dry conditions the transformation of water-soluble boron
into somewhat less soluble compounds is common. This is evidenced by boron
deficiency in crops growing under dry conditions. High rainfall and liberal
irrigations cause excessive leaching and can bring about boron deficiency.
Under anaerobic conditions the concentration of water-soluble boron is
expected to decrease in acid soils owing to rise in pH. The reverse may
presumably be true if pH of aerobic soils is alkaline, but it is yet to be verified.
Copper
Copper in earth's crust occurs chiefly as sulphides, and the most abundant
mineral of copper is chalcopyrite (CuFeS2). It also occurs in secondary
minerals and organic complex. Part of the total copper is present on the
exchange sites of soil colloids and in the soil solution also. Total copper in
Indian soils varies from 1.8 to 960 ppm, whereas the available copper is in the
range of traces to 16.8 ppm (Kanwar and Randhawa 1974).
Detailed studies on transformation of copper have been made in the case
of organic soils. This is understandable because copper deficiency is a serious
nutritional disorder of such soils. Copper is tightly held by the exchange
complex of soils but is prone to leaching in light-textured acid soils. The
major factors which control the transformations of copper are soil pH,
CaCOi, organic matter and clay content. Even the nature of clay minerals and
the presence of oxides of iron and aluminium are important in regulating the
behaviour of copper in soils.
The solubility of copper decreases with a rise in pH. This is explained by
stronger adsorption of copper by soil colloids with a rise in pH and its
precipitation as hydroxides beginning at pH 5.5. Precipitation of copper was
established by Misra and Tiwari (1966), who observed that the retention of
copper (and zinc) was greater than the CEC of several Indian soils. This
occurred when the pH was alkaline and free carbonates were present. Once
the pH was brought down by acid leaching, the soils lost the property of
excess retention. It was suggested that, in addition to precipitation of copper
as hydroxides, hydroxy carbonates could also precipitate.
Retention of copper is not restricted to alkaline soils. Even acid soils of
pH 2.45 to 5.10 could fix copper to the extent of 90-70 per cent when
solutions containing 10-40 ppm copper were allowed to react with the soil for
about 24 hours (Deb et al. 1978). Nevertheless, retained copper was held only
weakly, for more than 50 per cent of it could be displaced with citrate-EDTA
extracting reagent.
Calcium carbonate is known to adversely influence copper solubility in
soils (Grewal et al. 1969; Mandal and Jha 1970; Deb et al. 1978). This is
supported by the generally observed low concentration of water-soluble
copper despite treatment of calcareous soils with soluble copper sources.
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According to Kanwar (1976), the effect of calcium carbonate may be
attributed partly to rise in pH and partly to its fine particles providing loci for
precipitating particles to coalesce. However, several workers have failed to
find a significant relationship between the available copper and the calcium
carbonate content of soils (Kavimandan et al. 1964).
It is an established fact that highly organic soils are severely copperdeficient. This is supported by the negative relationship obtained between
available copper and organic matter content of soils (Iyer 1959; Mandal and
Jha 1970; Rajagopal et al. 1974). Nearly one-third of the 522 soil samples,
despite their acid reaction, were considered copper-deficient by Katyal et al.
(1980) owing to their high organic matter content. The transformation of
applied soluble copper into insoluble organic complexes was studied by
Kanwar (1954). He demonstrated that H2O2 treatment of soils caused a
decline in their copper adsorption with a simultaneous increase in their
exchangeable copper content. Not only was the amount of copper retained by
organic matter high (Kanwar 1954) but it was fixed more strongly than other
micronutrients (Basu et al. 1964).
Misra and Tiwari (1963) could not get desorption of 36.5 per cent of the
applied copper even with a strong extractant like 0.1N HC1, whereas Kanwar
(1954) had observed that very little of the 14.3 ppm of added copper was
extractable from an organic soil despite its successive leaching by IN NaCl;
however, EDTA was capable of recovering most of the added copper. Lai and
De (1971) provided further evidence of copper fixation by organic ligands;
they found the fixation of copper to increase in the presence of EDTA.
Adhikari et al. (1972) studied the interaction of copper with fulvic acid.
Potentiometric studies revealed the formation of hydroxylated fulvic acid
metal complexes where the metal ions formed electrovalent bonds with
negative COOH groups of the organic ligands. The stability of the metalloorganic complexes depended upon the pH.
Apart from the organic matter, the negatively charged soil particles hold
copper tightly. With increased fineness of soil texture, retention of copper is
expected to increase. Smectite minerals are known to retain Cu2+ more
strongly (Chatterjee and Rathore 1974). Hydroxy cupric ions have been
shown to constitute more than half the adsorbed copper on kaolinite and
montmorillonite. Sesquioxides, particularly aluminium oxide, and
exchangeable Mg, MgO, and C:N ratio of soils controlled the trend and
extent of copper transformation in soils (Lai and De 1971). Fixation of
copper was accompanied by lowering of pH.
Since phosphorus has an adverse effect on the copper nutrition of crops, it
is inferred that this antagonism between copper and phosphorus is due to
formation of insoluble copper phosphate in soils. Deb et al. (1977), however,
observed that continuous application of phosphatic fertilisers for three years
hardly altered the available copper status of soils.
Transformations of copper under anaerobic conditions have not been
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studied. Like that of zinc (Katyal 1977), the availability of copper is expected
to decrease in flooded rice soils.
Iron
Iron ranks fourth in the order of content in the earth's crust. In soils it
occurs as primary and secondary minerals, and as hydrated oxides and their
organic and inorganic derivatives. Notwithstanding its high abundance, iron
availability to crops is a major problem in several agro-climatic regions. Since
crop plants take up iron as Fe +, oxidation of Fe2+ to Fe3+ in upland soils leads
to its unavailability.
The most important single factor that regulates the transformations of
iron is the soil pH. Increase in pH is inversely related to the solubility of iron;
consequently the availability of iron is reduced in alkaline soils. On this
ground, exchangeable sodium per cent (ESP) may exert a pronounced adverse
effect on the solubility of iron through its role in raising the pH. Agarwala et
al. (1964) obtained a negative relationship between exchangeable sodium per
cent (ESP) and exchangeable iron in sodic soils of Uttar Pradesh. In general,
above pH 6.5 most of the iron is present in the ferric state, and this is the
reason for iron deficiency in alkaline soils.
The role of organic matter in the transformations of iron in upland soils is
not well understood. It possibly depends upon the nature of organic matter
and soil pH. Generally, it has been observed that organic matter, whether
native or added improves the availability of iron (Rajagopal et al. 1974;
Honora et al. 1979).
Singh and Dahiya (1975) studied the interaction of calcium carbonate
with the changes in ferrous iron content in light-textured soils. The available,
exchangeable and reducible iron decreased with an increase in calcium
carbonate. However, regardless of the calcium carbonate treatment, the added
Fe2+-iron declined with time.
Soil texture may significantly influence the fate of applied water-soluble
iron. Fine-textured soils may retain a major part of the applied iron in a form
in which it is not readily available. This could be the reason for the higher
amounts of Fe2+-iron in light-textured soils (Singh 1964).
As with several other heavy metals, liberal dressings with phosphorus or
soils rich in available native phosphorus bring about iron deficiency (Gupta et
al. 1969) possibly through precipitation of iron as iron phosphate.
In sharp contrast with upland soils, the transformations of iron in anoxic
soils are of paramount significance to iron nutrition of rice which is largely
dependent on the reduction of Fe3+ to Fe2+. Consequently, the concentration
of DTPA-extractable or water-soluble Fe2+, which is negligible in aerobic
soils, increases in flooded rice soils (Rao and Venkateswarlu 1974; Brar and
Sekhon 1976; Katyal 1977; Meelu and Saggar 1980). Therefore, lowland rice
suffers less frequently from iron deficiency.
The build-up of Fe +-iron in rice soils is determined by the quantity of
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active iron or reducible iron. The conditions which intensify soil reduction
promote the concentration of iron in the soil solution. High levels of readily
decomposable organic matter, whether native or added in the form of green
manure or glucose, hastened the fall in Eh and thus favoured early build up of
Fe2+-iron (Jaggi and Russell 1973; Misra and Pande 1976; Katyal 1977). But
well-decomposed organic matter like farmyard manure added to a flooded
alkaline Vertisol scarcely influenced the Eh or the kinetics of water-soluble
iron (Katyal 1980).
Presence of large amounts of NO! and MnCh, owing to their earlier
reduction than that of iron, delays the release of Fe +-iron and retards its build
up. Similarly, low temperatures also suppress the increase of Fe2+-iron.
While the Eh regulates the mobilisation of insoluble iron to soluble Fe2+,
the pH controls its concentration in the soil solution (Jones et al. 1980). It has
been shown that each unit rise in pH causes 100 times fall in the solubility of
Fe2+-iron. This implies that in anaerobic soils Fe2+-iron may become toxic if
the pH is low. But under alkaline conditions its concentration may be so low
that rice suffers from iron deficiency (Kanwar and Randhawa 1974; Katyal
1977).
Manganese
The primary minerals of manganese are chiefly oxides though some of it
also occurs as carbonates and silicates. The predominant secondary minerals
of manganese are pyrolusite (MnCh) and manganite. The total manganese
content of Indian soils varies between 37 and 4600 ppm (Kanwar and
Randhawa 1974).
The manganese transformations under normal upland conditions have a
remarkable resemblance with those of iron. Like iron, manganese behaviour is
regulated by soil pH. A major proportion of the applied and native
manganese remains in water-soluble and exchangeable forms in acid soils.
Randhawa et al. (1961) reported that exchangeable and water-soluble
manganese was up to 16 per cent of its total manganese content in acid soils.
Conversely, in alkaline soils these forms of manganese seldom exceeded 1 per
cent of the total. Earlier, Zende (1954) had observed similar relationship
between pH and distribution of exchangeable manganese. The decline in
available manganese with a rise in pH is thought to be due to an increase in
the concentration of Mn + in soils.
Deb and Scheffer (1970), from fractionation studies, reported that after
five weeks' contact with soils of pH above 7.0, the divalent Mn2+
(exchangeable + water soluble) was present only in negligible amounts. The
major part of the added manganese, however, could be recovered in cysteine +
HCl-soluble fraction. The uptake of applied Mn + by successive oat crops also
revealed the conversion of manganese to less soluble forms.
Several workers (Randhawa et al. 1961; Sharma and Motiramani 1964;
Bhatnagar et al. 1966; Tambhare and Rai 1967; Shukla et al. 1975) indicated
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that non-calcareous soils contain more exchangeable manganese than
calcareous soils. This is supported by the adverse relationship between CaC03
and exchangeable manganese (Singh and Randhawa 1969) or reducible
manganese (Takkar et al. 1969). The fall in available manganese with an
increase in CaCCh content is perhaps attributable to strong binding of Mn2*
on the surface of CaCÜ3 particles.
As with CaCCh, an increase in clay content is amenable to more sorption
of manganese ion. A greater part of the sorbed manganese is, however,
exchangeable if soil reaction is acidic, whereas Mn4* is the final
transformation product when alkaline conditions prevail. Not only is the
manganese adsorption affected by clay content, the types of clay minerals also
play a significant role in regulating the various forms of manganese in soils.
Soils containing predominantly montmorillonitic type of clay minerals are
well supplied with both total and active manganese, but those containing
kaolinitic type of clay minerals are not (Biswas 1953).
Organic matter forms insoluble complexes with manganese; so when
present in high amounts it may have an adverse effect on manganese
availability. Yadav and Kalra (1964) observed that exchangeable manganese
decreased in forest soils which contained organic matter more than 3 per cent.
Since the stability of organo-metallic complexes is known to increase with pH,
the unfavourable effect of high organic matter is expected to be severe in
alkaline soils. It implies that high pH soils with large organic matter content
are liable to manganese deficiency.
Air drying of soils is reported to bring about an improvement in the
amount of soluble manganese. Zende (1954) reported a 1.5 to 14 fold increase
in Mn2+-manganese due to drying of soils. Saxena and Baser (1964)
subsequently confirmed the favourable effect of air drying on manganese
availability. Nevertheless they noticed that the time of storage, amount of
organic matter, pH, and active manganese content significantly modified the
magnitude of Mn!* build-up.
Manganese transformations are also influenced by a number of
exchangeable cations (Dhawan et al. 1950; Agarwala et al. 1964). For
example, high Na+ encourages oxidation of Mn +, whereas Mg + saturation of
soils retards it. Even anions such as citrate, phosphate and oxalate alter the
manganese retention in soils (Misra and Mishra 1968). Among these,
phosphate depressed exchangeable manganese, but citrate and oxalate
increased it.
In contrast with oxic soils, reduced conditions in submerged soils, which
are accompanied with O2 depletion, promote an increase in the concentration
of DTPA-extractable, exchangeable or water-soluble manganese (Mandal
1961; Rao and Venkateswarlu 1974; Brar and Sekhon 1976; Katyal 1977;
Swarup 1979). Transformations of manganese in rice soils follow more or less
the same pattern as those of iron. However, their degree and intensity vary
since manganese is reduced at a higher redox potential than iron. On this
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ground, the release of manganese from insoluble forms precedes the release of
iron by several days (Katyal 1977). Treatment with green manure brought
about more manganese in solution, and also hastened its build-up. The
concentration of manganese in soil solution was largely unaffected by FYM
treatment (Katyal 1980).
Molybdenum
Molybdenum in earth's crust occurs chiefly as molybdenite (M0S2). In
soils it is predominantly present as oxy-complexes (M0O4 ) such as
ferrimolybdite and wulfenite. The total molybdenum content of Indian soils
varies from 0.013 to 18.1 ppm, whereas the available fraction is from traces to
1.40 ppm (Kanwar and Randhawa 1974).
The transformations of molybdenum in our soils have not been studied in
great detail. Whatever little information is available indicates that pH exerts a
significant regulatory effect on the behaviour of molybdenum in soils. With
the fall in pH, the soluble molybdenum content decreases, and vice versa
(Pathak et al. 1968; Grewal et al. 1969a). In this respect, molybdenum is in
sharp contrast with other micronutrients though it resembles phosphate and
sulphate. The decrease in molybdenum availability with the lowering in pH is
because of exchange of M0O4 and HM0O4 ions on the colloids for OH in
the soil solution.
The fate of soluble molybdenum in acid soils is likely to be modified by
organic matter because it is capable of complexing molybdenum. In acid
soils. Mo-organic matter complexes may prevent fixation of molybdate ions by
the inorganic colloidal complex. Application of lime to acid soils is known to
abolish molybdenum deficiency. Since the relation between lime content of
soils and available molybdenum has been found to be poor (Singh and Singh
1966), the beneficial effect of liming on molybdenum availability probably
arises from increase in pH.
Soil moisture content also influences the behaviour of molybdenum. Soil
wetness generally leads to increase in the availability of molybdenum (Nayyar
1972). Perhaps this is attributable to decrease in ferric iron, which is
considered to be mainly responsible for fixation of molybdenum in soils.
Continuous wetness or soil submergence is likely to produce a more
pronounced increase in available Mo in acid soils than in alkaline calcareous
soils.
Zinc

Zinc in earth's surface is found chiefly as sphalerite, a sulphide mineral. In
soils, zinc is predominantly associated with the clay fraction. It also exists as a
constituent of organic matter. Limited quantities of zinc exist on the soil
exchange complex and in the soil solution. The total zinc content in Indian
soils varies from 2 to 1600 ppm, and the available content from 0.1 to 21.88
ppm (Kanwar and Randhawa 1974).
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When a soluble zinc salt is applied to soil, it quickly reverts to forms
which are not recoverable with salt solutions or even with dilute acids.
Adsorption of zinc on the soil exchange complex, its precipitation as new
solid phases in the soil and lattice penetration are the major mechanisms
which account for the so-called loss of water-soluble zinc. It is also traceable
in organic residues and in the bodies of microorganisms.
The conversion of applied water-soluble zinc to less soluble forms
depends upon soil pH and forms of applied zinc. Chaudhury and Deb (1979)
observed that within 24 hours less than 2 per cent of the inorganic zinc
remained in aqueous phase in soils of pH higher than 7.0. Strikingly, in acid
and acid sulphate soils of pH 6.0 and 3.0, the average recovery was 15 per
cent and 99 per cent, respectively. In marked contrast with inorganic zinc,
more than 95 per cent of applied zinc was found in solution phase if it was
added along with DTPA or EDTA. To explain its fate further, Deb et al.
(1976) and Iyengar and Deb (1977) fractionated soil zinc into water-soluble
zinc, exchangeable zinc, organically bound and occluded zinc, and zinc
associated with carbonates and other insoluble fractions. From their results it
is inferred that more than half the applied zinc was transformed into relatively
unavailable fractions and may not have been easily accessible to plants.
Subsequent analogous studies by Chandi (1980), Garg (1980) and Shinde and
Deb (1981) confirmed these findings.
As stated above, one of the first reactions that zinc undergoes in soils is its
adsorption to the soil exchange complexes. Organic colloids, however, can
retain zinc by complex formation also. Randhawa and Broadbent (1965)
investigated in detail the complexing of zinc by model compounds containing
carboxylic and phenolic sites and humic acid. They concluded that retention
of zinc was highly pH-dependent. Adsorption occurred only if the pH was
above a certain level; it ceased if the pH was below that limiting level. The
zinc retained by carboxylic and phenolic ligands was in the divalent form, and
the critical pH for adsorption to occur differed only marginally for the two
exchange groups. Further, they observed that carboxylic groups retained zinc
irreversibly. Subsequently, Meelu and Randhawa (1971), Deb et al. (1976a),
and Zende and Raman (1978) provided evidence for the complexion of zinc
by humic fractions of soils. They all demonstrated that the higher was the pH,
the more strongly was the zinc bound by the soil organic matter. The
commonly observed zinc deficiency in organic soils could be attributed to
strong sorption of zinc by organic matter. Alternatively, treatment with
organic matter was shown to restrict mobility of zinc in soils (Sen and Deb
1975) whereas the destruction of organic matter led to decrease in zinc
fixation. It may, however, be pointed out that in soils deficient in zinc organic
matter has an important role both as a source of micronutrients or/and
with its synergistic effect on availability mediated through chelation (Prasad
and Sinha 1976; Katyal et al. 1979).
Adsorption of zinc by the carbonates of magnesium and calcium has been
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considered to be the cause of zinc deficiency common in calcareous soils
(Trehan and Sekhon 1977). But it is not supported by the observation that
zinc retained by CaCOi appeared to remain in a form available to crops (Nair
and Mehta 1959). Nor is there any evidence to indicate that the availability of
zinc decreases with increase in the CaCCh content of soils beyond a certain
level (Tiwari and Misra 1964). Moreover, recent evidence produced by Sidhu
et al. (1977) suggests that carbonates in soils are generally concentrated in the
coarser soil fractions where they are not expected to have a sufficient surface
area exposed for adsorption. The unfavourable effect of carbonates on zinc
availability appears to be mainly a pH effect (Katyal 1980).
The hydrous oxides and silicate clay contents also have an important role
in the transformation of applied zinc in soils. Generally speaking, soils rich in
clay remove solution zinc immediately and transform it into adsorbed and
precipitated forms. Kalyanasundram and Mehta (1970) demonstrated that the
finer was the soil texture, the more was the zinc retention. Similarly,
Subbarao et al. (1974) studied the effect of clay content of soils which varied
slightly in pH, and observed that zinc adsorption increased with the clay
content. Similar conclusions could be drawn from other investigations
(Murty and Mehta 1974; Singh and Sekhon 1977; Sidhu et al. 1978).
The soil pH moderates zinc adsorption. In sum, the results obtained so far
indicate that more zinc is adsorbed in slightly basic than in acidic media, and
that the influence of pH on adsorption/desorption of zinc is more pronounced
in light-textured soils than in heavy-textured soils.
Besides being adsorbed, zinc is thought to be fixed by clay minerals
through lattice penetration or solid-state diffusion. However, Reddy and
Perkins (1976) could not show any change in the mineralogical make-up
arising from zinc fixation; consequently they discounted the possibility of
lattice penetration or solid-state diffusion.
Zinc forms relatively insoluble hydroxides; therefore the added zinc,
which is recovered neither by neutral salts nor by inorganic acids, is perhaps
precipitated. High pH and macro quantities of zinc favour precipitation
(Shukla and Mittal 1979). Apart from Zn(OH)2, formation of ZnCO, is also
possible (Misra and Tiwari 1966; Dhillon et al. 1975). Some workers (Shukla
and Mittal 1980) have postulated precipitation of zinc as Zni(P04)2; others
(Reddy et al. 1973; Takkar et al. 1976) have precluded possibility of such
antagonistic effect of phosphorus on zinc availability arising in the soil.
Owing to certain unique properties of flooded rice soils, the
transformations of zinc in these soils are strikingly different from those in
normal upland soils (Katyal 1980). Whether it is judged by plant uptake
(Tiwari et al. 1976), by water-soluble zinc (Katyal 1972, 1977) or by DTPAextractable zinc (Brar and Sekhon 1976), soil submergence brings about a
decline in the availability of zinc. This decreased availability in anoxic soils
are possibly linked with changes in pH and formation of certain relatively
insoluble products of zinc.
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Whatever the initial pH of aerobic soils, it is well known that after
submergence the pH tends to be about 7.0. Hence, the fall in zinc
concentration in solution in flooded acid soils may partly be explained by the
rise in their pH. On the contrary, the lowering in pH of calcareous and sodic
soils mediated through CO2 accumulation should obviously retard the decline
in water-soluble zinc (Katyal 1980a). However, formation of insoluble zinc
sulphide offsets any such gain in water-soluble zinc. Solubility criteria do
suggest the occurrence of zinc sulphide in submerged soils (Katyal 1977).
Other insoluble compounds which have been suggested for controlling the
concentration of water-soluble zinc in anaerobic soils are zinc ammonium
phosphate and zinc silicate (Katyal 1972). The probability of zinc carbonate
controlling water-soluble zinc in rice soils (Takkar and Sidhu 1979) seems to
be remote on considerations of solubility criteria. For example, if the systems
Zn2+ + C O r = ZnC0 3 , pks = 10.20
Fe2+ + C023" = FeCO,, pks = 10.68
are present in a submerged soil, then it is the iron carbonate which will
precipitate first, obviously because of its being less soluble than zinc
carbonate. And If these systems are in equilibrium, the concentration of zinc
in the soil solution will be approximately three times that of iron. This rarely
happens in normal rice soils. Recent work done outside India does not
support the occurrence of zinc carbonate as the solid phase controlling the
solubility of zinc in rice soils. Nevertheless, strong adsorption of zinc by the
carbonates, especially of magnesium, is not ruled out (Katyal 1972).
Future Research Needs
This review reveals that the bulk of the Indian literature deals with
sorption/desorption of applied micronutrients. The behaviour of
micronutrients in relation to soil properties has scarcely been studied. Lack of
such important information apparently does not permit extrapolation of the
results of research that are already available. Further, practically no precise
study could be cited on the contribution of inorganic and organic solid phase
to solution phase micronutrients. These aspects should attract the attention of
micronutrient scientists in the future.
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Chemistry
of Acid Soils
N. PANDA 1 AND M.M. KOSHY2

IN India nearly one-third of the cultivated area has acid soils. These soils have
been formed mainly as a result of drastic weathering under humid climate and
heavy precipitation. Laterisation, podzolisation, intense leaching and
accumulation of undecomposed organic matter under marshy conditions are
the processes contributing to acid soil development. Soils with acidic reaction
occur in the Himalayan region, the eastern and north-eastern plains,
peninsular India and coastal plains under changing conditions of landscape,
geology, climate and vegetation. The western parts of the country, where
rainfall is scanty, do not have acid soils. The Himalayan region extending
from Kashmir in the north-west to Arunachal Pradesh in the north-east has a
wide variation of macro- and micro-climate, physiography and vegetation.
The climate is characterised as sub-tropical, warm temperate to cool
temperate. Physiographically, this particular region of acid soils represents (i)
the greater and higher Himalayas with mountains and valleys at high altitudes
consisting of metamorphic rocks, (ii) the middle and lower Himalayas
comprising varied sedimentary and metamorphic formations, and (iii) subHimalayan zone consisting of Siwalik sediments of the Tertiary period. The
peninsular India, which extends from the southern tip of the great plains to
the coastal areas, has a subtropical to tropical climate. The soils are developed
over varying geological strata such as Archaean granite and gneiss in the
south and the east, and sedimentaries and Vindhyan series as well as mixed
Dharwarians in other areas. The acid soils of peninsular India are represented
by broad groups of laterites and red and yellow soils.
In the Himalayas in Uttar Pradesh (U.P.), where the precipitation is more
than in the western counterparts, acid soils are classified as Haplumbrepts,
Hapludalfs, Orthents, Fluvents and Ochrepts. At higher altitudes, mostly
Mollic Hapludalfs in association with Hapludalfs and Umbrepts are
encountered. In the eastern Himalayan region the acid soils comprise
members of Udifluents, Udorthents, Ochrepts, Umbrepts and Ultic
subgroups of Udalfs. Laterites and lateritic soils qualify for Udalfs, Tropepts,
Aquepts, Fluvents and Humults; the older laterites of low rainfall regions
belong to Ustalfs and rarely to Udalfs. Laterites in the eastern plains of West
Bengal, Orissa and Bihar are identified as Udalfs, Aquepts and Fluvents. Red
loamy soils of the southern peninsula are classified as members of Udalfs,
1. Orissa University of Agriculture and Technology, Bhubaneswar, Orissa; 2. College of
Agriculture, Vellayani, Trivandrum, Kerala.
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Fluvents, Orthents and Aquepts; and acid red and yellow soils belong to
Dystrochrepts and Udifluvents. Soils of the Brahmaputra valley and parts of
the Ganga basin which are acidic may be placed under Haplumbrepts,
Udifluvents, Psamments and Sulfaquepts. Acid soils of coastal plains and
southern areas of West Bengal can be classified under Fluvents, Sulfaquepts
and their intergrades (Murthy et al. 1976).
General Characteristics
The acid soils belonging to the groups of laterite and lateritic, red, and
yellow have kaolinitic type of clay minerals, in some places mixed with illite.
These are characterised by low cation exchange capacity, intermediate texture
ranging from sandy loam to loam, and low content of organic matter,
nitrogen and phosphorus. Kaolinite is the dominant clay mineral in the acidic
laterite soils, but in many samples illite in variable proportion has been
observed to be associated. Recent studies by the x-ray diffraction technique
have shown the presence of smectite. The weathering of micaceous minerals to
kaolinite through the intermediate stage of smectite is supported by this
finding.
In certain areas acid red soils have illite as the dominant mineral, and in
some places the presence of chlorite and smectite has also been reported.
There is only one instance of the presence of nontronite in a sample from the
state of Karnataka (Krishna Murti and Deb 1962). Illite is the dominant clay
mineral in tarai (foothill) soils of Nainital district (U.P.), vermiculite, smectite,
kaolinite and allophane are found to occur as associated minerals (Raju and
Raman 1972). According to Rao (1963), montmorillonite is dominant in the
clay of peaty soils; but illite, kaolinite and mixed layer minerals have also
been detected. Ghosh and Tomar (1973) and Ghosh et al. (1976) have reported
kaolinite as the dominant mineral (34-37 per cent) associated with smectite
(19-32 per cent) in acid sulphate soils of Kerala. In addition, illite, vermiculite,
gibbsite, chlorite, amphibole, quartz and feldspars have been detected in
various proportions. Submontane soils are formed in temperate climate under
varying moisture regimes, and most of them contain illite as the dominant
clay mineral. In Himachal Pradesh and U.P., chlorite is invariably a
component of the clay. Investigations by Datta (1960) and Shukla et al. (1965)
did not show the presence of mixed-layer minerals in these soil clays, but
Ghosh and Tomar (1973) reported it. The dominant clay minerals in the acid
alluvial soils may be illite, smectite or kaolinite (Ghosh and Datta 1972;
Vasudeva Rao and Chatterjee 1972; Ghosh et al. 1974). In Arunachal
Pradesh, Bihar and parts of West Bengal smectite is the dominant mineral.
In parts of Assam and Tripura the clay fraction is predominantly
kaolinitic.
Physicochemical Properties of Acid Soils
The colloidal component in acid soils has generally low dispersion and
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visibly flocculates in a suspension even without the addition of electrolytes.
Alkali hydroxide promptly peptises the clay fraction with the formation of a
fairly stable suspension. Acid soils have been reported to catalyse inversion of
cane sugar, to liberate H2S from sulphides, and to hydrolyse esters. In the case
of acid sulphate soils (Kerala), the acidity is due to dissolved substances such
as sulphuric acid and ferric and aluminium sulphates, whereas the acidic
species of naturally occurring clays are mainly H+ and Al+++ remaining bound
to the clay. In the former, the chance of basic Al ions being present is rather
small even though the acid clay may be an aged one because of the strongly
acidic environment. If the dissolved acid is removed by washing and filtration
and acid clay is allowed to age, more of Al+++ and basic Al ions would
gradually be found at the expense of H+ ions.
The extent of base saturation in pH range of 5 to 6 in different types of
acid soils generally varies from 16 to 67 per cent.
Another constitutent of the soil which can contribute to its acidity in
various ways is humus. The decomposition of humus in the soil by
microorganisms or by any other process may lead to the formation of a
number of organic acids much simpler in composition than humic acid. The
functional groups of acid humus which are identifiable by potentiometric and
conductometric titrations are the phenolic hydroxyl and carboxyl. Humic,
hymatomelanic and fulvic acids, into which acid humus is usually
fractionated, are more or less similar in their electrochemical behaviour
(Mukherjee 1972).
The contribution of iron towards acidity in several soils of Himachal
Pradesh has been studied by Takkar et al. (1976). They found that in soils of
pH less than 5.5, iron formed only a small fraction of the permanent charge as
exchange acidity, while a further decrease by 60 to 80 per cent was observed in
soils of pH higher than 5.5. Their findings have brought out that KC1extractable Fe has a minor role in soil acidity as compared with that of Al.
From soils of pH greater than 5.5, KC1 extracted only 40 per cent Fe and 9
per cent Al of what it extracted from soils of pH less than 5.5. According to
Khanna and Marok (1973), aluminium contributes very little towards the
development of acidity in submontane soils of Himachal Pradesh. The
amount of Al+++ was negligible in the plough layer but increased slightly (0.5
to 2.0 me/100 g) in lower horizons. The extractable Al was between 1.38 and
5.39 me/100 g in the first leachate but less in the second.
Tewari and Dutt (1970) studied the changes in soil pH, titratable acidity
and Al concentration as a result of application of neutral fertilisers to soils.
The cation effect was in the order of Mg > K = NH4 > Na and the relative
influence of the three anions was SO4 > NO3 = CI. Savant and Kibe (1971), in
their report on 26 acid lateritic rice-growing soils, stated that the acidity
estimated by various methods was significantly correlated with the total
acidity of the system. Raman and Thakur (1973) observed that the magnitude
of acidity was controlled mainly by Al and Fe present in a soil. Thakur et al.
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(1969) observed that the average Al content of sedimentary soils was about 1.5
times as much as that of alluvial soils; it was 7.6 and 4.9, respectively. A very
small fraction of the total Al was present in available form; it increased with
increasing soil acidity. Irrespective of soil pH, the distribution of the various
forms of Al was water-soluble < exchangeable < mobile (N KCl-extractable)
< extractable (N NH 4 OAc at pH 4.8) < total. Mobile and extractable forms
were significantly correlated between themselves.
Heavily weathered laterite soils of Orissa, having been devoid of bases to
different extents, are characteristically acidic. They have been developed from
granite rocks, and the major minerals formed are alumino-silicates, balancing
their valency bond with hydroxyl ions at their edges in the lattice framework.
The principal cations are exchangeable H and exchangeable Al and Fe,
present both in soil solution and in the lattice framework. Panda and Pradhan
(1973) have observed a highly significant negative correlation between
exchangeable H+ and soil pH, indicating that exchangeable H+ increases with
decreasing pH. From several laboratory studies it has emerged that A\*+*
generally governs soil acidity in the laterites. The Al and Fe ions extracted by
Ba(N03)2-HNO? solution reveal a significant correlation with pH. The
extractable Al ranges from 0.31 me to 5.88 me per cent and that of Fe from
0.02 me to 1.83 me per cent. More exchange acidity is contributed by
exchangeable Al+++ than H+.
In acid soils of Himachal Pradesh the exchangeable acidity is made up of
68 per cent exchangeable H+ and 32 per cent Al+++. Soils of Mollisol and
Spodosol orders have more of H+, but Alfisol has higher proportion of Al++^
(Bishnoi and Tripathi, personal communication). The acid soils of Himachal
Pradesh mostly range in pH from 4.7 to 6.1, in organic matter from 1.09 to
6.67 per cent, and in texture from loamy sand to clay loam. The total
sesquioxides content varies from 1.34 to 17.80 per cent. Bishnoi (1980) found
that the total acidity, pH-dependent acidity, and exchange acidity of the soils
averaged 10.89, 9.63 and 0.28 me/100 g, respectively. The exchange acidity
had a negative relationship with soil pH. Destruction of organic matter
enhanced the exchange acidity but decreased the pH-dependent acidity.
Increase in exchange acidity was positively correlated with exchangeable Al.
The average values of BaCb TEA-CEC, NH 4 OAc-CEC and KC1-CEC of the
soils were 16.17, 13.10 and 8.16 me/100 g, respectively.
Pradhan (1978) observed that KC1-CEC of an acid sandy loam lateritic
soil from Bhubaneswar (Fig. 1) increased from 4.1 me/100 g at pH 6.8 to 7.3
me/100 g at pH 8.1. The exchangeable H and Al content decreased from 0.45
and 0.26 me/100 g a t pH 5.3 to 0.08 and 0.0 me/100 g at pH 8.1, respectively.
Nutrient Forms and their Availability in Acid Soils
The total nitrogen content of the acid soils of Assam has been found to
vary from 0.07 to 0.26 per cent, and more than 85 per cent of the soils are
relatively high in organic carbon. On the other hand, acid red loams of Bihar
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Fig. 1. Relationship among cation exchange capacity, exchangeable hydrogen, exchangeable
aluminium and pHw of Bhubaneswar lateritic sandy loam.

have an average N content of 0.03 per cent with a C/N ratio ranging between
8 and 12. In Kerala, some highly acid soils have as much as 20,000 ppm
sulphur with organic carbon going up to 20 per cent.
Acid soils are generally low in phosphorus. In Assam organic P is higher
(75 per cent of the total) than the inorganic P fraction while in most of the
acid soils of Bihar and other acidic red and lateritic soils of the country, P is
primarily Al and Fe bound, i.e. in the inorganic form.
Phosphate is known to be chemically associated with iron in two major
forms: insoluble iron phosphate compounds such as strengite, and somewhat
soluble Ca and Mg phosphates that are precipitated along with insoluble
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ferric oxyhydrates. Reduction of the ferric compounds to a more soluble
ferrous form is associated with the release of P to the soil solution. The
reduction of ferric oxyhydrates to more soluble and amorphous ferrous
hydroxide allows the occluded forms of phosphate to come into soil solution.
In addition to discrete compounds, P can also be present in an adsorbed form.
Much of this adsorption generally occurs on surfaces of oxides and
hydroxides of iron and aluminium.
The relative abundance of phosphorus compounds and their solubility are
governed by a number of factors, including soil pH; so it is not unusual to
find a poor relationship between the total P content and that actually
available to the crop. The Al and Fe phosphates dominate in solution leading
to an acidic soil reaction. Water-soluble phosphate added to the soil
immediately enters the soil solution, reacts with Ca, Mn and Fe, and goes out
of soil solution with the precipitation of newly formed compounds. All such
reactions are known to take place in close proximity to the site of application
and are fairly rapid. The rate of reaction and the volume of soil affected are
strongly influenced by the water-soluble P.
Das and Datta (1969) investigated the nature of reaction products formed
in acid soils on application of soluble phosphatic fertilisers. They observed
that dissolved Al led to the formation of ammonium taranakite and potassium
taranakite as reaction products from mono-ammonium and mono-potassium
phosphate, respectively. These studies suggest that soil-fertiliser reaction
products, and not fertilisers as such, have a greater relevance in providing
compounds possessing large surface area; this favours availability. With time
they age and tend to assume a crystalline form; this results in a decrease in
surface area and solubility, but the process is apparently slow enough to allow
crops to benefit from the residual effects of fertiliser application.
Nad et al. (1976) observed that clay content and free iron oxides were the
two dominant factors determining P-fixing capacity of the soil, and that
together they accounted for nearly 76 per cent of the variation. Rai et al.
(1967) observed that available P concentration did not increase with liming of
acid soils though the P availability showed an improvement. The crop uptake
of P under liming or fertiliser application was further enhanced in lime +
NPK treatment. The liming treatment had lower average P (Bray's P) than
NPK. It appeared that Bray's method could not reflect the P availability in the
soil to the same extent. Misra et al. (1980) reported that the inherent
differences in the nature and source of soil acidity and other related
properties, as also the time allowed for extraction of P after liming, could
influence the change in extractable P concentration in acid laterite soils. They
recommended that the time interval between application of liming material
and seeding be carefully determined for maximum benefits from the added as
well as native phosphate carriers.
Many acid soils of ferruginous nature have a moderately good store of K
but the availability depends on the mechanism of release in relation to K-
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bearing minerals and the presence of clay minerals of the hydrous mica group.
In the acidic red loam soils of Bihar, the exchangeable K varies from 0.2 to
8.7 me/100 g, the degree of K saturation from 3 to 8 per cent (Mandal 1976)
and K-fixing capacity from 0 to 17 per cent. In laterites of Orissa, the Itbearing minerals were orthoclase feldspars and mica in the sand and silt
fractions with small amounts of illite in the clay fraction (Sahu and Panda
1979). Most of these soils had low CEC with K saturation ranging from 1 and
3 per cent and exchangeable K from 0.16 to 0.30 me/100 g. The water-soluble
K, exchangeable K, not readily available K, and non-exchangeable K were
0.08 moles/1 and 0.29, 0.77 and 0.47 me/100 g, respectively. Their Q/I
parameters, viz. K°, ARe, PBCk and AG° ranged from 5.0 to 17.6 X 10"2
me/100 g, 0.13 X 10 3 to 1.4 X 10~3 (moles/1)1/2, 16 to 92 me/100 g (mole/1) 1/2
and —4092 to —2417 cal/eq, respectively (Panda 1978). The K-fixation
ranged from 6.4 to 16 per cent. The cumulative K release by successive
extraction with 0.0IN HC1 was reported to be about 20 mg/1, and the
constant size of release was 0.35 mg/1 (Nanda 1977).
The total variation in the K-fixing capacity even within the same soil
group has been attributed mainly to the mineralogical composition, the other
factors being soil reaction, concentration of added K, and alternate wetting
and drying. Under acid conditions the K-selective binding sites can be
occupied by Al and Al-hydroxide cations and their polymers, the extent to
which this happens being dependent on soil pH. Highly expanded clays may
form Al-interlayers by this process, reducing the K-fixation capacity
appreciably.
The concentration of K, therefore, will depend largely on the pH of the soil.
The higher Al and M n concentration in soil solution at lower pH is likely to affect
crop growth. So, the injurious effect of low pH on the yield can possibly be
counteracted to some extent by increasing K concentration in soil solution.
However, this needs confirmation through careful experimentation.
Red soils derived from the oldest geological formations are rich in
sesquioxides but poor in K-bearing minerals. These are dominated by kaolinite
clay with occasional presence of illite. The exchangeable and non-exchangeable
K in red soils of Tamil Nadu were usually lower than in the other soil groups
(Ayyadurai 1965). The limited distribution of all forms of K was ascribed to low
clay content and dominant presence of kaolinite mineral (Narayanan Nambiar
1972). In red soils of Bellary (Karnataka) the soil series under Alfisols and their
shallower associates in Inceptisols and Entisols were low in K than in the other
soil series which are richer in clay (Godse and Gopalakrishnappa 1976).
The K-fixing capacity of some representative acid soils of the country was
reported by Mitra et al. (1958). The lowest figure of 1.0 per cent was for the red
soil (pH 6.3) of semi-arid region of Belgaum (Karnataka), whereas it was 15.6
per cent for humid red soil from Bihar (pH 6.5). Alluvial soils of humid areas of
Orissa and Tamil Nadu and of perhumid zones of Assam and Tripura showed
24.3, 12.7, 52.5 and 12.7 per cent K-fixing capacity, the respective pH values
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being 5.6, 6.4, 6.4 and 5.5. In a laterite soil of Kerala (pH 6.5) and in a strongly
acidic forest soil of upper Assam (pH 4.5) the values were 11.6 and 7.6 per cent,
respectively.
As for the micronutrient elements, their total contents reported in several
isolated tracts of acid soils showed a wide variation, the ranges for Fe, Mn,
Zn, Cu, B and Mo being 40-1,200; 55-950, 25-600, 2-325, 7-23 and 0.4-11,
respectively (Pisharody 1965; Rai and Mishra 1967; Rajgopalan 1969;
Praseedom 1970; Valsaji 1972; Kanwar and Randhawa 1974). Critical
information on the chemistry of their transformation as reflected in plant
availability is rather limited. There are a few indications that water-soluble,
exchangeable, reducible and active forms of Fe and Mn are usually quite
adequate, and sometimes in excess in the rice-growing tracts. Soils in the pH
range of 4.5 to 5.5 are normally well supplied with available Zn and Cu (0.6 to
8.0 ppm and 0.1 to 4.7 ppm, respectively). While the water-soluble B may be
about 0.3 ppm in alluvial acid soils, it may be nearly twice as much in
ferruginous red soils. Most of the acid soils, except red loams of Bihar,
contain low amounts of total as well as available Mo, and in laterite soils the
low pH and possibly the free sesquioxides decrease the availability of Mo to
0.1 to 0.3 ppm.
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Chemistry
of Sodic Soils
D.R. BHUMBLA 1 AND R. CHHABRA2

OUT of the estimated seven million hectares of salt-affected soils in India,
about 2.5 million hectares are affected with soil sodicity and are present
mainly in the Indo-Gangetic plains of northern India (Abrol and Bhumbla
1971). These soils are characterised by the presence of high amounts (60 to 90
per cent) of exchangeable sodium throughout the soil profile; pH values as
high as 10.7; and high amounts of soluble salts, mainly as carbonates and
bicarbonates of sodium. As the surface soil invariably contains high amounts
of soluble salts, up to 30 mmhos/cm, these soils were formerly classified as
saline-sodic (Raychaudhuri and Datta Biswas 1954; Agarwal and Yadav 1954;
Kanwar and Sehgal 1962). However, Bhargava et al. (1976), Abrol and
Bhumbla (1978), and Bhumbla and Abrol (1979) pointed out that soils which
contain high amounts of exchangeable sodium and appreciable amounts of
sodium carbonate and bicarbonate should be classified as sodic and nonsaline-sodic soils. They further argued that in such soils the main problem was
excess Na and high pH resulting in poor physical properties, deficiency of Ca,
immobilisation of other nutrients, and toxicity of CO3 and HCO3.
pH-ESP Relationship
Under natural conditions, high ESP and high pH nearly always go
together. Because of ease of measurement and saving of time, soil pH has
often been used as a criterion for distinguishing sodic from non-sodic soils. A
relationship between pH and ESP of the soil has been reported (Agarwal and
Yadav 1956; Govinda Iyer et al. 1963; Kanwar et al. 1963; Velayutham et al.
1967; Kolarkar and Singh 1970; Singh et al. 1971; Agarwal and Tripathi 1974;
Bhargava and Abrol 1978; Abrol et al. 1980). ESP values as calculated from
the published data from a few selected studies are given in Table 1. They show
a fair degree of relationship with pH. Banerjee (1959) and Shah et al. (1967),
however, reported poor correlation between pH and ESP; but they had
worked with saline rather than sodic soils.
Normally an ESP of 15 and a pH of 8.5 are considered the critical limits
for distinguishing a sodic from non-sodic soil. Recently, Abrol et al. (1980)
presented data suggesting that most often an ESP of 15 to 20 is associated
with a saturation-paste pH of 8.2 and is therefore a more realistic value than
the hitherto used value of 8.5, which is nearly always associated with a much
1. Haryana Agricultural University, Hissar, Haryana; 2. Central Soil Salinity Research Institute,
Karnal, Haryana.
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Table 1. pH-ESP relationship
nil

ESP
(1)
6-15
15-23
23-32
32-40
40-48
>50

8.0-8.2
8.2-8.4
8.4-8.6
8.6-8.8
8.8-9.0
9.0
Source:

(1)
(2)
(3)
(4)

(2)
32-49
49-58
58-65
65-72
72-76
>76

(3)
<20
20-30
30^0
40-50
50-60
>60

8.6

9.0

(4)
<20
20-35
35-50
50-65
65-85
>85

Kanwar el al. (1963)
Kolarkar and Singh (1970)
Bhargava and Abrol (1978)
Abrol el al. (1980)

100

80

60

a.
CO

40

20

7.8

8.2

9.4

pHs
Fig. 1. Relation between the pH of saturation paste, pH s , and exchangeable sodium percentage,
ESP.
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higher value of ESP. They observed that the pH of sodic soils having CaCC»3
can be adequately described by an equation defining the pH of aqueous
carbonate systems. Gupta et al. (1980) provided the theoretical basis for the
relationship between pH and ESP of calcareous sodic soils. They observed
that the exchangeable sodium ratio (ESR) of sodic soils containing CaCOj
could be defined by PCO2, selectivity coefficient, pH, ionic strength and
soluble sodium concentration. Using a selectivity coefficient of 0.345
(moles/ l)~l/2 for Na-Ca exchange, they observed that ESR could be calculated
by the equation:
log ESR = pH - 5.236 + '/2 log PCO2 + log (Na) + 0.51 V M
The relationship between observed and calculated ESR was found to be
highly significant (r = 0.96).
Nutrient Availability
Sodic soils are generally considered poor in fertility (Singh et al. 1969). To
get maximum production from such soils, apart from their reclamation by
addition of amendment and leaching, management of nutrients assumes great
importance.
Calcium
Sodic soils are deficient in both soluble and exchangeable calcium. Plants
grown in sodic soils die more often from lack of Ca than from toxic effect of
Na. Application of amendments like gypsum, phospho-gypsum and pressmud, in addition to their ameliorating effect on physicochemical properties of
the soil, also supply Ca for plant growth.
The availability of Ca from the applied CaSÜ4 depends upon the soil
ESP, root CEC, and plant species. Poonia and Bhumbla (1972), using 45Ca,
reported that only 31 per cent of total plant Ca in Sesbania aculeata and 17
per cent in Zea mays were contributed by the added 45 CaS0 4 . They observed
that the addition of gypsum not only supplied available Ca directly but also
increased the availability of Ca from the native source. Because of high pH of
sodic soil, the availability of Ca from CaCCh was very poor. Addition of
farmyard manure (FYM) did not increase the availability of Ca from 45 CaC03
(Poonia and Bhumbla 1974). Increase in yield after application of FYM is
mainly due to improvement in physical properties and supply of other
nutrients, especially trace elements. Cultural practices like growing of crops
may increase the solubility of native CaC03. Chhabra and Abrol (1977)
reported that the reclaiming effect of rice cultivation on sodic soils was mainly
through the dissolution of CaCCh by the biological activities of roots. Under
such conditions initially small application of gypsum helps in plant
establishment; later the plant can dissolve the native Ca to meet its
requirements. The effectiveness of non-calcium amendments such as pyrites
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(FeS2), H2SO4, AhCSChb, molasses, etc. is due to their solubilising effect on
native CaCCh and thus providing Ca for replacement of exchangeable Na and
plant growth. The reclaiming efficiency of such amendments depends upon
their CaCCh solubilising capacity, which in turn is governed by the degree of
acidity produced.
The solubility of gypsum in soil is affected both by its fineness and by the
degree of sodicity. The dissolution of gypsum per unit quantity of water is
many times more in sodic soils than in pure water. Abrol et al. (1979), in
laboratory studies with soil and resin, found that in soil system the quantity of
dissolved gypsum increased linearly with increasing ESP. At an ESP of 78.9,
approximately 7.44 g of gypsum/1 was dissolved, which is nearly three times
the solubility of gypsum in pure water. Similar results were reported by Hira
et al. (1980), who observed a highly significant relation between mean gypsum
solubility and ESP. They observed that an application of 14 cm of water
dissolved whole of the gypsum of less than 0.26 mm size, applied at the rate of
12.4 t/ha. The amount is much less than that (90-120 cm) calculated on the
basis of the gypsum solubility in water.
Nitrogen
Owing to their low organic matter content, sodic soils are deficient in
available nitrogen (Mitra and Shankar 1955; Chawla 1969). The organic
matter and available nitrogen in these soils decrease with increase in pH
(Chawla 1969; Paliwal and Maliwal 1975) and depth (Laura 1973).
Nitrogen transformations are adversely affected by soil sodicity. Nitant
and Bhumbla (1974) reported that complete hydrolysis of urea, the most
commonly used nitrogenous fertiliser, in sodic soils was delayed by four days
when compared with that in normal soil. The reduced hydrolysis in soils of
high sodicity was attributed to the possible effect of high pH on the activity of
enzyme urease or the direct toxic effect of carbonate ions on the forward
reaction resulting in the formation of ammonium carbonate. In another
laboratory study, Nitant (1974) reported that in sodic soils (pH 10.2, ESP 89)
nitrites were produced in large amounts and persisted for a longer period than
in normal soil.
In addition to denitrification, considerable nitrogen is lost through the
process of ammonia volatilisation. Bhardwaj and Abrol (1978) reported that
about 32 per cent of the N applied as (NHD2SO4 was lost by volatilisation
from a soil of pH 10.3 in 10-day period. The volatilisation losses were more
from soil containing CaCOs.
Bhardwaj (1975) reported that though Rhizobia could survive and
proliferate in sodic soils of pH as high as 10.0 the effective contribution of the
bacteria to the nitrogen requirement of the plant was limited because of the
relative sensitivity of the host plants, the legumes, to soil sodicity.
Of the different N-fertilisers, (NH4)2S04 was found to be better source of
nitrogen than even calcium ammonium nitrate or urea (Nitant and Dargan
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1974). This was attributed to its potential acidic nature, which exerts a
favourable effect on soil reaction, dissolving more of the native calcium
(Chandra and Abrol 1972).
Because of the above reasons, crops grown in sodic soils invariably
responded to higher doses of nitrogen than those grown in non-sodic soils
(Kanwar et al. 1965; Singh et al. 1969; Dargan et al. 1973; Dargan and Gaul
1974; Nitant and Dargan 1974; Bajwa et al. 1975).
Phosphorus
Singh and Nijhawan (1943) reported high amounts of chemically
extractable phosphorus in "Bara" soils of Punjab. Recently, Chhabra et al.
(1980), after analysis of a large number of soil samples from barren sodic soils
of the Indo-Gangetic plains, reported that these soils generally contain very
high amount of Olsen's extractable phosphorus (up to 67 ppm P), which
decreased with depth and was highly correlated with the electrical
conductivity of the surface 0-15 cm soil ( r = 0.67). They explained that high
amounts of Na2CC>3 present in these soils reacted with native calcium
phosphate to form soluble sodium phosphates.
The extractable P decreased on reclamation because of its immobilisation
by added gypsum, plant removal, and leaching of soluble P to the lower
layers. In a column study in the laboratory sufficient P losses, up to 66 ppm P,
were observed when gypsum was applied at the surface and the soil was
leached with distilled water. The P losses could be checked when gypsum was
mixed in the soil @ 100 per cent and 200 per cent of laboratory-determined
gypsum requirement (GR) (Chhabra et al. 1980). Higher P losses from
leaching could be ascribed to the negative relationship between soil pH and Pfixing capacity of alkaline soils (Kumaraswamy and Mosi 1969).
The different inorganic soil P fractions varied in the order: Ca-P > Al-P
> Fe-P > saloid-bound P. The regression analysis revealed that increase in
soil pH and ESP significantly increased the Al-P and saloid-bound P
(Chhabra et al. 1976). On the basis of pH and PH2PO4 relationship in the
solubility diagrams, Singh et al. (1975) reported that octacalcium phosphate
was the predominant mineral in these soils. The relationship (r = 0.75)
between phosphate potential (PH2PO4 + V2 pCa) and lime potential (pH-Vi pCa)
further supported the dominance of this mineral in sodic soils.
Owing to high amounts of extractable P, sodic soils do not respond to
application of phosphate fertilisers. In a field study, following the changes in
P status of soil, P content of the plants, and yield, Chhabra and Abrol (1980)
observed that in the first three or four years of reclamation rice and wheat
grown in these soils do not respond to application of phosphatic fertilisers.
Dargan and Chillar (1978) also reported that rice and wheat grown in a
sequence on a semi-reclaimed sodic soil do not respond to phosphorus applied
over a period of three years. Earlier Singh et al. (1969) had suggested that
application of nutrients (NP) was even more important than the use of
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amendments; but their data showed that the responses were chiefly due to applied nitrogen, the yield increments due to P application being only marginal.
Potassium
Illite, the dominant clay mineral of sodic soils, acts as a good K reserve in
these soils. In a laboratory study, Pal and Mondal (1980) observed enormous
release of K from the sodic soils, both by water and by ammonium acetate.
On the basis of increased pH of the water extract and the higher release of K
in it than by ammonium acetate, they concluded that the main mechanism of
K release is through the dissolution of K-bearing minerals, feldspars and
biotite in sand and illite in clay fraction of the soil, followed by diffusion from
illite. They further observed that the release of K was more in the presence of
NaCl than that of CaCb or of ammonium acetate solution, and that it
increased with increase in temperature. Owing to enormous release of K, they
could not observe a response to applied K in wheat, rice and berseem in either
field or pot experiments. In permanent field trials with applied potassium over
four years, Dargan and Chillar (1978) and Chhabra and Abrol (1980)
observed no response.
Zinc

Because of their low organic matter and high pH and CaC03 content,
sodic soils are generally deficient in Zn and often contain less than 0.6 ppm of
DTPA-extractable Zn (Katyal et al. 1980). A highly significant negative
correlation was observed between extractable Zn and pH and also CaCÜ3
content of the soils (Bhumbla and Dhingra 1964; Kanwar and Randhawa
1974; Misra and Pandey 1976).
The solubility of Zn in sodic soils is governed by the solubility of Zn(OH)2
and ZnC03, which are the immediate reaction products (Dhillon et al. 1975).
Takkar and Sidhu (1979) reported that zinc concentration in the soil solution
was regulated by both Zn(OH)2 — Zn+2 (aq) and ZnC03 — Zn+2 (aq) systems
during the initial periods (up to 21 days) and thereafter by ZnC03 — Zn+2 (aq)
system alone because of the buffering effect of the soil carbonate equilibria.
They observed the value of pZn + 2pOH to vary between 16 and 17.5 and
that of pZn + pC0 3 between 17.6 and 18.8.
The solubility and extractability of added Zn decrease with time but
increase with increase in ESP of the soil. In a laboratory study,
Singh et al. (1980) observed that at a given level of Zn application the amount
of DTPA-extractable Zn increased with increase in ESP. The higher
extractability at higher ESP was attributed to the formation of sodium
zincate, which is soluble. On ddition of amendments, the extractability of
added Zn decreases (Milap Chand et al. 1980; Singh et al. 1980). This was
probably the result of (i) increased adsorption of Zn by Ca-saturated than by
Na-saturated soil, (ii) retention of added Zn on the surface of freshly
precipitated CaC03 formed as a result of reaction between soluble carbonates
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and added gypsum, and (iii) enhanced competition of added Ca with Zn for
the DTPA ligands during extraction (Singh et al. 1980). Formation of calcium
zincate complex during reclamation of sodic soils has been ruled out on the
basis that the concentration of zinc ions and the pH required in pure system
for its formation are very high.
The ion exchange equilibria and the mechanism of Zn exchange with Na
and Mg have been studied with montmorillonite, bentonite and illite clay
minerals, respectively (Singhal and Gupta 1977; Singhal and Kumar 1977).
Exchange isotherm and thermodynamic parameters indicated a strong
preference of Zn for montmorillonite surfaces. Enthalpy and entropy effects
suggested that in passing from solution to solid phase some of the water of
hydration of Zn ions was removed to give a more orderly structure of Zn ion
with consequent immobilisation and reduction in the degree of freedom of Zn
ions on clay surface. They also observed that Zn was more tightly bound to
illite than to bentonite. Shukla (1980) observed that Zn adsorption in soils
saturated with various cations was in the order, H < Ca < Mg < K < Na.
They further reported that the pH too had a significant influence on Zn
adsorption. The exchange of Zn with different ions was non-spontaneous.
Besides the addition of amendment and of nitrogen, application of Zn is
important for optimum crop yields in sodic soils (Abrol et al. 1972; Kanwar
and Randhawa 1974; Takkar and Randhawa 1978; Singh and Chhabra 1978).
It has been generally held that 20 to 40 kg ZnSOVha is enough to get a good
crop of rice and wheat in the first year of reclamation. From field
experiments, Singh et al. (1980) reported that when the recommended level of
amendment (10-15 t of gypsum/ha) was added, 10 to 20 kg ZnSCVha was
enough to meet the Zn requirement of rice and wheat. The relative increase in
yield due to added Zn decreased with increase in amount of applied
amendment. And although at high ESP (at low level of gypsum application)
the relative increase in yield due to applied Zn was more, yet the absolute
yield remained much lower than that at low ESP because at high ESP the
plants suffered from Na toxicity and Ca deficiency.
Iron
Next to zinc, iron is the most deficient nutrient cation in sodic soils. It is
not the total but available iron which is the limiting factor, because of high
pH and CaC0 3 content. Fe deficiency has often been noticed in rice seedlings
grown on raised seed beds in calcareous sodic soils (Singh and Singh 1966;
Takkar and Randhawa 1978; Katyal and Sharma 1980).
Addition of iron salts to correct Fe deficiency was generally not useful
unless it was accompanied by changes in the oxidation status of soil brought
about by prolonged submergence and addition of organic matter (Shahi et al.
1976; Katyal and Sharma 1980). Application of chelated forms of Fe (FeEDTA, PACA, DTPA, HEEDTA) or that of iron citrate and iron tartrate
has been beneficial in alleviating the iron deficiency in sodic soils.
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Manganese
Yadav and Kalra (1964) reported that highly calcareous, sandy and sodic
soils under forest contained smaller amounts of exchangeable Mn. Bhatnagar
et al. (1966) reported that, although the total Mn was more in sodic soils of
Chambal command area, the active Mn and the ratio of active to total Mn
were less than in normal soil. Singh (1970) reported that in most of the soils
exchangeable and active Mn was negatively correlated with pH and CaCCh.
In sodic soils, the changes in exchangeable and reducible Mn on
submergence take place in a similar manner as in the normal calcareous soils.
Swarup (1979) reported that on submergence the exchangeable Mn increased;
under moist conditions it was converted into easily reducible Mn.
Boron
The availability of boron increases with increase in soil pH (Agarwala
et al. 1964: Nathani el al. 1969; Paliwal and Mehta 1973; Talati and Agarwal
1974; Singh and Randhawa 1977). Kanwar and Singh (1961) reported that
irrigated saline-alkali soils of Punjab have a problem of high B content in
addition to the problem of salinity and alkalinity. They reported a good
agreement between water-soluble B and pH (/ = 0.85) or EC of these soils.
However, Bhumbla et al. (1980), in a survey of barren sodic soils of Punjab
and Haryana, observed that boron soluble in hot water was present in good
amounts (up to 25 ppm) in the surface 0-15 cm soil, and decreased with depth;
but they found no significant correlation of boron with pH and EC. Paliwal
and Mehta (1973) reported a correlation between pH and water-soluble B and
no relationship with EC and SAR of the saturation extract in soils of
Rajasthan.
Singh and Randhawa (1977) reported that water-soluble B in saline-alkali
(Salic Natraqualf and Natric Camborthid) of Punjab constituted 3.8 to 21 per
cent of the total soil B. Tourmaline is the major source of B in these soils, but
illite also contributes a little. They further reported that 25 per cent of the
total B was present as leachable boron.
In addition to leaching (Sahota and Bhumbla 1970; Bandyopadhya 1974),
B hazards in sodic soils can be minimised by addition of gypsum. In a
laboratory study, Gupta and Chandra (1972) observed simultaneous reduction
in water-soluble B with that of pH and SAR of the soil on addition of gypsum
to a sodic soil. At high pH, B occurs as sodium metaborate, which on
addition of gypsum is converted into calcium metaborate. The solubility of
calcium metaborate is very low, 0.4 per cent as compared with 26 to 30 per
cent of sodium metaborate.
Molybdenum
As with B, the solubility of Mo increases with increase in pH (Pasricha
and Randhawa 1971; Nayyar 1972). Pasricha and Randhawa (1971) reported
that recently reclaimed saline-sodic soils of Sangrur district contained oxalic
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acid-extractable Mo from 0.0122 to 0.440 ppm in the surface soil (0-15 cm)
and from 0.063 to 0.720 ppm in the sub-surface (15-30 cm) soil. They
reported that higher extractable Mo in the sub-surface horizon was due to its
higher solubility under impeded drainage conditions. The extractable Mo in
these soils was more than 0.15 ppm, the critical limit for Mo, above which the
forage grown on these soils will have a toxic concentration of molybdenum.
Application of sulphur through superphosphate and gypsum decreased the
Mo content of the plants through the antagonistic effect of SOi on M0O4
adsorption.
Fluorine
The solubility of F, like that of B and Mo, is affected by pH and sodicity
of the soil. Chhabra et al. (1980) studied the effect of varying levels of ESP on
the solubility and adsorption of fluorine. They observed that water-extractable
F of differentially gypsum-treated plots, representing surface soil ESP from
5.5 to 63 and pH from 8.45 to 9.80, increased with increase in ESP (r= 0.93)
and pH (r= 0.95). Incubation studies revealed that per cent immobilisation of
the added F decreased with increase in ESP/pH of the soil.
Adsorption of F in sodic soils could be described by Langmuir isotherm
up to an equilibrium solution-F concentration of 9.6 mmoles/1 (Fig. 2). At
any equilibrium solution F concentration, there was a decrease in adsorption
of F with increase in soil ESP or pH, thereby showing that on addition of
amendments like gypsum to these soils the water-extractable F will decrease
simultaneously with ESP and pH. The relative effect of pH and sodicity on
adsorption of F was studied by Gupta et al. (1980). They observed that F
adsorption in calcareous sodic soils was affected more by pH than by ESP.
Addition of fluorine-contained fertilisers such as superphosphate and rock
phosphate, and amendments like phospho-gypsum, built the water-soluble F
if the pH or ESP of the soil was fairly high (Singh et al. 1980). A high amount
of F in sodic soils decreased the rice yield (Singh et al. 1979) because the
uptake of F by plants increased with increase in ESP (Singh et al. 1979) and
was associated with higher Na but lower K, Ca and P content in the plant.
Addition of high levels of P in such situations resulted in decreased F and Na
and increased Ca and K content of the plant and thus alleviated the adverse
effect of high amounts of F.
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Fig. 2. Fluorine adsorption isotherm as affected by exchangeable sodium percentage.
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Chemistry
of Submerged Rice Soils
S. PATNAIK' AND L.N. MANDAL 2

IN north-eastern India comprising the states of Assam, West Bengal, Bihar,
Orissa, Madhya Pradesh and parts of eastern Uttar Pradesh, and in south
India comprising the states of Andhra Pradesh, Tamil Nadu, Karnataka,
Kerala and coastal Maharashtra, rainfall is more than 1,000 mm during the
monsoon months from June to October. In these regions the rice crop is
traditionally grown in the wet season, primarily because the crop is well
adapted to the prevailing soil-water conditions and possibly because no crop
other than rice can be grown during the wet season.
Soil-water under different systems of rice farming varies from a thin film
on the soil surface (near saturation) to about 10-30 cm (submerged). The rice
crop is, however, grown mostly in submerged soil with water depths ranging
from 10 to 30 cm during most of the period of crop growth. This continuous
submergence is accompanied with a series of physical, physicochemical,
chemical, biochemical and microbiological changes, which are quite different
from those occurring in aerobic soils under other cereals such as wheat, barley
and maize. Studies on some of these changes received attention of Indian
scientists shortly after the turn of this century. The earliest known reports are
those of Harrison and Aiyer from 1913 to 1930, Subrahmanyan and his
associates in the 1920s and 1930s, and De and his associates in the 1930s. The
first review on the chemistry of submerged rice soils, covering mostly the work
done up to the 1930s, was compiled by Subrahmanyan (1937).
Physicochemical Changes
Continuous submergence progressively depletes the plough layer of the
soil of oxygen, partly through mechanical displacement and partly through
the consumption of oxygen by soil microorganisms. This results in the
differentiation of the furrow slice of the soil profile into the top oxidising
zone, a few mm in thickness, overlying the reduced sub-surface layer, which
constitutes the major part of the root-feeding zone of the rice plant.
Subrahmanyan (1937) reported increase in soil pH due to submergence
and attributed this mainly to the increase in the concentration of ammoniumN in the soil solution. Karunakar and Daniel (1950), working with a soil of
initial pH of 8.0, observed a decrease in pH to 7.3 with the progress of rice
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growth under submerged soil conditions, and thought that the pH fluctuations
were related to the growth stages of the rice crop.
Chakravarty and Kar (1970) and Mukherjee and Basu (1971) reported
that flooding acid soils resulted in slight initial depression and then a gradual
increase in soil pH to near neutrality, a gradual decrease in the redox
potential, and a decrease in the Fe3+ during 30 days of flooding, with a
consequent increase in the water-extractable P and Fe +, which reached a peak
in 10 days after submergence. Chakravarty and Kar (1970) also studied the
changes in the Fe2+/ Fe3+ ratio in soils due to the addition of Al-phosphate, Fephosphate or a mixture of the two, and found an increase in the ratio on soil
submergence. The effects were more pronounced in the treatments receiving
organic matter or Fe-phosphate.
Dev and Sharma (1971), in studies on 13 soils of Punjab, obtained
stabilisation of pH around neutrality, except in calcareous soils, in 15 days'
flooding and attributed this to increase in Fe2+ and Mn2+. The pH, electrical
conductivity and oxidisable organic matter of the surface flood water were
found to be higher than those of the soils. Mohanty and Patnaik (1975), in
studies on 20 soils in the pH range 4.7 to 8.5, with varying clay and organic
carbon content, belonging to alluvial, red, laterite and black soils, found that
submergence resulted in stabilisation of pH of all the soils in the range 6.5 to
7.5 during the first 10 days; the pH remained more or less unchanged for the
next 40 days, after which it decreased in those soils in which initially it was
6.5 or less. The increase of pH in acid soils and its decrease in calcareous soils
were attributed to Fe 3+ -Fe 2+ and carbonate-bicarbonate equilibria,
respectively. Flooding these soils also resulted in a decrease in the redox
potential to negative values, the magnitude of decrease being more in soils
having high organic carbon and active Fe content.
Sharma et al. (1977) found that flooding a silty clay loam soil of pH 8.3
increased Fe2+ and Mn2* during the first 15 days, but decreased Na, K, Ca, Mg
and Zn during the entire period of 60 days. Katyal (1977), working with one
each of red, laterite, and black soils, found similar trends in the change of pH,
redox potential, electrical conductivity and release of cations. The release of
Fe2+ and Mn2* was ascribed to reduction, and the others were possibly due to
hydration, hydrolysis and dissolution. Addition of organic matter appeared to
enhance these transformations.
NUTRIENT AVAILABILITY
Nitrogen
Field trials all over the country have shown that application of N plays a
dominant role in increasing rice yields. Considerable attention has, therefore,
been paid to N availability in submerged rice soils. The studies mostly concern
addition of N to the soil through precipitation and atmospheric fixation,
mineralisation of native and added N in soil, and losses of N from the soil.
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De and Sarkar (1936) reported an increase in the ammonium-N in soil
soon after flooding; it reached a peak value in six weeks, remained unchanged
for one month, and then decreased. Bamji (1938) obtained a higher content of
ammonium-N than of nitrate-N in flooded rice fields. Mohanty and Patnaik
(1975), working with 20 different soils, reported that flooding resulted in an
increase in the easily oxidisable organic matter and ammonium-N; the peak
values were reached in 10 to 30 days of flooding, depending upon the soil type
and its organic matter content. After this period, both decreased, the former
by oxidation to CO2 and the latter either by nitrification followed by
denitrification or by microbial immobilisation. Murty and Singh (1978) also
studied ammonium-N accumulation in soils on flooding; the amount
depended on the total C and N in soil, and increased on addition of rice straw.
Abichandani and Patnaik (1958b), working on the mineralisation of soil
N at varying moisture levels, reported that under aerobic conditions
nitrification was active and ammonium-N gradually decreased with time.
Under anaerobic soil conditions, ammonification was more active and nitrateN decreased till only traces were found. The accumulation of ammonium-N
under submerged soil conditions was due to cessation of the mineralisation
process at the ammonia-forming stage, for nitrification of ammonia can
occur only in the presence of adequate supply of oxygen. Besides,
denitrification brought about depletion of any nitrate present or formed in the
soil. From the amount of mineral N obtained in aerobic and anaerobic soils at
a given time, these workers as well as Acharya (1935) concluded that under
anaerobic decomposition of organic matter less N was immobilised than in
aerobic decomposition.
Work done at the Central Rice Research Institute, Cuttack, in the 1950s
showed that a comparable rate of 25 ppm N application, green manures were
as effective as ammonium sulphate in respect of N recovery under flooded soil
conditions and in increasing rice yields. However, green manure application
gave rise to toxic decomposition products, which took about"two weeks to be
eliminated from the soil. It was, therefore, desirable to delay transplanting of
rice till about two weeks after incorporation of green manures. Sachdev et al.
(1974), from studies with 15N-tagged wheat straw, found that incorporation of
this straw into the soil after harvest of the wheat crop resulted in the building
up of 15N in the organic pool, which provided a large amount of mineralisable
N for the following rice crop grown under submerged soil conditions.
Abichandani and Patnaik (1955, 1961) and Borthakur and Mazumdar
(1968) obtained stimulation of mineralisation of native N in neutral soils
under flooded conditions through application of lime, which resulted in
increased availability of N to the extent of 20-40 kg/ha, with a consequent
increase in rice response. Abichandani and Patnaik attributed it to a
temporary rise in the soil pH by 1-2 units, which resulted in the dispersion of
soil organic matter and made it more suitable for rapid decomposition by soil
microorganisms.
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Bhattacharya (1971) was of the opinion that increase in ammonium-N in
soil on flooding might partly be due to expansion of clay lattice resulting in
the release of the fixed ammonia. Simpi and Savant (1975), on the other hand,
reported that retention of ammonia was more under continued submergence
than under aerobic conditions. Pasricha and Singh (1977) found that the
activity ratio of NH4 increased with soil submergence, had linear relationship
with the changes in exchangeable N, and obeyed Schofield's ratio law. NH4
activity ratio under flooded soil conditions gave a good measure of the N
nutrition of rice. The Q/I curves gave indications of the forms of ammoniumN which were not water soluble but were available to rice. Negative values of
the intercept indicated the capacity of the rice plants to utilise ammonium-N
even when its concentration in the soil solution was zero. The values of this
intercept could be used as a measure of the amounts of these forms of N
available to the rice crop.
Sreenivasan and Subrahmanyan (1935) reported losses of ammonium-N
from soils treated with urea and dried blood, largely due to volatilisation
favoured by high temperatures prevalent under tropical conditions. Working
with a soil of pH 8.4, Gupta (1955) observed rapid loss, to the extent of 10 per
cent of the applied ammonium-N, during the first three days, and a total loss
of 21.1 per cent in about 15 days, largely due to volatilisation. De and Sarkar
(1936) observed a decrease in the content of nitrate-N added to the submerged
soil and attributed this to either microbial immobilisation or loss through
leaching in drainage waters, which was more prominent in the absence of the
rice crop. There was no evidence of the added nitrate-N being lost either
through reduction of ammonium-N or through denitrification.
De and Digar (1955) observed less loss of nitrogen as gas when
ammonium sulphate or oil cake was placed in the reduced sub-surface zone
than when broadcast on the surface. Abichandani and Patnaik (1958b)
reported that only 40 per cent of the applied N could be recovered in 42 days'
submergence from surface-applied ammonium sulphate in comparison with 88
per cent recovered when the fertiliser was incorporated in the reduced zone.
The corresponding values in respect of ammonium nitrate were only 24 per
cent and 44 per cent. These authors further reported that with surface
broadcast application of ammonia-containing fertilisers 6 to 30 per cent of the
applied N was likely to be lost in the run-off waters of heavy rain, depending
on its intensity and the time of its onset after application. On the other hand,
with sub-surface application there was little or no loss; moreover, there was a
better depth distribution of the applied N than when it was applied on the
surface. These observations suggested that for growing rice under flooded soil
conditions ammonia-containing fertilisers be preferred to nitrates and that the
fertiliser application be sub-surface to get better results. Abichandani and
Patnaik (1959) and many others successfully tested this in the field.
Patnaik (1965), from studies with 15N-tagged ammonium sulphate and
ammonium chloride, found that there was a gradual decrease in the recovery
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of the added N as ammonium-N during 75 days' submergence. A part of the
applied N was microbially immobilised within 10 days of submergence and the
proportion of this remained fairly constant during the 75-day period. About
23-24 per cent of the applied N could not be accounted for at the end of 75
days incubation. Application of extraneous organic N appeared to stimulate
mineralisation of the native organic N. The nature of these N losses have been
explained from the differentiation of the furrow slice under submerged
conditions. Ammonium-N broadcast on the surface of the oxidised layer was
converted to nitrate. This, along with any added nitrate, on being leached
down into the reduced zone through downward movement of water, got
denitrified and the nitrogen gas, which was the ultimate product, escaped into
the atmosphere. Murty and Singh (1978) reported that denitrification was a
first-order reaction and that its rate increased in the presence of excess organic
matter, e.g. straw, in the soil. On the other hand, with placement of the
ammonium-N in the reduced zone, the nutrient was stable and available for
plant utilisation.
Abichandani and Patnaik (1958a), compiled the data on field tests and
observed that fertiliser urea had lower efficiency than ammonium sulphate
though on theoretical considerations it should be as efficient as any ammoniacontaining fertiliser, at least in acid to neutral soils. Patnaik (1966) attributed
the lower efficiency of urea to its mobility because of its being highly watersoluble and non-polar in run-off waters during the first 48 hours of
application, before its hydrolysis was complete. Padmaja and Koshi (1978)
reported loss of 70 per cent of applied urea and 26 per cent of applied K in
run-off waters on the day of application; the loss was reduced considerably
after 48 hours and was negligible after 5 days. Patnaik (1966) suggested
pretreatment of urea with two to five times its weight of dry soil for hydrolysis
to ammonium carbonate 48 hours before its application at puddling or direct
application of the fertiliser followed by checking of water movement for 48
hours in irrigated rice culture.
Patnaik and Nanda (1967) reported a slower rate of urea hydrolysis in
acid soils. Sinha and Prasad (1967) reported that mineralisation of urea in
acid soils both under aerobic and anaerobic conditions was complete in about
four weeks. Hence in acid soils a longer period of contact of 48-72 hours was
desirable before any water movement. Patnaik and Janakiram (1963) found
that application of urea caused release of lower amounts of Ca, Mg, Fe and
Mn into the soil solution than did ammonium sulphate.
The fertiliser urea is being increasingly produced in the country. This is a
high-analysis N fertiliser costing less per unit of N than other sources; it also
entails lower transport and handling charges per unit N application. Measures
for making this fertiliser as efficient as ammonium sulphate have been worked
out. Moreover, considering that application of urea may result in lower
depletion of bases such as Ca and Mg from the soil and lower release of Fe
and Mn in soil solution and since higher active Fe and Mn in soils are
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sometimes toxic to rice, it is felt that urea will be a better source of N than
ammonium sulphate, at least for acid to near-neutral soils.
Phosphorus, Iron and Manganese
Next to N, P has been found to limit rice production in many soil types.
The transformations of P, Fe and Mn are interrelated in submerged soil and
so are discussed together. Work done at the Central Rice Research Institute,
Cuttack, during the 1950s showed that in an alluvial soil P extractable with
Morgan's reagent increased from 0.7 mg/100 g to 1.8 mg/100 g soil over a 7
day period of flooding. The amount of P in the soil solution increased with
the depth of water on the soil surface and was related to the degree of
reduction of the sub-soil as measured by the amount of Fe2+ in the soil
solution. Gupta (1958) found an increase in Olsen P in alluvial soils during the
period of rice growth as compared with the fallow period. P availability was
highest at puddling and lowest at flowering. Application of N through
chemical fertilisers resulted in increased Olsen P, whereas farmyard manure
had little or no effect. Application of lime along with N depressed the release
of P at all periods.
Basak and Bhattacharya (1962) obtained a decrease in Al-P, Fe-P and
organic P during the period of rice growth with a consequent increase in
available P, to the extent of 64 per cent, from transplanting to the preflowering stage. This was attributed to reduction in P fixation, faster rate of P
release than that of its absorption by rice roots, presence of continuous stream
of water resulting in increased P availability due to hydrodynamic dispersion,
hydrolytic dissolution of Al-P, and reductive solubilisation of Fe-P. Mandal
(1964) found that soil submergence increased acetic acid-extractable P
accompanied by a slight increase in Fe-P, while Al-P and Ca-P remained
unchanged. In the presence of starch, there was an increase in the acetic
acid-extractable P with a consequent decrease in Ca-P, possibly because of
conversion of Ca-P to monocalcium and dicalcium phosphate in the presence
of excess CO;. With the addition of lime, on the other hand, there was
a considerable decrease in Fe-P, slight increase in Al-P and increase in Ca-P,
possibly because of hydrolysis and conversion of Fe-P to Ca-P.
Resubmergence of air-dried or oven-dried acid laterite soils
resulted in increased available P in light-textured soils but not in clay soils,
possibly because of higher contents of active Fe in the latter (Savant et al.
1970). Prabhakar et al. (1974) reported increase in available P with increase in
the water content or with the addition of organic materials such as compost or
dried green leaf; the increase was more in sandy loams than in alluvial and
black soils, Murty and Singh (1975) obtained only a slight increase in
available P on flooding; it decreased after five or six weeks. Patel (1975)
showed that, on submergence, the availability of native P increased, the
average increase 7, 14 and 28 days after incubation being 16.6, 26.7 and 33.4
per cent, respectively. Singh and Bahaman (1976) obtained increased available
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P, Fe-P, Al-P, and decreased Ca-P in 20 days of flooding of acid soils. Data
on isotopically exchangeable P indicated that a part of the inorganic P in soil
was converted into more labile forms under submerged soil conditions (Gupta
and Singh 1975).
Singh and Ram (1977) observed an increase in available P in soil up to
the tillering stage, and then a decrease. This increase in acid soils was related
to decrease in Fe-P and Ca-P; in alluvial soils it was related to decrease in AlP and Ca-P. Mandal and Khan (1977) found that about 60-75 per cent of the
P fertiliser added to rice crop remained fixed at harvest. Resubmergence of
this soil for growing rice, after a 5-month fallow period, resulted in adequate
supply of P during the initial growth stages, mostly from the Fe-P fraction.
Banerjee and Mandal (1965) studied the transformations of added watersoluble phosphates in acid, neutral and alkaline fish-pond soils. There was a
marked increase in Fe-P, Al-P and Ca-P in all soils, Fe-P and Ca-P being
more in acid and alkaline soils, respectively; increase in Al-P was about the
same in all soils. The amount of added water-soluble P in equilibrium solution
decreased with time, this being dependent on the active Fe content rather than
on the pH; transformations of the added P into Al-P and Fe-P depended
upon their amounts already present in the soil; moist treatment of the soil
before application of P and submergence gave higher available P and greater
response in rice yield; application of organic matter and lime lowered fixation
to Al-P and Fe-P; and lime increased transformation to Ca-P (Mandal and
Das 1970; Mandal and Chatterjee 1972; Mandal and Mandal 1973; Mandal
and Khan 1976). There are also reports of added water-soluble phosphates
being converted to Al-P, Fe-P and Ca-P under submerged soil conditions, the
magnitude of conversion into different fractions depending upon the time of
contact and the soil type (Kar and Chakravarti 1969; Debnath and Hazra
1972; Gupta et al. 1972; Thakur et al. 1975).
Singhania and Goswami (1978a, b), from studies simulating rice-wheat
rotation on alluvial, red, laterite and black soils, found that the amount of P
in the different inorganic fractions was more after the waterlogging period.
Application of monocalcium phosphate to rice increased Al-P and Fe-P in all
soils, reductant-soluble P in alluvial, black and laterite soils, and Ca-P only in
laterite soils. Katyal (1978) reported that in a calcareous black soil the
concentration of P in the soil solution, in spite of submergence and P
application, was generally low. A minimum of 30 ppm P2Os as water-soluble
P had to be applied to raise the soil solution concentration to the critical limit
of 0.05 ppm P. Lai and Mahapatra (1979) observed an increase in total
inorganic P in plots receiving P fertilisers containing high water-soluble P in a
rice-barley rotation. Next to Ca-P, Al-P was dominant in the first year; Fe-P
was dominant in the second year, indicating conversion of Al-P to Fe-P with
the passage of time. Chakravorti el al. (1979) found that the associated cations
Na, K, NH4 and Ca, through which water-soluble P was supplied, did not
have any effect on Oslen P in different soils under submerged conditions.
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It has been increasingly difficult to manufacture water-soluble phosphorus
in India since it calls for additional imports of sulphur/sulphuric
acid/phosphoric acid. There is, therefore, an increasing trend towards
production of fertilisers containing citrate-soluble phosphorus, for example
ammonium nitrate phosphate (ANP), dicalcium phosphate, and fused calcium
magnesium phosphate. Information from studies on the transformations and
availability of these phosphates, and of rock phosphates, under submerged
soil conditions have helped in working out forms and methods of their
application under appropriate soil situations.
Basu and Mukherjee (1969), with the use of digested, freshly prepared and
colloidally dispersed, Fe-, Al-, and Ca-phosphates, obtained increased
availability of P from Fe and Al-phosphates under submerged soil conditions;
P availability from Ca-phosphates was the least. The availability from the
different physical forms was in the descending order: colloidally dispersed,
freshly prepared, digested. The availability of P from the first two forms
decreased on ageing.
Dhua and Joshi (1972) observed a remarkable increase in the saloidbound P and Al-P, followed by Fe-P and Ca-P, in different soils treated with
the ANP containing 50 per cent of the P in the water-soluble form. Prolonged
waterlogging of the untreated soils caused a considerable reversion of the
reactive phosphates into less reactive forms. Addition of ANP caused an
increase in total reactive P and an increase in available P even after prolonged
waterlogging. Rai et al. (1977) reported that waterlogging increased P
availability from superphosphate and ANP. In the presene of FeSO-i, P
availability was greatly reduced, particularly from superphosphate. Mandal
and Khan (1972) reported that 86 per cent of the P applied as superphosphate
to acid soils was converted to an unavailable form in 15 days' submergence;
basic slag and rock phosphate maintained a higher level of available P than
did superphosphate, whereas bone-meal was ineffective under this situation.
Sarangamath et al. (1977a) found that under moist aerobic soil conditions
the added citrate-soluble and insoluble phosphates got converted to Al-P and
Fe-P in acid soils under 30 days' incubation; flooding for growing rice resulted
in increased available P from hydrolytic dissolution of Al-P and reductive
solubilisation of Fe-P. This situation was not obtained in calcareous soils or
when these phosphates were applied to the soils at flowering. They explained
the mechanism of this transformation as:
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This was confirmed by Sarangamath et al. (1977b) with the use of 3 2 Ptagged mono-, di-, and tricalcium phosphates. They found that in acid soils
application of citrate-soluble and insoluble phosphates two to three weeks
before flooding resulted in increased formation of Al-P and Fe-P, which when
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submerged for growing rice gave increased available P and rice yields
comparable to those observed on treatment with monocalcium phosphate.
The P availability and rice yields were, however, low when monocalcium or
dicalcium phosphate was applied at flooding. These studies were extended to
the use of rock phosphates by Shinde et al. (1978), who obtained increased
available P and rice yields from North Carolina and Gafsa rock phosphates
applied 15 days before flooding compared with their application at
flooding. The P availability and rice yields with the first treatment were the
same as those obtained with superphosphate applied at comparable moderate
rates of P.
Pathak et al. (1972) reported that the availability of P, Fe, and Mn
increased till 70 days after transplanting rice and then decreased. Application
of fertiliser increased available soil P and Mn but decreased Fe. Mohanty and
Patnaik (1976), working with 20 different soils, found that submergence
increased available P, Fe and Mn during the first 20-30 days, because of
reduction of Fe and Mn compounds; afterwards there was a decrease in all the
three nutrients, possibly because of their precipitation as the respective
carbonates and phosphates. Ali and Omanwar (1978) were of the opinion that
under submerged soil conditions mass-flow determined the availability of P,
Fe and Mn to rice roots.
Mandal and Nandi (1971) found that addition of organic matter
increased the intensity of soil reduction under submerged conditions, as a
result of which the available P, Fe and Mn increased. Rice plants grown in
such a system gave higher grain yields and uptake of these three nutrients.
Chakravarti and Ghosal (1968, 1969) obtained an increase in the amounts of
soluble P from added Fe- and Al-phosphates through anaerobic reduction,
the release of P being in the descending order: Fe-phosphate, Fe- + Alphosphate, Al-phosphate. Kar et al. (1977) found that flooding released Pinto
the soil solution from added Fe-phosphate, which increased along with Fe
and Mn during the first 45-60 days, after which there was a decrease in the
availability of all the three nutrients.
Savant and Kibe (1969) reported that the changes of Fe and Mn on
submergence were both electrochemical and chemical. Rao (1956), working
with red soils that had been under rice cultivation for a long time and those
newly brought under it, found sufficient available Fe and Mn in red soils that
had been under rice cultivation for a long time. In red soils newly brought
under rice cultivation the crop growth could be improved with green
manuring, which increased Fe and Mn availability on flooding, because of
greater reduction. Mandal (1961) reported a sharp increase in Fe + and Mn +
on soil submergence. With increase in CO2 concentration in the soil solution,
both the nutrients entered the exchange complex, Mn entering much earlier
than Fe. With prolonged submergence and a further increase in CO2, Fe
appeared in the drainage waters in a water-soluble form. In rice plants grown
at pCh of 0-30, the best yield was obtained at pCh of 10, along with high
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concentration of Fe2+ and Mn2+ in the soil and their increased uptake by plant,
indicating the beneficial effects of these two nutrients on rice growing on
flooded soils (Mandal 1962).
Jayaram and Nayar (1972) reported complete reduction of Fe and Mn in
15-30 days' flooding in soils having low active Fe and Mn, whereas in soils
with high active Fe and Mn the release of Mn was completed earlier than that
of Fe. Addition of organic matter did not appreciably change the release of
Mn in red and black soils, but it increased the release of Fe in red soils. Parik
and Dhua (1974) and Singh and Ram (1979) also obtained increased
availability of Fe and Mn on flooding, especially in red, yellow and alluvial
soils. Mahapatra et al. (1975) reported that submergence and puddling of soils
low or high in CaCOi enhanced the reduction of Fe and Mn which were
released into the soil solution. Mn preceded Fe in the order of reduction. The
release of Fe, however, was several times that of Mn in soils with high CaCOi
content; this resulted in a high Fe/Mn ratio in these soils, especially under
unpuddled conditions.
Singh (1969) obtained an increase in active Mn on flooding of different
soil types treated with organic matter. The highest amount was obtained in
acid soils, indicating the possibility of Mn toxicity to the rice crop on these
soils; neutral and alkaline soils released lower amounts of Mn, and this might
increase rice yields. Jaggi and Russell (1973) obtained high concentration of
Fe2+ in flooded soils treated with Ipomoea leaves; it attained a level of 2,000
ppm in 6 weeks and then decreased gradually to 1,000 ppm.
Singh and Pasricha (1978) reported that, in spite of wide variations in pH,
pE and Fe + in flooded soil solution, the values of the expressions:
pE - pFe 2+ + 3 pH
pE - 1.5 pFe2+ + 4 pH
and pE + pH
were constant and close to the theoretical values of 13.87, 23.27 and 3.3
respectively, indicating that
Fe(OH)3 - Fe2+
Fe3(OH)8 - Fe2+
and Fe3(OH)8 - Fe(OH) 2
systems controlled the solubility of Fe + under submerged soil conditions.
Potassium, Calcium and Magnesium
The transformation and availability of K, Ca and Mg in soil have not
been studied extensively, possibly because these nutrients have not so far been
limiting factors for optimum rice production, although at places their
application has been found to improve rice yields.
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Murty and Singh (1975) reported an initial decrease in available K during
the first week of flooding, followed by a gradual increase. There was a sharp
increase in water-soluble Ca during the first week, but later the changes were
not consistent. Mohanty and Patnaik (1977) reported that the transformation
and availability of K, Ca and Mg were primarily governed by the silt + clay
content of the soil, and this in turn determined the total amounts present and
also the cation exchange sites. The availability of these three cations increased
on flooding on account of their displacement by the action of water through
hydration and hydrolysis, reached a peak in about 30 days, and then
decreased. The decrease in K might be due to lattice fixation, and that of Ca
and Mg to precipitation as carbonates and carbonate-apatites.
Ramanathan and Krishnamoorthy (1973) reported that the black soils
had higher available K than alluvial and red soils. The available K increased with
the period of submergence; it was attributed to the release of K from the nonexchangeable form. Singh and Ram (1976) also reported increase in
exchangeable K on continued submergence of soil. Ramanathan (1978) found
that under intensive rice cropping, the N HNO3 extractable K was most
closely related to plant K uptake; water-soluble K, exchangeable K, 6N
H2SO4, 0.5 N HC1 and 0.1 N CaCl2 and 0.1 M CaCl2-soluble K were
significantly related to total K uptake; NH4OAC, H2SO4 and HCl-soluble K
were related to dry matter yield.
For different soil types under continuous rice cropping Gaikwad et al.
(1974) postulated a dynamic equilibrium:
reserve K ~Z non-exchangeable K ~ exchangeable K
With intensive rice cropping, the equilibrium shifted rapidly because of K
uptake by the rice plant. The amount of non-exchangeable K decreased, but
the exchangeable K remained almost constant. In the uncropped flooded soils,
where there was no shift in equilibrium, exchangeable K increased with the
progress of time while non-exchangeable K remained more or less constant.
The ease with which the soil K reserve was transformed into the nonexchangeable form, which in turn met the K requirement of the crop, might,
therefore, have determined the K uptake and sustained high yields under
intensive rice cropping.
Ramamoorthy and Paliwal (1965) developed a rapid method of
determining the equilibrium K adsorption ratio (KAR), which was widely
applicable to very heterogeneous soils. The equilibrium KAR of the rice plant
seemed to determine the KAR of soils up to which K fertiliser application
would be useful. Padmaja (1975) used the quantity-intensity (Q/I) concept
under continuous intensive rice cropping with or without added K. The CaCh
solution did not give the normal Q/I concept under continuous intensive rice
cropping with or without added K. The CaCh solution did not give the
normal Q/I curve of an upper linear part and a curved lower part, possibly
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because of the presence of Fe2+, Mn2+ and [Al(OH)]2+ under submerged soil
conditions. A modified solution containing 50 ppm each of Fe + and Mn + and
10 ppm of Al in 0.01 M CaCh with graded levels of KC1 was found to give the
normal pattern of Q/I curves, and the activity ratio was calculated from the
equation:

<ÏCa+Mg '

FlUFe

T

P2&M

I
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The equilibrium activity ratio rapidly decreased to attain a steady value,
corresponding to -AG of 4976-5144 cal/eq, which is possibly the first report
for rice. The three different forms of K—AKL, AKD and AKX—decreased
with exhaustive cropping to more or less constant values. There was also a
decrease in both exchangeable and fixed K during the first three harvests, after
which the values for a given soil remained more or less constant. The PBC K of
the soil increased, possibly from increase in K saturation or release of fixed K,
with consequent increase in the cation exchange capacity. Under intensive rice
cropping, the plant's dry matter, K content and uptake decreased to a steady
state, which more or less coincided with the attainment of threshold potential.
The K content of plant, about 30 days after transplanting, was 0.5 per cent in
red and black soils after the fourth crop and in alluvial and laterite soils after
the second crop. The total K content of the soil was not related to the Itsupplying power as measured by crop uptake. The power of a soil to supply K
under intensive rice cropping depended on its ability to release reserve K into
the labile pool, which in turn was governed by the forms and combinations of
K in the mineral fraction. Among the different K availability parameters of
the soil, the ratio of KL. to K uptake by crop approached unity, and hence KL
might be a good index for evaluating K-supplying power of soils. From a
study of threshold potential under cropping and leaching shifts it was found
that ammonium acetate, which is normally used in the estimation of plant
available K, underestimated this parameter in soils with high K-supplying
power and overestimated it in soils with low K-supplying power.
Secondary Nutrients and Micronutrients
The secondary nutrients and micronutrients have assumed importance in
recent years, although some work on them was reported from the early 1930s
to the 1950s. Instances of sulphide injury to rice were reported from Andhra
Pradesh and Orissa by Desai et al. (1957) and Sahu (1968), respectively. De
and Mandal (1957), however, did not get evidence in support of the view that
the disease of rice as observed in normal soils was due either to lack of oxygen
or production of H2S in soil. Sachdev and Chabra (1974), with the use of 35 S,
found that after 4 months' incubation under flooded soil conditions 12.7 per
cent of the added S was present as sulphate, 38 per cent as organic S, and the
remaining in forms between the sulphide and the sulphate. Haldar and
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Borthakur (1976) reported that addition of lime to flooded soils treated with
ammonium sulphate, significantly increased the production of all
sulphide fractions except the acid-soluble form with addition of
superphosphate there was an increase in the water-soluble and total sulphide
fractions. Mukhopadhyaya and Mukhopadhyaya (1981) observed a
considerable immobilisation of sulphate in soils maintained at 50 per cent of
water-holding capacity or under waterlogged conditions before drying. The
extent of immobilisation was more pronounced when starch or inorganic
sulphide was added. Subbiah and Venkateswarlu (1965) found that the 'A'
value was 65-100 per cent of total S in soils and that of mineralisation of S
from organic source was low under submerged soil conditions. Venkateswarlu
and Subbiah (1969) reported significant correlations between 'A' values and S
uptake by rice and suggested that 0.5 M NaHCCh-extractable S could indicate
the S-supplying power of rice soils.
Sreenivasan (1936) obtained higher concentration of Si on flooding soils
for extended periods, although much importance was not attached to this
aspect. The traditional rice-growing belt in India is located in the northeastern and southern parts. These regions are characterised by a hot summer
followed by heavy rainfall which results in basic hydrolysis with the leaching
of Si from the surface soil and in the formation of red, laterite or lateritic
soils. Even the river-borne alluvial soils of these regions are formed out of
these materials (Patnaik 1971).
Nayar and Aiyer (1968), working with 22 different soils, obtained
increased available Si on flooding, irrespective of pH and organic matter
content. From studies on soils from fields freshly brought under rice
cultivation, Rao and Venkateswarlu (1974) reported that in red sandy loam
soils the available Si increased from 63 ppm to 127 ppm in three weeks of
flooding, after which the values remained more or less unchanged for eight
weeks. In black soils, on the other hand, flooding resulted in an increase in the
available Si from 95 ppm to 111 ppm in about a week, after which there was a
decrease to about 87 ppm during eight weeks. Nayar et al. (1977) found that
in different soil types flooding increased available Si which reached a peak in
20 days; there was either no change or a slight decrease in the next 40 days.
Nayar (1980), working with 11 different soil types, found the Si-extracting
power of different reagents in the following descendig order: 0.2N HC1, 0.025
M citric acid, N NaOAc (pH 4), distilled water. This order was maintained in
both dry and flooded soils. Flooding resulted in an increase in extractable Si
in soil, accompanied by an increase in Fe and a decrease in Al. The higher
availability of Si was due to hydrolysis of alumino-silicates (allophanes) and
reduction of ferrisilicate (hisingerite). Most of the soils included in these
studies, particularly the red and laterite soils, were considered deficient in Si;
hence a suggestion has been made for critical field evaluation of possible
beneficial effects of application of silicate materials for growing rice with
adequate NPK inputs.
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Nene (1968) was the first to identify Zn deficiency as the cause of khaira
disease of rice. More and more areas under rice are responding to application
of Zn; and this has led to an intensification of research on this nutrient,
mostly with regard to fertiliser use and soil test calibration. Only a few reports
are available on the chemistry of this nutrient in submerged soils.
Subrahmanyam and Mehta (1975) reported that Zn availability was
highest in saturated soils, followed in descending order by flooding and field
capacity. Katyal (1977) on the other hand reported a decrease in Zn
concentration in the soil solution on flooding. Brar and Sekhon (1976) found
a decrease in DTPA-extractable Zn as a function of the time of flooding of
sodic soils. Budheswar and Omanwar (1980) reported an increase in DTPAextractable Zn in flooded soils when compared with aerobic soils; increasing
the temperature of extraction from 10°C to 45° C resulted in a further increase
in DTPA-extractable Zn. Haldar and Mandal (1979) observed a decrease in
NH4OAC (pH 7)-extractable Zn and Cu in alluvial soils; the decrease was
pronounced under continuous saturation followed by continuous
waterlogging, and by alternately saturating and waterlogging. The greatest
decrease was obtained in saturated soils receiving application of organic
matter. Tiwari and Pathak (1978) found the availability of applied Zn to
decrease under conditions of P application in submerged soils. Mandal and
Haldar (1980) showed that application of P decreased the content of DTPAextractable Zn, Cu, Fe and Mn in waterlogged rice soils. The depressive effect
of P on extractable Zn was found to be more prominent with soil native Zn
compared to applied Zn. Application of Zn depressed extractable Cu and Fe
but increased Mn.
Misra (1980), working with 62 different soil types in the pH range 4.8 to
9.7 and varying organic matter content, reported that the extracting power of
different solutions for Zn and Cu both under dry and under flooded soil
conditions was in the descending order: dilute mineral acids of pH 1-2;
buffered solutions of pH 7-9 containing chelating agents such as EDTA,
DTPA, dithizone; and buffered solutions or very dilute acids of pH 4-5. The
dithizone-extractable Zn has been adequately calibrated against plant uptake.
There were significant correlations between dithizone-extractable Zn and that
extracted with other reagents. • By using the prediction equations obtained
from these correlations, Zn extracted with different reagents may be
calculated if one of the parameters is known. The values thus calculated might
be used for correlation with plant Zn content for obtaining the location and
soil-specific extractant. Flooding, in general, resulted in a decrease in Zn and
Cu extracted by chelating agents and with 0.05 N HC1, despite desorption
from Fe3+ and Mn4* oxides and hydroxides and irrespective of pH and organic
matter content of the soils. The decreasing effect was more pronounced in
soils of pH less than 7 because of a decrease in the solubility of these two
nutrients with increase in pH, which was obtained in these soils on flooding.
With 0.1 N HC1 there was an initial decrease, whereas on prolonged flooding
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the 0.1 N HCl-extractable Zn increased after 40 days, possibly because of the
decrease in the basicity of the system as a result of which the freshly formed
reaction products of Zn dissolved in 0.1 N HC1.
Mishra and Mishra (1972) found that under permanent waterlogged
conditions the retention of added Mo tended to increase on the addition of
glucose, Al, Zn or P, and to decrease on the addition of Cu, Fe or Mn. Nayar
(1980) reported that flooding resulted in an initial decrease in available B and
afterwards the values remained more or less unchanged, but available Mo
increased initially and afterwards there was not much change. The increase in
Mo might be due to increase in soil pH and desorption of Mo from Fe + and
Mn4+ oxides and hydroxides.
Problem Soils
It has been observed that certain kinds of soils do not give the desired
yield response to the application of balanced NPK fertilisers. These soils are
associated with inherent soil problems such as Fe and Mn toxicity in some
acid red and lateritic soils, ammonia and Al toxicity in acid sulphate soils, and
high salt and exchangeable Na in saline and sodic soils. Research has been
done on some of these problem soils for working out ameliorative measures.
The saline and sodic soils have been discussed elsewhere in this review.
Rao and Venkateswarlu (1974) studied the soils brought under rice
cultivation for the first time in the new irrigation command areas and found
that keeping these soils flooded for two or three weeks before transplanting
was necessary for better growth and yield of rice. Submergence for the first
time resulted in 1.2-1.6 ppm Al in the soil solution, which, if not removed
through drainage, proved to be toxic for rice growth.
Sahu (1968) reported that rice crops grown in the lower terraces of acid
laterite soils suffered from excessive waterlogging, resulting in bronzing
disease due to iron toxicity; it could be overcome by provision of drainage, by
application of lime, P and K, and by foliar spray of urea. Mohanty and
Patnaik (1973), working with some of these soils, found bronzing symptoms
only in unfertilised soils. With the application of balanced NPK, these
symptoms did not occur. Kabeerathumma (1975), working with a number of
acid red and laterite soils, found an increase in the Fe2+ on flooding. In soils
which had low to moderate active Fe content, the Fe2+ concentration
decreased after about three weeks to values which might not be toxic for plant
growth. In soils with high active Fe, although the Fe2+ concentration
decreased after about three weeks of flooding, the amount of Fe in the soil
solution remained high enough to be toxic for rice growth. In the former
situation, transplanting could be delayed for three weeks after flooding the
soils; for the latter situations, application of small amounts of lime has been
suggested to suppress Fe temporarily till the freshly transplanted seedlings
pick up vigorous growth, after which because of dilution effect there may be
no toxicity. In some soils, there was also excess Al to cause toxicity.
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Acid sulphate soils have been reported to occur in the west coast of
Kerala and are locally known as kari, kayal, karapadam, kale, pokkali and
swamp soils, depending upon their location. Rice is the only crop that is
grown on these soils because of the hydrological conditions.
Kuruvila (1974) and Kabeerathumma and Patnaik (1978) found that high
salt content coupled with very low pH and high concentration of Fe and Al
under submerged conditions was responsible for the hazards encountered in
growing a rice crop. The presence of substantial amounts of organic matter in
these soils resulted in high accumulation of ammonium-N, which also proved
toxic. Although the soils contained high organic matter and sulphate, there
was no accumulation of sulphides on flooding, possibly because of low
microbial activity at very low pH and presence of excess Fe and Al, which
inactivated any sulphide that was formed. This was contrary to the reports of
sulphide accumulation by Subramoney (1965) and Nair and Subramoney
(1969). Kuruvila (1974) reported that flushing the soil followed by application
of lime at half the amount required to raise the soil pH to 6.5, in combination
with nitrate or MnCh, increased the pH and markedly decreased the salt
content and concentration of Fe and Al on submergence, which gave a good
rice crop. The soil problem was, however, regenerated on drying after harvest
of rice. Subramoney and Gopalaswamy (1973) have ascribed this regeneration
to the oxidation of pyrites to ferric sulphate and to the formation of
aluminium sulphate. The retention of calcium sulphate formed as a result of
liming was also likely to give rise to free sulphuric acid, causing a further
decrease in pH. For a long-term ameliorative measure, the carbonate or
silicate of Mg, whose sulphate is highly soluble, could be used more efficiently.
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Soil-Pesticide
Interactions
S.L. CHOPRA' AND U.S. SREE RAMULU 2

THE behaviour and fate of pesticides in soil depend upon a number of factors
viz. chemical and photochemical decomposition, volatilisation, diffusion,
adsorption and desorption of the toxicant as a result of interactions with the
soil colloids. The nature of soils and clay minerals, cations present on the clay
complex and moisture content of the soil affect these interactions directly or
indirectly.
Several workers have reported that the interactions of pesticides with soil
obey the first-order kinetics (Mithyantha 1973 — phorate, captan and PCNB;
Pandey etal. 1975 — disulfotan; Dixitetal. 1976 — aldicarb; Singhal^a/. 1978oxamyl; Agnihotri et al. 1977 — monocrotophos, dicrotophos, disulfotan,
phorate, fensulfothion, chlorphyriphos, chlorofenvinphos, aldicarb and
carbofuran; Rajukannu and Sree Ramulu 1978 — carbofuran; Bansal and
Bansal 1980 — oxamyl; Chopra etal. 1980 — dimethoate; and C h o p r a s al. 1981
— simazine).
Effect of Soil Types and Clay Minerals
The interactions of most of the pesticides with soils and clay minerals
have been found to follow the Freundlich's adsorption isotherm and to be
either S-shaped or L-shaped. Chopra (1979) observed S-shaped curves in the
case of dimethoate with kaolinite, and in case of isolan with montmorillonite,
pyrophyllite, illite, kaolinite, bentonite, hectorial hector and Fuller's earth.
Chopra et al. (1980) observed L-shaped curves in the case of simazine in the
hilly and desert soils of Keylong, alluvial soils of Kapurthala and Gurdaspur
and with bentonite, pyrophyllite, illite, gibbsite and kaolinite; and in the case
of dimethoate with bentonite and Fuller's earth. Mithyantha and Perur (1974)
observed L-shaped isotherm in the interaction of carbofuran, phorate and
atrazine in red, black, laterite and kari (acid sulphate) soils and their clay
fractions. Rajukannu and Sree Ramulu (1978) also reported curves of similar
shape.
Studies conducted by Chopra et al. (1980) at 15, 25 and 35° C on the
adsorption of simazine showed that the data followed Freundilch isotherms,
which were L-shaped. The order of adsorption was bentonite (Indian) >
bentonite (USA) > pyrophyllite > illite > kaolinite. The adsorption of various
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pesticides with pure clay minerals and soils was of order: bentonite > Fuller's
earth > kaolinite in the case of dimethoate; montmorillonite > bentonite (Na)
> illite > kaolinite > Fullter's earth > hectorial hector > pyrophyllite in the
case of isolan; bentonite (Indian) > bentonite (USA) > pyrophyllite > illite >
gibbsite > kaolinite in the case of simazine; montmorillonite > pyrophyllite >
illite > kaolinite in the case of alachlor. Greater adsorption was observed in
hilly and desert (high organic matter content) soils of Keylong than in alluvial
soils of Kapurthala. The greater adsorption by the 2:1 minerals and by the
soils of Keylong was attributed to the higher cation exchange capacity, greater
surface area, and adsorption of pesticides in the interlayers of the expanding
lattice minerals. This last possibility was indicated in the X-ray and infra-red
ray data. The differential placement of kaolinite, pyrophyllite, etc., in the
above studies might have resulted from the variations in the surface area of
the minerals, for minerals of varying fineness were used.
The adsorption of the pesticides has also been found to be affected by the
nature of the cations saturating the exchange complex. Chopra et al. (1973)
studied the adsorption of atrazine on bentonite mainly to investigate the effect
of certain cations such as H+, K+ NH4, Ba++, Ca++, which are usually present in
all the soils, on the desorption and hence availability of the herbicide to
plants. The adsorption increased with increase in concentration but decreased
with rise in equilibrium temperature. Desorption studies showed that as the
size of the cation increased, the effectiveness to replace adsorbed atrazine
decreased. The highest amount of adsorbed atrazine (87.5 per cent) was
desorbed by hydrogen ions.
Singhal et al. (1978) studied the kinetics and mechanism of adsorption of
oxamyl on acid and base-saturated kaolinite at two temperatures (30° C and
60° C) and found the order H+ > Na+ > Ca2+. Greater adsorption was observed
in the base-saturated montmorillonite than in the acid-saturated clay, the
order being Na+ > Ca2+ > H+. The X-ray data showed that the interactions of
oxamyl with H+, Na+ and Ca2+ were a flat orientation. Bansal and Bansal
(1980) studied the adsorption of oxamyl on illite and kaolinite and observed
the following order: Na+ > H+ > Ca2+. The greater adsorption by Na clays
could be due to its deflocculation and consequently a larger surface area
exposed. In the case of base-saturated montmorillonite the amount of
adsorbed oxamyl was found to be more than the cation exchange capacity.
This was possibly due to simultaneous operation of chemisorption, physical
adsorption and penetration through the micropores of the clay.
Mithyantha (1973) studied the adsorption and persistence of various
pesticides in soil saturated with different cations. The order was found to vary
with the pesticides. For lindane, it was Ca2+ > Mg2+ > K+ > H+ > Na+; for
carbofuran and phorate. IT* > Ca:* > Mg:* > K+ > Na\ for atrazine and captan.
H+ > Mg2+ > Ca2+ > K+ > Na*, and for paraquat, Na+ > Ca2+ > K+ > Mg2+ >
H+. Balasubramaniam (1979) also observed differential behaviour of clay
saturated with different cations with respect to different pesticides. Adsorption
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was maximum with Ca2+ saturation of soil clay when compared with H+/ Al3+
saturated black and red soil clay in the case of PCNB; H+/A13+ saturation of
laterite soil and red soil clay and Na+ saturation of black soil clay in the case
of captan; H+/A13+ saturation of red soil clay, Ca2+ saturation of black soil
clay and Na+ saturation of laterite soil clay in the case of methomyl; Ca2+ clay
in red and black soil clay; and H + /Al 3+ in laterite soil in case of ceresan. The
differential behaviour was attributed to the fact that the clays separated from
the various soils are generally a mixture of different types of clay minerals,
one of them being usually present in higher percentage than the others. Even
within the same type of mixture of clay minerals, the proportion of each
mineral may vary. Further, in the case of H+ clays, the method of preparation
and the time lag before use considerably influence the behaviour in
determining whether the clay is H+ clay or H+/A13+ clay.
Mithyantha (1973) observed that montmorillonite and kaolinite strongly
adsorbed large quantities of paraquat, but halloysite and pyrophyllite retained
relatively low quantities. In montmorillonite all the adsorbed material was
deactivated, but only 55-63 per cent, 50-85 per cent and 71-85 per cent of the
adsorbed material could be extracted with saturated NH4CI solution from
bentonite, halloysite and pyrophyllite, respectively. The quantity of pesticide
extracted was considered potentially available for herbicidal action. In red
and laterite soil, a large part of the added paraquat remained in NH4CI
extraction (loosely bound) and unextractable form (strongly bound). In black
and kari (acid sulphate) soils only a small fraction of the added herbicide
remained in the unbound form, and a large fraction was in the strongly bound
form.
Chopra et al. (1973) studied the interaction of alachlor with silica gel and
observed that the adsorption increased with increase in concentration of the
herbicide. Adsorption was accompanied by degradation, and the breakdown
product in the residues was identified as 2-chloro-2', 6'-diethyl acetanilide. The
desorbed material was shown to be an intact molecule of alachlor.
They also studied the adsorption, degradation and mode of interaction of
alachlor on alumina. Adsorption increased with increase in the concentration
of alachlor but decreased with rise in the equilibrium temperature (15°, 25°
and 35° C). The reaction was of the first order and the results satisfied the
Freundlich equation. Adsorption was accompanied by degradation, and the
breakdown product in the residue was identified by thin-layer
chromatography as 2-chloro-2', 6'-diethyl acetanillide. Infra-red spectra
showed that oxygen of the carbonyl group of alachlor was bonded to
aluminium in alumina. The desorption studies of the absorbed material with
benzene and sodium lauryl sulphate revealed that only the original alachlor
molecules and not the degradation product were adsorbed on alumina.
The adsorption of pesticide was found to be affected by the texture of the
soil. Srivastava and Kavadia (1976), Yadava (1976) and Yadava et al. (1977)
observed greater absorption by plants of BHC incorporated in sandy loam
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soil than in clay loam soil. Kushwaha et al. (1977) reported similar results
with parathion. Gupta et al. (1976) treated clay loam soil of Udaipur and
sandy loam soil of Jobner with 5 per cent aldrin dust for three years and
found that the rate of conversion of aldrin to dieldrin and its disappearance
was faster in sandy loam than in clay loam soil. At lower doses the
degradation was faster than at higher doses.
Effect of Organic Matter
Organic matter in the soil has been found to affect considerably the
persistence of pesticides. Rajukannu and Sree Ramulu (1978) found soil
organic matter to be a more potent adsorber of carbofuran than the mineral
fraction in the 16 soils studied by them. The adsorption of the pesticide
increased with increase in organic matter content of the soils. Multiple linear
regression analysis showed that the soil organic matter alone contributed
more than 98 per cent of the total adsorption of carbofuran in soils, and there
was no correlation between the clay and the carbofuran adsorbed by natural
soils. However, there are significant relationships between the clay content
and the carbofuran adsorbed in the soils oxidised by organic matter. In soils
so oxidised a higher amount of carbofuran was adsorbed in black soils than in
red soils because of the higher clay content, and of the predominance of 2:1
minerals, in black soils. A striking increase in the mobility of carbofuran was
observed in soils oxidised by organic matter when compared with natural
soils. This indicated the stronger adsorption capacity of organic matter.
Effect of Moisture
Mithyantha (1973) reported a higher rate of disappearance of captan and
PCNB in soils having higher moisture content. Agnihotri et al. (1975) also
reported that disulfotan and phorate were dissipated faster under irrigated
than under unirrigated conditions though the differences were marginal.
Appaiah and Deshpande (1978) reported increased absorption of carbofuran
and methomyl by plants in four different soils; they attributed it to the
increase in moisture content of soils. Yadava (1976) also reported increased
uptake of phorate with increase in moisture. Possibly at low moisture levels
the adsorption of the pesticide was high and very little of it was present in the
free state. Water, because of its polar nature, can compete with the pesticide
for the adsorption sites on the soil particles. In drier soils there are fewer
water molecules to compete for the adsorption sites.
Singhal and Singh (1976) studied the adsorption of nicotine on acid and
base-saturated kaolinite and observed that adsorption in base-saturated
kaolinite was due to an interaction with coordinated water around the
cations and the weakly acidic hydroxyls at the edges.
Rajaram and Sethunathan (1976a) observed faster degradation of
edifenphos under puddled conditions than under non-puddled conditions.
Gowda and Sethunathan (1977) found endrin to persist longer under aerobic
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conditions. Similarly, Jessica Ferrerira and Raghu (1978) found all the four
isomers of HCH to persist longer in unflooded than in flooded soils. The
degree of persistence varied with the isomers; and /3-HCH was found to be the
most persistent and -y-HCH the least. Murthy and Kaufmann (1978) found
that PCNB was more rapidly degraded in anaerobic or flooded soil than in
moist soil. Wahid and Sethunathan (1980) found that three soils prereduced
by flooding sorbed less lindane than aerobic soil, the differences being
particularly striking in the soil with low organic matter content. The lower
adsorption may be due to a decrease in inorganic surface area caused by the
reduction of ferric to ferrous ion and the high stage of hydration attained by
ferric oxide upon flooding.
Venkateswarulu and Sethunathan (1978) found that carbofuran decreased
much more rapidly in non-autoclaved than in autoclaved soil. They attributed
the loss of carbofuran (18 to 27 per cent) from the autoclaved soil to chemical
process and the higher rate of loss (62 to 75 per cent) from the non-autoclaved
soil to microbial participation.
Even under flooded condition, various factors have been found to
influence the adsorption and desorption of pesticides. Venkateswarulu and
Sethunathan (1978) found the rate of disappearance of carbofuran to vary in
different soils. For example, 65 to 80 per cent of the pesticide disappeared
from the flooded alluvial, laterite and pokkali soils, but only 23 per cent
disappeared in kari soils. Possibly, in the first three soils the pH reached near
neutrality within a few days of flooding, whereas in kari soils acidic conditions
prevailed even several weeks after flooding. This might explain the increased
persistence of carbofuran in kari soils because carbofuran is stable at acidic
pH.
Siddaramappa and Seiber (1979) also found increased persistence of
carbofuran under flooded conditions when the pesticide was placed at a depth
of 3 cm from the surface. Increasing persistence of carbofuran by root zone
placement may help to stretch the duration of the carbofuran's activity, but
repeated treatments were found to accelerate the degradation process. They
further observed that the addition of various nitrogenous fertilizers, such as
ammonium sulphate or urea, along with carbofuran influenced the persistence
of the pesticide.
Application of carbofuran a day after liming of the rice soils was found to
leave appreciable residues, probably as an effect of liming on microbial
activity and chemical degradation of carbofuran. Further limiting might have
resulted in inactivation of the soil microflora involved in the bio-degradation
and active detoxification of carbofuran, particularly of the competitive ability
which was low under such conditions. Alkaline hydrolysis too might have
resulted in enhanced dissipation of the pesticide.
Siddaramappa and Seiber (1979) further reported that the addition of
organic matter to the rice soil enhanced the disappearance of y-HCH,
probably by lowering the redox potential of the soil. There was no significant
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difference in effect between the different amounts of the organic matter added,
and addition of a smaller amount of organic matter was sufficient to accelerate
the microbial activity.
Wahid and Sethunathan (1977) studied the relationship between
Lambert's omega (fl), an index for the active fraction of soil organic matter
governing pesticide sorption, and parathion sorption capacity in several soils
using 14C-labelled parathion. These authors suggested that omega value
provides at least an index for total adsorption of the parathion by effective
soil mass and not by a fraction of organic matter alone. Parathion is known
to be adsorbed by clay minerals and inorganic components of the soil
complex. The importance of soil constituents other than organic matter in the
sorption process became increasingly evident when about 50 per cent of the
added parathion was sorbed by soils even after the destruction of organic
matter by treatment with H2O2.
As for the nature of the reaction, Wahid et al. (1980) showed that
instantaneous surface-catalysed degradation of parathion occurred in flooded
rice soils when it was shaken for as little as five seconds with soils prereduced
by flooding. The interaction of parathion with prereduced soil appeared to be
mediated by soil enzymes and/or by other heat-labile substances provided by
soil anaerobes.
Gowda and Sethunathan (1976) studied the persistence of 14C-endrin in
eight different soils under flooded conditions and found that it was
decomposed rapidly and reached low levels within 55 days in all soils; they
detected six metabolites and in the sandy soil only three. Addition of rice
straw was found to accelerate the degradation process, but liming had little
effect.
Another factor that was found to influence the degradation of carbofuran
in flooded soils was its static or disturbed condition. Using ring-labelled 14Ccarbofuran, Venkateswarulu and Sethunathan (1978) found that no
appreciable degradation occurred in flooded soil under either stable or shaken
condition for 20 days. However, at the end of 40 days more than 80 per cent
carbofuran was degraded in the shaken soil, but only 40 per cent in the
unshaken soil. Evidently, the anaerobic condition of the static flooded soil
favoured the degradation of carbofuran and carbofuran phenol. These
compounds persisted under continued anaerobiosis but were relatively
metabolised on being returned to the aerobic state by shaking for 20 days.
Addition of rice straw to flooded static soil resulted in more rapid degradation
of carbofuran than in the unamended soil.
Under puddled soil condition, Sethunathan et al. (1975) and Rajaram and
Sethunathan (1975, 1976b) found that parathion decomposition was affected
to a considerable extent by the addition of organic materials.
Effect of Temperature and Cultural Practices
Besides moisture, temperature is an important factor for adsorption and
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degradation of pesticides. Chopra et al. (1970) investigated the adsorption of
parathion on three types of soils. Adsorption increased with increase in
concentration, rise in activation temperature, lowering of the pH, and increase
of organic matter content. Chopra and Khullar (1971) found that the
degradation of parathion in soils increased with the concentration, rise in
temperature, time of exposure to ultra-violet light, and increase in relative
humidity and soil pH. Degradation was also shown to be dependent upon the
type of soil. Verma and Pant (1976) found higher residues of phorate in green
gram and red gram grown during the monsoon season than that grown in the
summer season. Higher initial residues and rapid degradation in early-sown
pea crop were observed, possibly because of the faster growth resulting in the
dilution of the adsorbed phorate and its metabolites and also higher
temperature in the earlier part of the season. Ragupathy (1976) also observed
longer persistence of aldicarb during the months of December to April in
black, red and alluvial soils. Kushwaha (1978) found loss of aldrin to be faster
in the kharif than in the rabi season in the sandy soils of Rajasthan. However,
under controlled conditions he found the dissipation to be slower at higher
than at lower temperature. Mitra and Raghu (1978) reported that DDT was
more persistent in slightly less warm months (June to August) than in hot
summer months (April to June) at the mean day temperatures of 26.8° C and
29.2° C, respectively. Appaiah and Deshpande (1978) reported an increase in
the uptake of carbofuran and methomyl by plants when the temperature was
increased from 5°C to 32° C. Several other workers have observed decreased
adsorption of the pesticide by the adsorbants with increase in temperature
(Singhal et al. 1978; Bansal and Bansal 1980). This may be due to the
exothermic nature of the adsorption process, which causes a rise in kinetic
energy of the bound molecules with the rise in temperature and consequently
a decrease in the electrostatic forces of attraction leading to a decrease in
adsorption. The increased solubility of the pesticide, greater microbial
activity, and higher transpiration rates might also decrease the adsorption and
increase the uptake by plants in soils at higher temperatures.
Certain cultural operations have been found to influence the adsorption
and desorption of pesticides in soils. Kushwaha (1978) found the degradation
of aldrin to be slower in fallow soil than in cultivated soil. Sriharan and Garg
(1974) observed that phorate placed near the root zone was readily available
to the rice crop. Shinde and Yadava (1978) found lower residues in fruits
when phorate was broadcast in the field. It remained in the top few inches
when broadcast thus resulting in the reduced uptake by plants due to lower
concentration of the phorate at the root zone. Furrow application of granules
near the seeds gave higher residues in plants. In heavy soils, more pesticide
remained bound to the soil because of higher clay content impeding
availability. Pandey and Agnihotri (1975) found that dichrotophos and
phorate persisted longer when applied in bands. This was possibly due to
higher concentration at the site of placement. They further observed that the
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rate of the degradation of these pesticides was 1 to 6 per cent faster in soils
which did not receive any fertiliser. However, under field conditions,
dissipation was 10 to 20 per cent faster in soils which received the fertiliser,
because of better plant growth in treated soils. Shinde and Yadava (1978)
found that the phorate residues in fruits were inversely proportional to the
amount of farmyard manure added to soil, because the farmyard manure
binds the pesticide to the soil. Similarly, Appaiah (1978) found that addition
of groundnut cake increased the persistence of carbofuran and methomyl in
soil. He also observed that alternate wetting and drying of red, laterite and
black soils increased the adsorption of pesticides.
The type of crop was found to affect the persistence of the pesticide
applied to the soil. Yadava and Srivastava (1977) found BHC residue to
persist longer in light soils than in heavy soils. In the clay loam soil the
amount of BHC residue was minimum under the cover of carrot crop and
maximum under radish at all doses, indicating that persistence of the toxicant
in the soil was related to the type of crop grown.
The addition of pesticides to soils has been reported to affect various soil
processes. Krishnaiah et al. (1976), Rajukannu et al. (1976) and Mathan et al.
(1976) have reported a temporary increase in some nutrients in the soils when
certain pesticides, e.g. disulfotan and carbofuran, were applied. Murugan
et al. (1977), Sundaram et al. (1977) and Gowda el al. (1977) observed an initial
decrease in the rate of ammonification and nitrification when certain
pesticides, e.g. carbofuran and benomyl, were applied to the soil.
Pal et al. (1979, 1980) found that the addition of benomyl and HCH to
flooded soils decreased the redox potential and resulted in an accumulation of
both Mn and Fe in solution after soil submergence despite the presence of
added organic matter. Jyotishankar and Srivastava (1980) studied the effect of
pesticides on the extraction of soil iron with citric acid and potassium nitrate
under different moisture conditions in the presence or absence of aldicarb.
Aldicarb increased the availability of soil iron by 6.7 per cent in water extract
and by 12.3 per cent in citric acid extract. The presence of ferrous ammonium
sulphate inhibited the reaction. The suppression caused by the presence of
ferrous iron applied with aldicarb seemed to suggest that aldicarb and its
metabolite preferably bind themselves to Fe + iron with the result that they are
prevented partly or wholly from interacting with iron in Fe3+ state, and so
inhibit the release of Fe3+ iron.
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Rhizobium
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THE earlier work on Rhizobium was summarised in the monograph of Fred,
Baldwin and McCoy (1932). Since then extensive work has been done to
understand the various aspects of legume-Rhizobium symbiosis. This paper
reviews the work done in India under five broad headings.
Cross-Inoculation Tests
Rhizobium isolates from various legume species show a certain degree of
specificity in nodulation, which forms the basis of speciation of the genus. All
rhizobia infecting a group of related legumes constitute a species. Six species
were originally recognized, viz. Rhizobium leguminosarum (Pisum, Lathyrus,
Vicia and Lens), R. trifolii (Trifolium), R. phaseoli (Phaseolus), R. lupini
{Lupinus, Ornithopus), R. japonicum {Glycine) and R. meliloti (Melilotus,
Medicago and Trigonella), and a group of unclassified species (cowpea
miscellany) (Fred, Baldwin and McCoy, 1932).
On cross-inoculation tests, the rhizobia from nodules of pea (Pisum),
lentil (Lens), khesari (Lathyrus), berseem (Trifolium), lucerne (Medicago),
fenugreek (Trigonella), soybean (Glycine) and kidney bean (Phaseolus) could
be placed in defined species, but those from cluster bean (Cyamopsis), cowpea
(Vigna), green gram (Phaseolus), black gram (Phaseolus), red gram (Cajanus),
groundnut (Arachis), moth bean (Phaseolus), species of Sesbania,
Desmodium,
Crotolaria, Clitoria, Mimosa, Dolichos,
Psophocarpus,
Gliricidia, Acacia, Prosopis, Alysicarpus, Dalbergia, Bauhinia, Albizzia,
Aeschynomene, Indigofera, Calpogonium, Pueraria, Rynchosia, Tephrosia
and Atylosia could only be broadly classified as the cowpea miscellany group
(Joshi, 1920; Hutchinson 1922; Hutchinson 1924; Gangulee 1926; Joshi 1932;
Rajagopalan 1938a; Bhide 1956; Rewari and Sen 1958; Rangaswami and
Oblisami 1962; Dadarwal et al. 1977; Sharma 1976; Basak and Goyal 1980a,
b). Cicer arietinum and its corresponding Rhizobium could not fit into the
existing groups. The earlier reports included it in the pea group, and the
later reports with limited number of strains (Joshi 1932; Raju 1935; Bhide
1956; Vaishya and Sanoria 1972; Gaur et al. 1973) preferred to place it in a
separate cross-inoculation group.
Survey and Serology
The earlier work on symbiotic nitrogen fixation was concerned with
•Division of Microbiology, Indian Agricultural Research Institute, New Delhi.
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finding the residual nitrogen in the soil after cultivation of leguminous crops
such as cluster bean (Cyamopsis tetragonoloba), cowpea (Vigna sinensis),
berseem (Trifolium alexandrinum) and sunnhemp {Crotalaria juncea)
(Madhok 1940; Sen and Viswanath 1943; Khan and Bhatnagar 1945; Desai
and Sen 1943; Acharya et al. 1953). The later work with pure culture
inoculation of rhizobia in different crops was done to demonstrate the
nitrogen-fixing potentials in pots and under field conditions. These
experiments with crops such as pigeon pea (Cajanus cajari) (Ramaswami and
Nair 1965; Simhadri and Tilak 1976), chickpea (Cicer arietinum) (Sen 1966;
Bhargava et al. 1974; Kumar et al. 1976), soybean (Glycine max) (Chhonkar
and Negi 1971; Balasundaram 1974; Singh and Saxena 1972; Lahiri 1974a;
Saxena and Tilak 1975), groundnut (Arachis hvpogaea) (Rajagopalan and
Sadasivan 1964), guar (Cyamopsis tetragonoloba) (Khurana et al. 1978a) and
lentil (Lens culinaris) (Mallik and Sanoria 1980) have shown clearly the need
for artificial inoculation of the legumes to ensure better nodulation and
nitrogen fixation. There is always a positive response to nodulation and
nitrogen fixation under controlled environmental conditions, sometimes 100300 per cent or more in yield (Mohamed et al. 1970; Dadarwal and Sen 1974)
but under field conditions the response (Table 1) observed was about 50 per
cent in a few cases (Subba Rao 1976; Subba Rao 1979). This kind of poor
field response may be attributable to a variety of factors. In groundnut
(Arachis hvpogaea), a poor response to rhizobial inoculation is not
uncommon and could primarily be due to non-specific nodulation by
promiscuous rhizobia (Tables 2 and 3) present in the soil (Gaur et al. 1974a,
b). On the contrary, the high response of soybean to inoculation is primarily
due to the absence of native rhizobia. Recent studies with host genotype and
bacterial strain compatibilities in such major crops as chickpea (Bapat et al.
1977; Dadarwal et al. 1978; Chahal and Joshi 1978; Pareek 1979), pigeonpea
(Khurana et al. 1978; Singh et al. 1979), groundnut (Dadarwal et al. 1974;
Singh et al. 1977), soybean (Chhonkar and Negi 1971; Balasundaram et al.
1972; Lahiri 1974b), green gram (Dadarwal and Sen 1974; Mishra and
Srivastava 1978) and guar (Khurana et al. 1978; Dadarwal et al. 1979; Singh
1980) have shown that even in pot culture the nitrogen fixing potential of a
Rhizobium strain depends much upon its compatibility with the variety or
genotype of the host. In highly promiscuous legumes such as groundnut and
those belonging to the cowpea group, adoption of serological techniques for
screening of more persistent (better survival in soil), dominant (more
competitive against native rhizobia), and compatible strains has been
advocated (Gaur et al. 1974a, b). By means of a double-inoculation technique,
i.e., when the preceding cereal crop of maize (in cereal-legume rotation
system) was inoculated with the same Rhizobium strain as was used
subsequently for inoculating the following legume crop of green gram or
groundnut, better Rhizobium-legume
symbiosis (significant increase in
nodulation and per cent nodules formed by the particular inoculum strain) was
obtained (Gaur et al. 1980).
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Table 1. Effect of Rhizobium inoculation on the yield of different pulses at
different locations, 1978 (Coordinated Research Project on Pulses of
the ICAR)
GRAM

yield q/ha

Location

% Increase

Control

Inoculated

Increase

1

2

3

4

5

Delhi
Kanpur
Hissar
Varanasi
Dholi
Jabalpur
Sardar Krishi Nagar
Durgapura
Ludhiana

19.56
10.86
13.42
19.51
26.74
20.27
13.56
11.23
7.27

22.26
14.99
16.46
26.62
32.21
22.12
23.93
13.10
8.26

2.72
4.13
3.04
7.11
5.47
1.85
10.37
1.87
0.99

13*
38*
22*
36*
20*

Jabalpur
Ludhiana
Hissar
Coimbatore
Hyderabad
Baroda

4.82
6.21
19.85
3.58
11.30
14.76

2.11
1.28
2.02
0.58
5.22
3.13

44*

Dholi
Ludhiana
Delhi
Hissar
Madurai
Hyderabad

4.48
7.97
4.89
11.83
11.47
3.73

2.30
2.05
2.69
LOO
3.65
0.83

51*
26*
55*
9
32*
22*

A R H A

9*
76*

16
13

R

6.93
7.49
21.87
4.16
16.52
17.89
M 0 O N G
6.78
10.02
7.58
12.83
15.12
4.56

20*
10
16
46

21

'Significant

Legumes of economic importance have been grown in this country for
several years under different climatic zones. It is, therefore, often stated that
the soil might have 'built-in' native rhizobia for profuse nodulation and there
is no need for Rhizobium inoculation. An extensive survey of the nodulation
status of different legumes with native rhizobia was done during 1967-72 at
the Microbiology Division, Indian Agricultural Research Institute, New Delhi
(Sundara Rao et at. 1969; Subba Rao et a!. 1972) and in 1977-1980 under the All
India Coordinated Pulse Improvement Project (Rewari 1979). It was observed
that, except groundnut, most of the crops were poorly nodulated at more than
50 per cent of the places surveyed (Table 4). The number of nodules formed
on roots of a particular legume was taken as an index of the population of
native rhizobia specific to that particular legume. Based on this criterion, there
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Table 2. Species of legume whose rhizobia nodulated groundnut plants (from
Gaur et al. 191 A)
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Acacia acuminata Bcnth
A. aneura F. Mueli
A. berlendeiri Baill
A. calcina
A. cupressiformis
A. cyclopes (A. Cunn) G. Don
A farnesiana (L.) Willd.
/4. gragii A. Gray
A liqualata (A. Cunn.) G. Don
A. pendula (A. Cunn.) G. Don
A. selerosperma F. Mueli
A sieberianae D.C.
A tortolis Hayne
Alysicarous hamosus Edgew
Atylosia scrabaeoides (L.)
Cajanus cajan (L.) Millsp
Canavalia glaoiala (Jacq) D.C.
Centrosema pubescens Benth
Clitoria ternatea L.
Crorolaria burhia Buch. Ham*
C. capensis Baker
C. juncea L.*
Cyamopsis tetragonoloba (L.) Taub.
Desmodium gangeticum D.C.
D. sandwicense E. Mey
Dolichos biflorus L.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

Gliricidia malococarpa A. Molina
Glycine javanica L.*
Indigofera cordifolia (Heyne) Roth
/. tinifolia (L.F.) Retz
/. oblongifolia Forsk.
/. sumatrana Fruct
Lablab purpursuy (L.) Sweet
Macroptilium atropurpurum urb (D.C.) 51.
Phaseolus aconitifolius Jacq
P. trilobus Ait
Prosopis chlensis Stuntz
P. cineraria Druce
P. juliflora (SW) D.C.
Psophocarpus tetragonotobus L.
Pueraria phaseoloides Benth
P. phaseoloides var. javanicus Benth
Rhynchosia minima (L.) D.C.
Stylosanthes gracilis H.B. & K.C.
Tephrosia falciformis Ramaswamy
T. purpurea (L.) Pers.
T. villosa (L.) Pers
Teramnus labialis Spreng
Vigna mungo (L.) Hepper
V. radiata (L.) Wilczek
Vigna sesquipedalis (L.) Frew

•Reported by other workers also.

Table 3. Invasiveness of groundnut rhizobia on various leguminous species
*1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
*12.
*13.
*14.
15.
16.

Arachis hypogaea L.
Alysicarpus hamosuc Edgew
Arylosa scrabaeoides (L.) Benth
Cajanus cajan (L.) Millsp.
Centrosema pubescens Benth
Clitoria ternatea L.
Crotolaria burhia Buch. Ham*
C. capansis Baker
C. juncea L.
Desmodium gangeticum D.C.
D. sandwicense E. Me
Dolichos biflorus L.
Gliricidia malococarpa A. Molina
Glycine javanica L.
Indigofera cordifolia Heyne ex Roth
I. linifolia (L.F.) Retz

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

/. sumatrana Gaetn Fruct.
/. tenuis Milne Redhead
Lablab purpureas (L.) Sweet
Macroptilium
atropurpureum
Pueraria phaseoloides Benth
P. phaseoloides var. javanica Benth
Psophorarous tetragonotobus
Phaseolus aconitifolium Jacq
P. trifobus Ait
Rhynchosia minima (L.) D.C.
Tephrosia falciformis Ramaswamy
T. purpurea (L.) Pers
T. villosa (L.) Pers
Vigna mungo (L.) Happer
V. radiata (L.) (Vilczek)
V. sinensis (L.) savi ex Hassk
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Table 4. Nodulation status of different cultivated legumes with native rhizobia
Crop
Chickpea
Pigeon pea
Green gram
Black gram
Cowpea

Source
A
B
A
B
A
B
A
B
A
B
A
B
A
B
A
A
A

Places
(No.)

Good

28
620
18
119
23
81
15
119

22
22
0
0
9
7
7
1

6
2

50
0
38
31
23
14
23

Nodulation status (%)
Po
Moderate
28
37
28
14
43
35
46
22
16
5
29
23
33
69
22
45
40

50
41
72
86
48
58
47
77
34
95
33
46
44
17
45
36
40

45
Groundnut
17
Pea
9
Cluster bean
IS
Lentil
23
Sunnhemp
11
19
Trifolium
15
20
Lucerne
A—Abstracted from Nodulation Survey Report (PL-480), Indian Agricultural Research Institute,
New Delhi 1968-69, 1969-70.
B—Abstracted from AICPIP Report 1978-79, 1979-80 (Microbiological Section)
Good—No. of nodules above 15/plant.
Moderate—No. of nodules 8-15/plant.
Poor—No. of nodules less than 8/plant.

was a deficiency of specific Rhizobium even in traditional legume-growing
areas. The main reason for the low population could be the high soil
temperature during the summer months and low moisture levels during the
growth season. Detailed survey of nodulation of chickpea, arhar, moong,
soybean and groundnut (Sundara Rao et al. 1969; Subba Rao et. al. 1972) has
been carried out.
Another type of survey intended to find out the usefulness of Rhizobium
inoculation has been to determine the serological types of the native
Rhizobium population, frequency of effective types, and fate of the introduced
antigenic type in competition with the native forms. Such studies with
rhizobia of chickpea (Sundara Rao et al. 1969; Dadarwal et al. 1978; Khurana
et al. 1978a), green gram (Dadarwal et al. 1979), groundnut (Dadarwal et al.
197'4; Singh et al. 1977) and berseem (Sidhu et al. 1979) have shown that only
20-30 per cent of the native rhizobia were effective. It has been observed that
when an effective Rhizobium isolated from a soil ecosystem is used as seed
inoculum under similar soil conditions, it forms 60-80 per cent of the nodules
in competition with the ineffective forms present in soil (Dadarwal and Sen
1974; Khurana et al. 1978b).
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A detailed eco-serological survey of chickpea in 13 major soil types of
India revealed three broad sero-groups of which sero-group I was widely
distributed, sero-group II was limited to grey and brown soil types, and the
sero-group III, recognised among strains of American origin, did not occur in
any Indian soil. Selection of local efficient strains of Cicer rhizobia, which also
belonged to a dominant serotype, proved to be the most effective symbionts
by virtue of their better competitive and colonising abilities than the strains of
other sero-types. Such effective strains belonging to a dominant sero-type
when used as inoculum increased the grain yield of chickpea by 112 to 130 per
cent in the greenhouse (Sundara Rao et al. 1969).
Ecological Studies
It has been observed that legumes seeds such as chickpea, pea, soybean,
green gram, cowpea, cluster bean, lablab, horse gram and groundnut contain
water-soluble toxins active against rhizobia which can be removed by presoaking the seed in water (Dadarwal and Sen 1971; Sen et al. 1972; Dadarwal
and Sen 1973; Kandasamy et al. 1974). Some seedborne bacteria and fungi are
also reported to be antagonistic to rhizobia (Jain and Rewari 1973). Besides,
when an inoculated seed is sown in the soil, the rhizosphere microflora are
also bound to affect the colonisation of rhizobia in the root zone. Some of
these microflora are found to be inhibitory as well as stimulatory to the
growth of rhizobia in vitro (Chhonkar and Subba Rao 1966; Sethi and Subba
Rao 1969; Bhalla and Sen 1971; Bhalla and Sen 1973; Kumar Rao et al.
1974).
Phosphorus availability generally enhances symbiotic nitrogen fixation
(Rewari and Sen 1958; Krishna Rao et al. 1962; Singh et al. 1968). A basal
dose per ha of 80 kg P2O5 and 10 kg N in soybean (Singh et al. 1968), 10 kg
basal nitrogen in chickpea (Kumar and Pandey 1962), and 0.1 per cent Mo
spray in pea were beneficial for increasing yield and nitrogen fixation under
field conditions. For groundnut, doses of 25 ppm N, 6-12 ppm Mo and 25
ppm Fe were optimum in pot culture (Gopal Krishna et al. 1964).
Although combined nitrogen is utilised by most of the legumes, a higher
amount of available nitrogen inhibits symbiotic nitrogen fixation. It also
interferes with infection of root hairs, number of nodules, bacteroid
structures, and synthesis of membrane envelopes covering the bacteroids
(Subba Rao 1977; Balasundaram and Subba Rao 1977). Some of these were
clearly shown in a study with lucerne (Pahwa et al. 1974). Soil pH is another
important factor affecting symbiotic nitrogen fixation. Under acidic
conditions liming or lime pelleting of the seed is an appropriate way to avoid
the adverse effect of low pH on Rhizobium for initial colonisation (Iswaran
and Chhonkar 1971). Legumes are grown mostly in central and northern
states, which face more problems due to salinity or alkalinity (Uppal 1955;
Bhardwaj 1974). Under such conditions, treatment of soils with gypsum or
pelleting of the seed with calcium carbonate, gypsum (Chhonkar et al. 1971)
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or calcium humate (Iswaran and Chhonkar 1973) would benefit the
inoculation process. The effect of salinity or alkalinity was more on plant
establishment than on Rhizobium. This was evident from the in vitro
laboratory studies, which showed that certain Rhizobium strains have the
ability to tolerate higher salt concentration (Pillai and Sen 1966) and R.
leguminosarum up to 2 per cent NaCl concentration (Singh and Sharma
1971). The lowest limit of pH for the growth of Rhizobium is 5.0 (Gandhi and
Vyas 1969). The optimum pH for the growth of R. leguminosarum was
reported to be 6.5-8.0 and growth was stimulated by Mg ions up to 1 per cent
concentration of MgS0 4 -6H 2 0. The sodium ions, especially sodium
bicarbonate even at 0.2 per cent concentration inhibited rhizobial growth
(Yadav and Vyas 1971a, b; Pandher and Kahlon 1978). Rhizobium strains
infecting black gram and Egyptian clover could tolerate higher salt
concentrations (Gupta 1969). Beneficial effects of Rhizobium
with
Azotobacter were observed on peas and on soil properties in an alkaline soil
(Ram and Sanoria 1979a; Sanoria and Ram 1980).
A detailed study of salt tolerance among strains of five species of
Rhizobium (Subba Rao et al. 1972; Singh et al. 1972) showed that, in general,
R. meliloti and R. trifolii could tolerate higher concentration of salts than
other species. It was also observed that the host legume was more sensitive to
salt concentration than the corresponding Rhizobium strain. Certain alkalisensitive steps were shown to be involved in legume rhizosphere (Lakshmi
Kumari et al. 1974). Under salt stress conditions, the salinity adversely
affected plant growth in chickpea, but nodules grew larger (Balasubramanian
and Sinha 1976a). The observed reduction in nitrogen was found to be due to
reduced plant growth. Similar results were observed in cowpea and moong
although cowpea plants could tolerate more salinity than moong
(Balasubramanian and Sinha 1976b).
Generally, most of the insecticides or fungicides applied at normally
recommended dose directly to soil had negligible effect on Rhizobium
symbiosis in moong (Pareek and Gaur 1969), pea (Pareek and Gaur 1970)
and groundnut (Kaukarni et al. 1974). Application of low levels of lindane
benefited nitrogen fixation in soybean (Balasubramanian 1973). In laboratory
studies 2, 4-D reduced the growth of R. leguminosarum, R. trifolii, R.
japonicum and R. meliloti in broth culture (Gaur and Mishra 1972; Pareek
and Sidhu 1978). But 2,4-D and dalapon showed reduction in nodulation
and nitrogen fixation when applied to rooting medium. The herbicide alachlor
also had no adverse effect at normal dose. Moreover, Rhizobium meliloti is
more resistant to alachlor than other species, and rhizobial strains tolerate four
or five times as much concentration as nitrogen fixing Cyanobacteria
(Lakshmi Kumari and Subba Rao 1973; Ranga Rao and Subba Rao 1973).
Other agricultural chemicals, growth substance chemicals, and inhibitors have
shown variable effects (Sharma et al. 1972; Ranga Rao and Subba Rao 1972;
Ranga Rao and Subba Rao 1973a, b, c).
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In experiments conducted under bacteriologically controlled conditions
with cluster clover (Trifolium glomeratwri) and its corresponding nodule
bacteria, Rhizobium
trifolii, photoperiods influenced not only the
development of plants but also the formation, size and number of nodules on
the root system, and the initial nodulation was delayed as the day length
increased (Subba Rao 1971).
The effect of root knot-causing nematodes, viz. Meloidogyne incognita
and Heterodera cajani, on the symbiotic performance of cowpea (Vigna
sinensis) and its corresponding Rhizobium sp. was examined (Singh et al.
1978). It was found that these namatodes, singly or in combination, adversely
affected nodulation, growth and nitrogen fixation by cowpea. The effect of M.
incognita was more pronounced than that of H. cajani. Addition of rhizobial
inoculum reduced the damage to some extent.
In repeated field experiments in the Indo-Gangetic alluvium of Varanasi
with chickpea, peas and lentils, it was interesting to observe that in none of
the experiments maximum yield could be obtained from seed bacterisation
with Rhizobium alone. Yields were maximum when a particular rhizobial
strain was used in combination with an isolate of Azotobacter. The effects
were observed on soil properties, uptake of nutrients, and the quality of seeds
(Singh et al. 1972; Rawat and Sanoria 1976, 1977; Tosh and Sanoria 1978;
Sanoria et al. 1978; Rawat and Sanoria 1978; Ram and Sanoria 1979b; Mallik
and Sanoria 1980).
Carriers for Legume Inoculants
As early as 1926, Gangulee used soil-based cultures with addition of some
nutrients (Gangulee 1926). This method was in use till 1960. The major
limitations of soil-based culture are the large particle size and low waterholding capacity, which provide less surface area per unit weight for bacterial
attachment leading to early desiccation. Various commercial cultures were
examined and peat-based cultures were found to be more effective than others
(Sankaran 1959; Sankaran 1960). Peat soil from Ootacamund was found to be
suitable for Rhizobium survival (Iswaran et al. 1972). However, in quality the
Indian peat is quite inferior to that of other countries such as Australia and USA.
Lignite is another alternative material found satisfactory for survival and
longevity of Rhizobium (Kandaswamy and Prasad 1971). Like peat, however, it
was found to contain certain phenolic compounds inhibitory to the growth of
Rhizobium (Purushothaman and Balaraman 1973). Other carrier materials
such as soil in combination with FYM or compost, leaf manures, cellulose
powder, charcoal powder, rice-husk powder, press-mud, rice-husk charcoal, and
combinations of these materials have been tried by various workers for different
rhizobia. Only charcoal has been found to be an alternative substrate to peat
although the cultures prepared with charcoal powder have a short life of three to
six months. The survival of Rhizobium in powdered wood charcoal has been
reported to be 5.4 X 108 viable cells/g as compared with 5.6 X 107 in peat up

RHIZOBIUM RESEARCH IN INDIA

219

to 3 months of storage. Since charcoal does not provide any nutrition, it may
support the least growth of contaminants, which often come in Indian peat and
affect Rhizobium survival (Iswaran and Sundara Rao 1969; Balsundaram et al.
1970; Chhonkar and Iswaran 1972; Subba Rao 1972; Khatri et al. 1973:
Daulatram et al. 1973; Chakrapani and Tilak 1974; Tilak and Saxena 1974;
Sharma and Tilak 1974; Dube et al. 1975; Tilak and Subba Rao et al. 1978;
Khurana and Sharma 1979; Iswaran et al. 1979).
Physiology and Genetics
One of the widely used methods is the determination of total plant nitrogen
by the conventional Kjeldahl method at desired stages of inoculated and
uninoculated control plants and this is taken as a criterion of effectiveness of the
inoculant strain. The other indirect criteria to measure the ultimate effectiveness
of a strain are the leghaemoglobin concentration in the nodule and the nodule
mass, which correlate directly with effectiveness (Atwal and Sidhu 1964; Sidhu et
al. 1964; Chopra and Subba Rao 1967).
Attempts to correlate biochemical characteristics under cultural conditions
of rhizobia and effectiveness of symbiosis have not shown any reproducible
results. A certain amount of correlation has been observed between utilisation of
glucose and asparagin by strains of Rhizobium differing in efficiency obtained
from different legumes. Efficient strains of Rhizobium respired more on glucose
substrate in the presence of amino acid glycine. Studies on utilisation of different
carbohydrates, production of indole compounds, amino acid composition of
root nodules and of root exudates have been studied by various workers, but
such studies have not given a reliable method to judge effectiveness. Effective
symbiosis between legumes and rhizobia may result in exudation of glutamic
acid and fructose, which could not be detected in uninoculated plants
(Rajgopalan 1938; Vyas and Prasad 1959; Gupta and Sen 1962, 1963;
Rajagopalan 1964; Sen 1965; Mukherjee and Johari 1967; Dey et al. 1968;
Magu and Sen 1969; Dey and Goswami 1972; Sarma et al. 1973; Rao
1976).
Recently, rhizobia have been studied in root callus association. The C2H2
reduction rate in root callus Rhizobium symbiosis is fairly well related to
symbiotic effectiveness. The infectivity barrier does not come in root callus
Rhizobium symbiosis, and rhizobia from diverse host groups could be
established in calluses of any legume host. Studies with calluses of green gram
and Bengal gram, and effective Rhizobium strains of different cross-inoculation
species, have shown that although the strains of heterologous hosts were able to
establish in root calluses of these legumes, the acetylene reduction rates were
about one-tenth the rates with homologous host- Rhizobium associations.
It is now well understood that nitrogen fixation is a reductive process in
which dinitrogen is reduced to ammonia by the enzyme nitrogenase. The
nitrogenase complex consists of two enzymes—dinitrogenase reductase and
dinitrogenase. The dinitrogenase reductase accepts electrons from a suitable
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reductant and transfers them to dinitrogenase in a chain of one-electron transfer
steps. The enzyme nitrogenase is under the genetic control of the bacterium.
Besides dinitrogen, it reduces a variety of substrates; and H2 formation appears
to be an obligatory property of the enzyme nitrogenase. The extent of energy loss
in H2 production is estimated to be one-third of the total energy used in N2
reduction in nodules. Some Rhizobium strains can recycle the H2 and this could
prevent the loss of plant energy in hydrogen evolution. A search for such strains
among rhizobia of green gram, pigeonpea, black gram and chickpea showed
that about 20 per cent of the native isolates from green gram and black gram had
the H2-recycling system but no strain of pigeon pea and gram had this property
(Dadarwal et al. 1979). In green gram, the recycling hydrogenase enzyme was
somehow involved in leghaemoglobin production in nodules, for strains having
this enzyme produced less leghaemoglobin than those lacking it. But such studies
need to be extended to other strains to arrive at definite conclusions.
Biochemical studies on the translocation of the symbiotically fixed nitrogen in
different legumes were initiated only recently. It was found that in some legumes,
for example, pigeonpea, the fixed nitrogen was translocated as ureides, but this
system was absent in chickpea (Dart, personal communication).
Studies on microbial genetics in relation to nitrogen fixation are under way
in some laboratories. These relate to mutation, transformation, transduction and
conjugation, using different strains of rhizobia (Kaushik and Venkataraman
1972; Bose and Venkataraman 1972; Kaushik et al. 1974; Doctor and Modi 1976).
Future Projections
There are three distinct and major avenues of research which may lead to
better fixation of nitrogen through legume-Rhizobium symbiosis; development
of super strains of Rhizobium, identification of super cultivars of legume hosts
which are better harvestors of atmospheric nitrogen and improvement in
agronomic practices for legume establishment including new methods of
Rhizobium inoculation.
The development of super strains of Rhizobium may be done by natural
selection of rhizobia native to a given soil or by recombinant DNA technology.
The super strains which are selected in this way ought to be capable of
withstanding nitrate, high temperature and competition with local strains in soil.
The cultivar selection approach has several merits but it is imperative that
the ones selected must possess the characteristics to express high N2 fixation
abilities under varied stress conditions such as lack of moisture, high temperature
and the presence of combined nitrogen in soil.
What is urgently needed is to devise tests to judge the efficiencies of rhizobial
strains in vitro without resorting to plant tests. In a similar way, there ought to be
methods to trace rhizobia introduced in soils by tests other than time-consuming
antigen-antibody methods or nodulation tests.
It is now well recognized that rhizobia do not function in isolation and are
bound to interact with other microorganisms, notably the endomycorrhizal
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fungi which mobilise phosphates. Therefore, it is essential to aim our studies to
bring about an interaction between these two naturally occurring symbioses.
Conclusions
This paper reviews the work done in India on legume root nodulation which
dates back to the beginnings of this century. The work done in India can be
broadly grouped under: (1) strain testing, evaluation in pots and field and
serotyping of strains, (2) survey for root nodulation habit, (3) the effect of soil
conditions such as pH, temperature, moisture, presence of nitrates, antagonistic
microflora, salinity and acidity on root nodulation, and (4) physiological and
enzymological studies. Studies on the last aspects together with work relating to
strain improvement by DNA recombinant technology have made a good
beginning and are bound to expand in future years.
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Non-Symbiotic
Nitrogen Fixation
G.S. VENKATARAMAN*

THE reduction of the diatomic triple-bonded nitrogen, which constitutes about
77 vol per cent of the atmosphere, to ammonia is a high energy budgeted
process requiring an input of about 147 kcal to reduce one mole of nitrogen.
This explains why most plants have not evolved a nitrogen-fixing mechanism.
They may simply not be able to afford the energy. However, a few prokaryotic
microorganisms are endowed with an enzyme-mediated ability to reduce
molecular nitrogen under ambient temperature and pressure, and this
biological process of nitrogen reduction probably accounts for about one-half
(90 X 106 t) of the total amount of fixed nitrogen (175 X 1061) annually in the
biosphere. The all-round shortage of chemical nitrogen fertilisers and their
rising costs have necessitated a deeper understanding and appreciation of
nitrogen-fixing microorganisms so that efficient methods may be developed
for using these natural and renewable biological resources to meet at least a
part of the nitrogen requirement of the crops.
The existence of nitrogen-fixing microorganisms was established as early
as 1862 by Beijerinck, but it was only in 1894 that the free-living, nitrogenfixing, Clostridium pasteurianum
was isolated and characterised by
Winogradsky. Since then, a variety of microorganisms have been shown to
possess the ability to reduce molecular nitrogen; they can be broadly divided
into three groups; (i) non-symbiotic or free-living, (ii) obligate symbiotic, and
(iii) associative symbiotic. This paper is restricted to some of the recent
developments in the field of biological nitrogen fixation by non-symbiotic
microorganisms which are increasingly finding a place in Indian agriculture.
Associative symbiosis is included because one of the partners in this system is
a non-symbiotic nitrogen-fixer which forms a loose association with the
plants.
Photosynthetic Nitrogen Fixers
This group is largely composed of blue-green algae and photosynthetic
bacteria. The chief ecological and agricultural importance of blue-green algae
depends upon the ability of certain species to carry out both photosynthesis
and nitrogen fixation, the photosynthetic process providing the energy
required for nitrogen fixation. These algae are abundant in lowland rice fields,
and the biological nitrogen fixation in these ecosystems has now been shown
to be largely an algal process. There are more than 100 forms of blue-green
•Division of Microbiology, Indian Agricultural Research Institute, New

Delhi.
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algae for which there is now evidence for nitrogen-fixing ability. Algae have
been reported to contribute 20-30 kg N/ha/season. Blue-greens can grow
aerobically, micro-aerobically and even anaerobically. They exhibit
photosynthetic, heterotrophic and photoheterophic nutrition, and all can subsist
in the dark. They withstand extremes of temperature and desiccation (Tripathi
and Talpasayi 1980). They are rather resistant to a variety of fungicides,
herbicides and insecticides (Venkataraman and Rajyalakshmi 1971a, b, c;
Ahmad and Venkataraman 1973; Singh 1975; Khalil and Chaporkar 1980).
Based on an ecosystem involving the photosynthetic bacterium
Rhodopseudomonas
capsulatus, the blue-green algae Cylindrospermum
muscicola and the heterotrophic Azotobacter chroococcum, Venkataraman
and Neelakantan (1968) have suggested a hypothetical course of events in
which the requirements of the different components of a rice ecosystem are
visualised as being recycled. The distribution of photosynthetic bacteria such
as Rhodopseudomonas and Rhodospirillum is restricted by their exacting
environmental requirements, and their ecological role is probably much less
important than that of blue-green algae.
Heterotrophic Nitrogen Fixers
The contribution of free-living heterotrophic bacteria to the nitrogen
economy and soil fertility has received inadequate attention, presumably
because their nitrogen-fixing activity is often limited by the available energy
sources. Nitrogenase consumes 15 moles of ATP or more per mole of nitrogen
reduced to ammonia. It is estimated that 2-27 mg nitrogen is fixed for each
gram of carbohydrate oxidised. The high ratio of carbohydrate consumed to
the amount of nitrogen fixed is the major limitation, because most soils do not
have a sufficient and readily oxidisable substrate. Even the distant probability
of transferring nif genes to cereal plants to make them mini nitrogen factories
will have to face the challenge of high energy requirement which is to come
from the photosynthates of the plants. The photosynthates will therefore
again be a limiting factor for nitrogen fixation in such restructured systems. A
protein-rich cereal yield will be at the expense of the total quantity of the
cereal produced; even the symbiotic legumes which fix nitrogen have a large
proportion of their net energy photosynthesised to produce NH4+.
Furthermore, these organisms are present in rather low numbers in soils.
For a long time Azotobacter and Clostridium were the only accepted
nitrogen-fixing genera. But recently a number of other bacteria of agricultural
importance have been recognised. Apart from the individual nitrogen-fixing
heterotrophs, symbiotrophic associations in soils also play an important role.
Such associations have been shown to be widespread in various soil types and
can be strengthened by proper soil amendments (Rao 1973, 1976, 1978a, b;
Charyulu and Rao 1979; Rao et al. 1979). The free-living nitrogen-fixing
heterotrophs seem to contribute 5-25 kg N/ha/yr. Isotopic analyses show
differential responses of specific groups of N-fixing microorganisms to the
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pesticides, depending upon the soil type (Charyulu and Rao 1978; Nayak and
Rao 1980).
Associative Symbiosis
Since the discovery by Dobereiner of an association of Azotobacter
paspali with roots of Paspalam notatum, and that of Spirillum lipoferum with
roots of Digitaria decumbens, a variety of agricultural crops have been shown
to have specific associations with Azospirillum (Lakshmi Kumari et al. 1976;
Subba Rao et al. 1977; Lakjhmi et al. 1977). Very strong selective rhizosphere
effect on different groups of bacteria is commonly observed with different crop
plants (Kavimandan et al. 1978). More than 12,000 different species of higher
plants are known to be living in symbiosis with nitrogen-fixing bacteria, and
domestication of such associative symbiotic systems for economic plants may
provide alternative technologies for producing fixed nitrogen.
Biochemistry of Nitrogen Fixation
Microbial N fixation is mediated by the enzyme nitrogenase. Nitrogenases
from different sources have very similar properties and, besides nitrogen, they
also reduce a variety of substrates, e.g. azide, nitrous oxide, acetylene,
cyanides and isocyanides. The possibility of artefacts in using acetylene
reduction assays to measure N fixation was emphasised by David and Fay
(1977), who showed that long periods of incubation with acetylene resulted in
manifold enhancement of the acetylene-reducing activity in blue-greens and
other N-fixing bacteria.
Recently, David et al. (1978) have shown with Anabaena L-31 that such a
stimulation is due to a substrate (acetylene)-mediated alteration of the enzyme
molecule and not due to fresh synthesis. Sodium has been shown to be
essential for nitrogenase activity in cyanobacteria; it seems to activate the
existing enzyme rather than initiate de novo synthesis (Apte and Thomas
1980). Using 13N, the first product of N fixation in Anabaena cylindrica has
been shown to be glutamine, followed by glutamate (Thomas et al. 1975).
Studies on glutamine synthetase have helped our understanding of the
regulation of nitrogen assimilation. The synthesis of nitrogenase is not
induced by nitrogen and is rather depressed by the absence of combined
nitrogen, indicating that NH4 or a related compound regulates the synthesis of
this enzyme. Therefore, a rapid scavenging of fixed nitrogen into cellular
metabolism is a pre-requisite in a nitrogen-fixing system. Glutamine
synthetase, glutamate synthase and glutamate dehydrogenase are three
important enzymes for NH4 assimilation in all major ecological groups of
nitrogen-fixing bacteria (Sadana and Khan 1977). Anabaena glutamine
synthetase can now be purified to a high degree, using the property
of the enzyme to bind strongly to the dye cibacron blue (Tuli et al.
1979).
A good deal of information on the physiology and biochemistry of
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nitrogen fixation, the regulation and nitrogenase, and the path of nitrogen
assimilation in blue-green algae has been accumulated by Thomas and his
associates at the Bhabha Atomic Research Centre, Bombay (Thomas
1978). The nitrogenase enzyme system is oxygen-sensitive and hence the
nitrogen-fixing microorganisms have evolved special devices for the protection
of their nitrogenase system against damage by oxygen. The blue-green algae
possess specialised cells called heterocysts where nitrogenase is localised. The
non-heterocysts blue-greens fix nitrogen under low partial pressure of oxygen,
and ascorbic acid and compounds containing sulphydryl groups present
in sheath are thought to mop up oxygen. In photosynthetic bacteria, a
complex membraneous system exists to afford some protection to the highly
oxygen-sensitive enzyme complex. Fluorescence excitation, emission analysis,
and polarographic measurements indicate the absence of PS II system in the
heterocyst, suggesting the non-evolution of oxygen in isolated heterocysts
(Thomas 1977). 13N is converted to I3 NH 4 and 13N-glutamine, and the
blocking of the last two by acetylene indicates that nitrogenase and glutamine
synthatase (GS) are coupled in heterocysts (Thomas et al. 1977). The present
evidence indicates that nitrogenase, GS, and aminotranferases are present in
heterocysts, and glutamate synthase and GS are present in vegetative cells.
Thomas (1978) proposed a hypothetical model in which N derived ammonia
and glutamine formation occur only in heterocysts. Most of the glutamine is
transported to vegetative cells, where it is metabolised to glutamate and other
amino acids by glutamate synthase and aminotransferases located in
vegetative cells. Part of the glutamine could be converted to glutamate directly
in the heterocysts. The glutamate thus produced may function as a substrate
for sustaining more glutamine formation. Glutamate could also be transported
to heterocysts from vegetative cells either directly or as aspartate, which could
be transaminated in heterocysts. The lack of inhibition of nitrogenase activity
by the accumulation of NH4 (Wolk et al. 1976) suggests that glutamine or a
product of its metabolism, rather than NH4, is involved in nitrogenase
regulation. The quick loss of glutamine from heterocysts is suggestive of
helping nitrogenase to remain depressed (Thomas et al. 1977), and this may
be an important regulatory mechanism for the enzyme activity (Thomas
1978).
Using 13N it has been shown that heterocysts are the sites of nitrogen
fixation (Thomas et al. 1977) in heterocystous blue-greens. However, the
physiology of heterocysts regulation is still far from clear. Nitrate or
ammonium ions per se do not inhibit heterocyst formation (Thomas and David
1971), but a product of ammonia assimilation is the putative inhibitor
(Thomas et al.. 1977). The stimulatory and inhibitory effects of extracellular
peptides in NOJ and NO3 grown cultures of Anabaena L-31 and their
differential amino acid composition is indicative of the synthesis of 'inducer'
or 'inhibitor' peptides which could possibly control pattern formation in this
alga (David and Thomas 1979).

NON-SYMBIOTIC NITROGEN FIXATION

229

Genetic Regulation of N-fixation
Several lines of evidence suggest that both nitrate reduction and nitrogen
fixation were inducible and repressible systems. The work of the late Prof.
R.N. Singh et al. (1972) suggests that nitrogen fixation and heterocyst
differentiation are separate phenotypic expressions governed by separate
enzyme systems, the former by the nitrogenase complex and the latter by the
heterocystulon complex. Each complex has its own operon, governed by
several structural genes and separate operators. The two operators were,
however, postulated to be controlled by the same regulatory gene, having a
genetic linkage. The occurrence of nifhet mutants in some forms like Nostoc
linckia (Tiwari 1978) suggests independent genetic determinance of N fixation
and heterocyst differentiation, while equal frequencies of nif het* and nif hef
mutants strongly indicate that the latter is a result of a common-site mutation
of equal importance of «(/"and het regulation instead of a two-point mutation.
The other possibility is the involvement of a multistep series of functions
which may eventually converge with others specific for the individual markers
so that an alteration in either of the functions of the series may lead to change
in both the phenotypes (Tiwari 1978). The simultaneous loss of nif het and sp
markers in Cylindrospermum fertilissimum indicates a close linkage between
them in this alga (Dikshit 1978). Evidence for nif gene transfer in bluegreen alga Nostoc muscorum has been obtained, although the possibility of
the transfer of some factor(s) allowing the expression of latent nif genes in the
non-nitrogen fixing mutant cannot be completely ruled out (Singh and
Stewart 1975).
Crop Response to Microbial Fertilisers
The three major organisms that are increasingly finding a place in our
crop production systems as a source of biological nitrogen are blue-green
algae, Azotobacter and Azospirillum. There are many agencies in the country
which produce these biofertilisers on a commercial scale.
Blue-green algae
Rice is perhaps the only major cereal crop to whose nitrogen economy the
nitrogen-fixing blue-green algae make a significant contribution
(Venkataraman 1981a).
The beneficial effect of algal inoculation has been demonstrated at a
number of places in terms of the grain yield of many varieties (Singh 1961;
Sankaram 1971; Subrahmanyan 1972; Venkataraman 1972, 1975, 1979, 1980,
1981a). Subrahmanyan and his associates (Subrahmanyan et al. 1964a, b;
Subrahmanyan et al. 1965a, b) suggested an addition of 100 kg
superphosphate and 0.25 kg sodium molybdate per hectare without the
addition of nitrogenous fertiliser to improve soil fertility. Partial soil
sterilisation combined with the above treatment was also beneficial (Relwani
and Subrahmanyan 1963; Subrahmanyan 1972). Algal inoculation has been
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found to be effective under different agro-climatic conditions and soil types
(Subrahmanyan et al. 1965b; Sankaram et al. 1967; Goyal and Venkataraman
1971).
The algal technology developed at the Indian Agricultural Research
Institute (IARI) has been shown to be capable of providing 20-30 kg of
biologically fixed nitrogen per hectare of rice per season (Venkataraman 1972,
1981a). When properly extended, it has the potential to provide about 7 lakh
tonnes of biologically fixed nitrogen to the rice crop area during each season
in our country. The algal starter culture developed at the IARI is a soil-based
mixture of Aulosira fertilissima,
Tolypothrix tenuis, and species of
Cylindrospermum, Nostoc, Anabaena, Scytonema and Plectonema. Besides
fixing nitrogen, these algae also produce and liberate a variety of substances
which stimulate the growth and vigour of rice plants (Venkataraman and
Neelakantan 1961; Mohan and Mukerji 1980).
Some blue-greens have been reported to excrete ascorbic acid, which has
been suggested to accelerate the growth and development of the rice plants
directly or to participate in the processes of nitrogen fixation and nitrate
reduction, ultimately influencing rice growth (Vaidya et al. 1970). The
stimulation of seed germination and seedling growth by pretreatment of the
seeds with extracts of some non-nitrogen fixing blue-green algae (Gupta and
Lata 1964; Gupta and Shukla 1964; Hosmani and Bharati 1974) raises the
question whether non-nitrogen fixing blue-greens will also be of agricultural
importance. The excretion of urea by some blue-green algae like Nostoc (Shah
and Vaidya 1974) will have greater agronomical significance and needs further
examination. The growth of these algae in soils also bring about a
pronounced improvement in the soil aggregation status (Roychoudhury et al.
1979).
An increase of 10-15 per cent in the crop yields as a result of algal
application is a common observation under different agro-climatic conditions.
Particularly relevant are the supplementary and complementary effects of
nitrogen-fixing blue-green algae in the presence of chemical nitrogen fertiliser
(Venkataraman 1972, 1977, 1980, 1981a). Depending upon the requirements,
four methods of algal production for field application have been developed:
trough or tank method, pit method, field method and nursery-cum-algae
method (Venkataraman 1980, 1981a). The basic principle in these methods is
to grow algae under simulated waterlogged conditions in the presence of
sunlight. Based on farmers' experience, large-scale algal production in the
fields showed a potential to generate an income of Rs. 1000-1,500 from half an
acre of land in 30-40 days from the sale of the algal material (Venkataraman
1981a, b). With the use of algal biofertiliser, an additional income of Rs. 400500 a hectare can accrue to the farmer in terms of increased grain yield, for
which the cost of the algae required is only Rs. 20. The contribution of algal
biofertiliser is also energy-intensive, resulting in about 14 per cent additional
energy output in terms of rice yield (Venkataraman 1981b). Large-scale algal
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production is now done in many states at research stations, state farms,
extension training centres, and also by farmers. Many states, viz. Uttar
Pradesh, Andhra Pradesh, Madhya Pradesh, Maharashtra and Tamil Nadu,
are taking active interest in this technology. A conservative estimate suggests
that about two million hectares under rice are currently covered with algal
biofertiliser technology. This is also supported by active extension and
training programme organised by the Directorate of Extension, Ministry of
Agriculture, Government of India, and by the state departments of
agriculture. India is probably the only country in the world to have advanced
so much in this field, and several neighbouring countries have shown
considerable interest in this new technology.
Azotobacter
This is a free-living aerobic bacterium, capable of fixing nitrogen and
commonly found in soil. One often finds a low population of this organism in
the soil and rhizosphere of plants. Very encouraging yield responses have been
obtained with a number of crops as a result of Azotobacter application (Joi
and Shinde 1976; Mehrotra and Lehri 1971). The bacterium is applied either as
soil inoculant or the roots of the seedlings are dipped in cell suspension before
transplantation. Commercial preparations of this bacterium have been found
to be effective for a variety of non-leguminous crops such as paddy,
sugarcane, cotton, wheat, pearl millet (bajrd), finger millet (ragi), tomato,
brinjal, chillies, cabbage, potato, orange, tobacco, plantation crops such as
cardamom, coffee, tea, pepper, coco, areca, coconut and a number of
ornamental plants. They are recommended either as a soil applicant or as
foliar spray.
Besides nitrogen, this bacterium also produces considerable amounts of
growth-stimulating substances, which help in stimulating seed germination
and plant vigour. It has also been reported to produce antifungal substances
(Shende, personal communication).
Strains of Azotobacter chroococcum differed in their ability to promote
plant growth and yield. Plant growth was promoted more at the early stage.
Sprout growth of different seeds depended not only on the type of strain but
also on the concentration of the cultures used. Simultaneous use of
Azotobacter with cellulose-decomposers was inferior to Azotobacter alone for
grain yield. Seed inoculation with Azotobacter was not beneficial if the soil
was basal-dressed with farmyard manure with or without mineral fertilisers.
On the contrary, Azotobacter was beneficial if the soil received only N and P
fertilisers. These studies make it desirable to look for more effective strains for
use as seed inoculant under appropriate fertilisation practices (Sanoria and
Sundara Rao 1973-74a, 1973-74b, 1975; Sanoria 1976; Agarwal and Sanoria
1978). Average increasing trends in yield in Azotobacter trials should be given
due weightage.
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Azospirillum
Extensive field trials under different agro-climatic conditions in the
country indicate a positive response of many crops to Azospirillum brasilense
inoculation. The reported per cent increases in the crop yields are 1.1-76.8 for
rice, 3.1-22.4 for wheat, 18.4-26.6 for barley, 15.2-63.6 for sorghum, and 36.54
for fodder oats (Subba Rao et al. 1980). The extent of saving in the chemical
nitrogen fertiliser input is in the range of 20-40 kg N/ha. A soil + powdered
FYM (1:1) carrier keeps this bacterium viable for a period of 6 months (Tilak
et al. 1979). In the Indo-Gangetic alluvium of Varanasi, the use of
Azospirillum brasilense appeared better than applying 30 kg N/ha to paddy,
sorghum and pearl millet (bajra) in the field. Basal application of N (30, 45
and 90 kg/ha) had a detrimental effect on Azospirillum. So, the use of
Azospirillum alone with no basal application of N seems desirable (Sanoria
et al. 1980).
Conclusions and Future Projections
At a time when the prices of fossil fuel-based commercial nitrogen
fertilisers have been continuously on the increase, leaving the small and
marginal farmers hardpressed for this input, for the vast majority of countries
improved use of biological nitrogen fixation (BNF) could be the key to
sustaining soil fertility and agricultural productivity with reduced dependence
on non-renewable sources. With our current thinking in favour of enlarging
employment opportunities in the rural sector, microbial fertilisers can be
integrated into the rural development programmes.
The successful construction of bacterial nif hybrid strains has opened up
possibilities of genetic engineering in higher plants with reference to nif. It is
not difficult to visualise such gene manipulations, but the major obstacles
would be the storage and replication of nif genes in the plant cell, the oxygen
protection system and the requirement of high energy budget.
Microbial production of NH4 should become a reality if we could evolve
strains which can utilise cellulose and possess nitrogen-fixing ability. Cellulose
is replenishable and abundantly available at a low cost. For example,
Azotobacter, which fixes nitrogen and microorganisms like Trichoderma
viride having cellulose-degrading ability can be logical candidates for such
genetic manipulations (Sadana and Khan 1977).
Similarly, blue-green algal strains derepressed for nitrogen fixation can be
very useful. Such strains would continue to fix nitrogen in the presence of
fertiliser nitrogen. Further defects in the regulation of nitrogen fixation could
be introduced to obtain strains that would continuously leak out ammonia.
Such possibilities have been demonstrated in some bacterial systems like
Azotobacter and Klebsiella.
While crop yields provide presumptive evidence for nitrogen fixation by
the inoculated organisms, direct evidence for actual nitrogen transfer is
available only with a few selected systems (Venkataraman 1979,1981). Equally
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meagre is the information on the actual in situ nitrogen fixation in tropical
soils. For proper quantification of the nitrogen-fixing potential in a system, a
combination of the indirect acetylene-reduction assay and the direct 15N
technique is absolutely essential. The recently improved assay technique in
which the assay time could be reduced to less than a minute (David et al.
1980) must prove useful.
Can we manipulate and direct microbial activities towards particular
patterns of nutrient regimens, say, for nitrogen, and if so, what should be our
approaches for an integrated nutrient supply system comprising microbial
components? The ecology of non-symbiotic microorganisms in tropical soil
ecosystems is little understood. Lack of adequate knowledge of it often
restricts our ability to predict and its characterisation.
A number of reports are available to suggest that crude extracts of bluegreen algae and Azotobacter stimulate seed germination and crop vigour.
What is still lacking in all these studies is the characterisation of the active
principles involved.
It is also necessary to have an insight into the optimum comparative
balance between the dependence on biological systems for nitrogen fixation
and the use of industrially fixed nitrogen fertilisers. The movement and the
fate of the biologically fixed nitrogen by the non-symbionts — nitrification,
denitrification and volatilisation — also need greater understanding.
While non-symbiotic nitrogen fixation offers considerable scope for
exploitation, the lacunae in our present understanding of many aspects are as
great as its prospects.
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Azolla
as an Organic Nitrogen Fertilizer
for Medium and Lowland Rice
P.K. SINGH*

THE water fern Azolla with its nitrogen fixing Anabaena endosymbiont is
being traditionally used as a biological source of nitrogen in rice cultivation in
Vietnam and some parts of China. Recently considerable attention is being
given to this system in the Philippines (Watanabe 1978), USA (Rains and
Talley 1979) and in India (Singh 1977, 1979a, b, 1980a, b). Azolla is normally
grown in the rice fields and ploughed under, so as to facilitate its quick
decomposition. In some areas, Azolla is also grown as a dual crop along with
the rice.
Of the six species of Azolla distributed throughout the world, A. pinnata
is commonly found in India (Singh 1961). The nitrogen content in Azolla is 4
to 5 per cent on dry weight basis and 0.2 to 0.3 on fresh weight basis. Wet
Azolla contains about 94 per cent water.
Azolla Survival
Stains of A. pinnata from Thailand, Indonesia, Bangladesh, Vietnam,
Philippines, Nepal, India (Cuttack), and strains of A. mexicana and A.
filiculoides from USA were examined for their growth under net-house and
field conditions. Only A. pinnata strains grew well. Among the various strains
of A. pinnata, the Vietnam strain grew better than others during summer. It
remained green throughout the year (Singh 1980a). Thailand and Bangladesh
strains grew well during winter but turned reddish as compared with other
strains. The Vietnam strain remained green for several months without
phosphate application (Satapathy and Singh 1980b). Three strains of A.
pinnata collected from Cuttack, Vietnam and Thailand are being cultivated at
Central Rice Research Institute, Cuttack at 0, 4 and 8 kg P2O5 ha -1 week"1 in
fields since 1979 for a comparative study.
Nitrogen Contribution
The symbiosis between blue green algae and Azolla is the most efficient in
N2 fixation. It was observed that under most favourable conditions up to 900
kg N ha"1 year-1 could be fixed (Singh 1979a, b, c). To get sufficient yield of
Azolla in the paddy field, the addition of phosphorus fertiliser is the most
critical factor (Table 1). Thailand strain performed the best by contributing
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Table 1. Effect of different levels of phosphorus on the annual production of
fresh and dry matter, N and P contents of three varieties of A.pinnata
(data based on continuous cultivation throughout the year)
Azolla varieties

P levels
(kgP;Q, h a ' )

Fresh wt
(tha"')

Dry wt
(t ha' 1 )

N content
(kg ha' 1 )

P content
(kg ha' 1 )

A. pinnata (India)

0
4
8

172.2
272.5
343.1

6.9
15.0
20.6

238.6
529.4
754.9

12.6
36.9
57.6

A. pinnata (Vietnam)

0
4
8

234.0
345.1
382.3

11.7
18.9
22.9

364.0
725.6
884.5

19.9
49.7
68.4

A. pinnata (Bangkok)

0
4

224.0
342.9
389.7

11.2
18.9
23.9

343.7
729.7
912.8

19.4
49.3
69.7

913 kg N ha ' year ' with 8 kg P2O5 ha ' week ' in Cuttack, whereas Vietnam and
Cuttack isolates fixed 885 and 755 kg N ha"1 year"1, respectively (Satapathy and
Singh 1980b).
Insect Damage of Azolla
The crop of Azolla is damaged by the larvae of insects, such as
Chironomus, Pyrates and Nymphulus. The insect larvae roll the plant leaves
together and feed upon them, causing brown patches in the Azolla cover.
These pests were readily controlled with carbofuron (65 g ha"1). The mixing
of 3 to 30 mg carbofuran kg"1 Azolla with the inoculum also protected the
crop for a week from the insect attack and enhanced the fern growth. The
application of insecticides such as BHC and sevidol did not adversely affect
Azolla or its endosymbiont. Among the various strains of Azolla, the strain
from Bangladesh was comparatively resistant to insect attack (Singh 1977,
1978a, 1979a, b).
Application in Fields
Maintenance of Azolla Nurseries: Since Azolla die after drying, fresh cultures
have to be maintained during the off season. This was done in shallow pots,
trays and ponds. The provision of shade should be made when day and night
temperatures remain high. Application of phosphate was maintained at the
rate of 4 to 8 kg P 2 O s ha"1.
Field Inoculation: Green fern Azolla was inoculated in two ways: (1)
Azolla was used as green manure in fallow fields with enough standing
water. For this purpose the bunded and irrigated fields were inoculated with
fresh fern at the rate of 500 to 1000 kg ha"1 along with 4 to 8 kg P 2 O s ha"1. It
covered the area in about 20 days, producing 10 to 20 t ha"1 then the Azolla
was incorporated into the soil and the rice seedlings were transplanted.
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(2) Where fields were not available for Azolla multiplication before paddy
transplantation. Fern was applied after the establishment of seedling at similar
doses. The phosphate and insecticide carbofuron were also applied. The
weekly application of superphosphate and furadan encouraged the growth of
Azolla in the field. Superphosphate applied for Azolla may not be additional,
but a part of that applied for rice may be used as top dressing.
Effect on Rice Yield
Based on three years field trial an increase in the grain yield of rice was 13
to 54 per cent due to Azolla incorporation. In terms of nitrogen economy, it
was to the tune of 30 kg N ha~' when Azolla was used as green manure or in dual
cropping. When Azolla was supplemented with 30 kg N, the increase in the
yield was more than 60 kg N ha~' alone. Similarly, Azolla incorporation along
with 50 kg N ha"1 as ammonium sulphate gave yield comparable to the yield
obtained with 80 kg N ha"1. Azolla incorporation as basal plus dual cropping
increased the grain yield comparable to that with 60 kg N ha"1 (Table 2).
Promising results due to Azolla application have also been observed at
various places in the country (Natarajan et al. 1980; Natarajan and
Sadayappan 1980; Arunachalam 1980; Basavana Gowd et al. 1980).
Effect of Different Azolla Species on Rice
Four varieties of A. pinnata and one each of A.filiculoidesand A. mexicana were
compared as green manure and in dual cropping during wet and dry seasons. The
difference in crop response between the three species was not significant. A.
mexicana was found to be sensitive to high temperature and started
decomposing followed by A. filiculoides.
Comparative Efficiency of Azolla and other Organic Manures
With fresh Azolla, Eichomia, Pistia, Sesbania, farmyard manure and
nitrogen fertiliser urea were added independently on 30 kg N ha"1 basis, the
increase in grain yield was 47.0, 47.3, 43.9, 40.2, 34.1 and 47.3 per cent,
respectively. There was no significant difference between tiller number and
height between treatments at harvest.
Nitrogen and Phosphorus Uptake
The crop showed a linear increase in nitrogen uptake with the increase in
Azolla application from 5 to 20 t ha" . The effect of nitrogen uptake was more
pronounced during the dry season as compared to wet season. The N uptake
at the harvest was 44.0, 55.6, 70.4 kg ha" during the dry season and 40.5, 45.1
and 51.8 during the wet season in control, 5 and 10 t Azolla ha"1, respectively
(Singh 1979a; Subudhi and Singh 1978). The uptake of N by crop in
treatments like Azolla green manuring, dual cropping and Azolla canopy
without incorporation was at par with 30 kg N ha"1 as urea, whereas P uptake
was more in Azolla treatments than with nitrogen fertiliser treatment (Table 2).

Table 2. Effect of A. pinnata (Indian isolate) and N fertiliser on growth and N uptake of rice plants, and on chemical
properties of the soil
Treatment

Grain yield

Azolh i growth
fresh wt
Wet
1979

Dry
1980

Wet
1980

(t ha" ')
Control
30 kg N/ha as urea
60 kg N/ha as urea
Azolla incorporated
basal (B)
Azolla dual cropping
(D) incorporated
Azolla dual cropping
unincorporated
Azolla (B) inc. + 30 kg
N/ha as urea
Azolla (D) inc. + 30 kg
N/ha as urea
Azolla incorporated
basal + dual cropping
C D . at 5%
C D . at 1%

Dry

Wet
1979
(t ha

Crop N
uptake
Dry
1980

Org. carbon

Available P

Dry
1980

Wet
1979

Wet
1979

1980

Wet
1980

(kg ha

"')

(%)

2.2
2.6
3.4
2.5

4.2
5.3
6.5
5.5

51.9
84.8
102.3
82.3

28.9
40.6
53.5
38.2

0.088
0.094
0.097
0.094

0.082
0.092
0.098
0.096

0.67
0.68
0.72
0.86

0.68
0.70
0.74
0.87

4.9
8.1
8.8
9.5

6.4
8.6
9.4
10.8

')

Wet
1979

Soil analysis at harvesl
Total N
Wet
1979

Dry
1980

(%)

Dry
1980

>

(ppm)

—
—

—
—
—

—
—

19.1

16.7

18.8

3.6
5.4
6.1
5.5

10.2

22.1

17.0

4.7

2.7

5.4

64.4

35.2

0.101

0.106

0.89

0.89

5.2

8.4

11.1

21.1

17.2

5.1

2.0

5.6

77.7

31.1

0.096

0.109

0.76

0.82

5.6

10.4

18.7

16.4

19.2

6.6

3.5

6.6

109.1

54.5

0.107

0.108

0.80

0.80

18.9

20.2

8.5

19.4

17.4

5.8

3.7

7.0

87.9

82.2

0.103

0.110

0.81

0.81

12.8

18.4

26.1

39.0

34.6

5.9

3.5

6.7

101.5

54.7

0.107

0.116

0.88

0.90

12.8

16.6

0.604
0.832

0.502
0.692

N
O
rr-

>
>

IS.
>
z

O

o
>
z
2
H

JO

0.0063
0.0087

0.1197
0.1650

3.456
4.762
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z
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rr.

F
N
m
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Analyses of soils after harvest indicated that in ,4zo//a-treated plots there
was a gradual increase in organic carbon, total nitrogen and available
phosphorus from season to season (Singh 1979a; Satapathy and Singh 1980a).
However, there was no improvement in soil aggregation due to Azolla
application (Roychoudhury et al. 1979).
Availability of Azolla Nitrogen and Phosphorus
A pot culture experiment was conducted to examine the influence of
incorporation of fresh Azolla (A. pinnata—India and Vietnam isolates—A.
mexicana and A. filiculoides), blue-green alga Aulosira Sp., Sesbania
cannabina, Azolla compost, farmyard manure and urea all on 50 kg N ha"'
basis in a waterlogged rice soil on pH, available N and P, and C:N ratio. The
cumulative release of available P was better in fresh Azolla incorporation by
virtue of its rapid decomposition in flooded soils (Table 3). Similarly, the
release of available nitrogen was also maximum in case of fresh
/lzo//a-Indian isolate incorporation.
Table 3. Effect of organic and inorganic manure incorporation (all at 50 kg N
ha"1) in the rice soil on the mean release of available N, P and changes
in pH and C:N ratio at 50 days of flooding
Treatments

Available
P release
(Mg g~' soil)

Available
N release
(Mg g~' soil)

Changes in
soil pH

Soil C:N ratio

No manure
Urea
A. pinnata (India)
A. pinnata (Vietnam)
A. mexicana (USA)
A. filiculoides (USA)
BGA (Aulosira sp.)
Sesbania cannabina
Azolla compost
Farmyard manure
C D . at 5%
C D . at 1%

9.9
11.8
17.2
15.1
15.5
16.7
14.2
16.5
12.2
12.5
1.0
1.3

16.3
27.1
31.7
29.8
24.9
27.3
22.7
24.8
20.5
26.7
1.3
1.76

6.1
6.4
6.6
6.6
6.7
6.7
6.7
6.7
6.5
6.5
0.046
0.062

9.0
9.1
9.2
9.2
9.4
9.5
9.5
9.7
9.7
10.2

Application of fresh Azolla at 20 to 40 t ha~ in saline as well as in acidic
soils also enhaced the P availability. At 40 t ha"1 Azolla application, the
increase in availability of P over the control was 50 and 37 per cent in saline
and acidic soils, respectively. The cumulative effect of NHj-N release was
found superior at 20 t ha -1 than at 40 t ha"1 in soils from Cuttack and Karnal
(Singh et al. 1980).
Coordinated Trials
The All India Coordinated Rice Improvement Project (AICRIP) initiated
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an agronomic evaluation trial in cooperation with Central Rice Research
Institute and Indian Agricultural Research Institute on the usefulness of
Azolla and blue-green algae at 12 places in the country in the year 1978-1979.
The salient points came out of these trials were that the net effect of Azolla
(6 ha"1) was about 25 kg N ha ~' in eastern India. Similarly, when Azolla
applied along with 25 kg N ha"', the N contribution by Azolla was to the level
of 17 kg N ha"1.
Conclusions
Out of the several Azolla collections from different countries, green
Azolla from Vietnam was found to be temperature-tolerant in India. Unlike
other isolates it remained green without P application for several weeks and
its growth and N and P contents were superior over other isolates. With the
increased application of P from 0 to 8 kg P 2 0 5 ha"1, increase in growth
and N and P of the Azolla isolates were observed. A. filiculoides and A.
mexicana were better adapted to winter months. All the Azolla isolates were
susceptible to insect pests, but infestation varied from season to season and
isolate to isolate. The Bangladesh isolate was more resistant than the others.
The pesticide carbofuran and phorate controlled the insect pests and increased
the fern growth.
Azolla was used successfully in dual cropping with the rice in fields
containing shallow layer of standing water with 500 kg ha"1 inoculum and it
covered the area in 20 to 25 days. Application of P and pest control measures
should be followed for rapid and ensured growth of Azolla. The benefits of
Azolla dual cropping were depended on decomposition of Azolla canopy in
soil/ water till the flowering stage of rice plants because most of the fixed N is
found in Azolla. The differences in rice crop response due to A. pinnata, A.
filiculoides and A. mexicana were not observed. The application of basal
inorganic/organic N fertiliser is required in Azolla dual cropping to increase
the tillers in early and medium duration rice varieties. Azolla can also be used
in dual cropping with the normally recommended manurial practices to obtain
higher grain yield without affecting their efficiency. Dual cropping of Azolla
and rice is generally more beneficial to medium and long duration varieties
because of delay in death and decomposition of Azolla, whereas green
manuring is found to be good for varieties of all the durations. Azolla
mineralises in soil more rapidly than other green manures, 41 to 67 per cent of
its N is released within 7 to 35 days. The N and P uptake by the rice crop was
increased due to Azolla application. The agronomical trials at various
places on the effect of Azolla on rice crop have given promising results.
The cultivation of a suitable Azolla strain and its nutritional requirements
at different places/fields with good irrigation and drainage facilities, with its
timely supply and in desired quantity, its timely and effective utilisation, and a
good extension organisation are some of the important aspects in extending
the Azolla biofertiliser technology.
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Biochemistry of
Soil Organic Matter
S. SINGH 1 AND M.K. SINHA 2

SOIL organic matter contains numerous biochemical compounds and specific,
high-molecular-weight, heterogeneous humic and fulvic acids. Biochemical
compounds such as simple aliphatic acids, amino acids, and aromatic
compounds are continuously produced in soil through microbial activity.
They are highly biodegradable and their amounts present in soil at any time
represent a balance between synthesis and decomposition. Appreciable
quantities of these compounds are synthesised during periods of intense
microbial activity when organic residues are incorporated in the soil.
Rhizosphere microorganisms also synthesise a variety of biochemical
compounds although their concentration in aqueous phase is very small.
Organic compounds added to or generated within the soil contain
substances which differ greatly in biodegradability, and their transformation
in soils presents a chain of biochemical reactions with attached pools and side
links. The changes in the size and functions of the fractions reflect net
changes, representing no absolute figures but only differences between
simultaneously occurring processes of composition and decomposition. A
quasi-equilibrium between the different fractions is established in soils,
commensurate with the magnitude of intensity and capacity factors
determined by the flow of organically bound energy through the soil (Sinha
1971).
Humus formation seems to involve oxidative hydrolytic and other
enzymatic reactions leading to the formation of thermodynamically and
biologically stable humic substances from a highly heterogeneous assemblage
of phenols of diverse origins. The heterogeneity of the humic compounds of
high molecular weight is more in molecular size, state of dispersion,
aromaticity and number of functional groups; but a great deal of similarity is
observed in other properties. A striking similarity in the composition of soil
organic matter from different soils, and in the fractions extracted from a
particular soil, supports the theory that humus is a synthetic product of the
soil biological and chemical processes involving polynuclear condensation of
polyphenols and their hetero-condensation with other constituents such as
carbohydrates, amino acids, peptides, proteins, nucleic acids, organic
phosphorus and sulphur compounds. That all fragments and parts of the soil
organic matter system are stabilised together as a unit lends further support to
this theory (Nagar and Datta 1967; Sinha 1969).
1. Banaras Hindu University, Varanasi; 2. Rajendra Agricultural University, Pusa, Bihar.
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Current theories of humus formation contemplate that the more stable
humic polymers of high molecular weight are formed through microbial
alteration of plant lignins, tannins, and other phenolic substances, and that
during their formation ammonia, amino acids and proteins may combine with
the altered lignin and tannin. The poly-condensation of phenolic units of plant
and microbial origin takes place either by autooxidation or more probably
under the influence of microbial phenol oxidases and other enzymes. It has
been reported that humic acid contains, or readily gives rise to, a complex
aromatic core responsible for the e.s.r. signal indicating stabilisation of stable
free radicals, to which are attached, chemically or physically, polysaccharides,
proteins, simple phenols, and metals.
This paper reviews Indian literature on the biochemistry of soil organic
matter.
Turnover of Carbon and Nitrogen in Soils
The flux of organic materials through a soil in which organic residues are
incorporated leads to differential turnover rates of carbon and nitrogen owing
to the change in their equilibrium level. The basic feature of organic matter
decomposition in soils is that the added carbon and nitrogen are never
completely mineralised but are partly retained in forms having varying degrees
of biodegradability and turnover times. A quantitative measurement of the
kinetics of carbon and nitrogen mineralisation during humification of added
organic materials provides an estimate of such parameters as C or N
mineralisation potentials, mineralisation rate constants, and half-time of C or
N mineralisation. Sinha et al. (1977) studied the kinetics of C and N
mineralisation in three soils amended with farmyard manure, Pongamia
pinnata cake, lac waste, Shorea robusta leaves, and sawdust. The results
showed that the decomposition of organic carbon is controlled by two
simultaneously occurring, superimposed, first-order kinetic reactions. This
relationship can be accounted for by assuming that the organic matter
consists, in the main, of two fractions, one readily decomposable and the
other less readily decomposable, and that the decomposition of each fraction
proceeds simultaneously according to first order reaction rates. On the basis
of cumulative C or N mineralisation-?1/2 relationships, the carbon or nitrogen
mineralisation potentials of the soils amended with different organic materials
were derived on the premise that the rate of C or N mineralisation is
proportional to the amount of potentially mineralisable substrate as defined
by the equation:
dCjdt = -KC

or log (Co - C) = log Co -

K\2.303(0

where Co is the C mineralisation potential; Ct is the cumulative amount of
CO2 evolved at time t\ and K is the mineralisation rate constant.
The carbon mineralisation potential (Co) in the control soils represented
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only a small fraction of the total carbon content of the soils. The addition of
organic amendments significantly increased the potentially mineralisable
carbon, but the magnitude of increase for the same amendment was widely
different in different soils. This may be due to variations in available water,
rate of oxygen replenishment, pH, level of other nutrients, and heterotrophic
microbial activity as conditioned by the physicochemical properties of the
soils. The mineralisation rate constants and half-time of mineralisation for Co
also displayed variation in different soils; they provide quantitative estimates
of the recycling of carbon from the amendments in these soils and are of
significance in estimating the magnitude of mineral cycling associated with the
decomposition of organic matter in arable and forest ecosystems.
Composition of Organic Matter
Ram and Bhattacharya (1953) reported the presence of N compounds and
a carbohydrate as well as inorganic elements (Fe, Al, Ca, Mg, PO4, SO4) in
the insoluble matter and residues. Nagar et al. (1953) found glycollic acid and
galactose in some of the fractions of organic matter; N, S and CI occurred in
various combinations in the various fractions.
Singh (1955) studied the nature of organic matter of some black and red
soils and reported that the proportion of lignin humus fractions in black soils
was much higher. Singh and Singh (1960) found the maximum amount of
hexosamines in the suface horizon of some soils of Uttar Pradesh; the
hexosamine content was proportional to the content of organic carbon and
nitrogen. They observed no accumulation of hexosamines in the lower
horizons of any of the soils studied. Sen (1960) reported that the lowering in
the base exchange capacity of clay-humus complex was affected by lowering
of the ratio of humic acid to clay. Singh and Singh (1960) found that the
humic acids in some black soils were similar and that formation of organic
matter in these soils probably took place under similar conditions.
Singh and Bhandari (1963) found that the exchange capacities of humic
acids in some soils of Rajasthan varied with the leaching reagents though the
humic acids of the black soils invariably showed higher cation exchange
capacities. The differences were partly due to the formation of different
complexes and salts of the reagent cations. The contents and composition of
amino compounds showed marked differences due to differences in the nature
of nitrogenous complexes. Subsequently, Singh and Bhandari (1963a, 1963b,
1963c, 1965) reported on various other characteristics of humic acids of
Rajasthan soils and distribution of amino acids in them.
Prasad and Mandal (1964) reported increased humus content of soils after
the addition of organic matter and oil cake. Sinha and Shukla (1966) reported
various amino acids and phenolic compounds in KMnC»4 degradation
products of humic acid.
Maliwal and Khangarot (1966) determined the nature of amino acids and
reducing sugars in acid hydrolysates of fulvic acid isolated from four soils of
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Rajasthan. They noticed some variation in the number of amino acids but
none in reducing sugars. They detected the following amino acids: aspartic
acid, glutamic acid, -diamino pymelic acid, glycine, serine, lysine, tyrosine,
alanine, valine, leucine, threonine, histidine and arginine. The reducing sugars
were glucose, fructose, xylose, rhamnose, and arabinose.
Arora et al. (1967) reported that in soils of Punjab and Haryana, the
adsorption of arsenite was affected mainly by organic matter and partly by the
percentage and amount of sesquioxides. Takkar (1969) found that the content
of organic matter in soil affects the extractable Fe. All levels of organic matter
in neutral and saline soils and 2 to 8 per cent of it in calcareous soils increased
extractable Fe after 35 days of incubation.
Nagarand Datta (1967) reviewed the literature on chemical components of
soil organic matter and dealt with two components: (i) non-humic substances,
and (ii) humic substances.
Non-humic Substances. These consist of plant and animal substances at
various stages of decomposition, the decomposition products of plant and
animal substances, organic compounds excreted by soil microorganisms and
bacterial plasma. The non-humic substances include all types of organic
substances: proteins, lignins, carbohydrates, fats, waxes, tannins, microbial
pigments, and compounds of low molecular weight.
Humic Substances. A major fraction of soil organic matter consists of
substances of high molecular weight, comparatively resistant to decomposition
and acidic in nature. These substances do not belong to any particular class of
organic compounds. In view of the regularity of their occurrence in soils, and
their specific properties, it is quite probable that they are specific polymeric
substances produced under some conditions prevalent in soil. Conventionally,
humic substances are divided into humic acid, fulvic acid, and humin fractions.
These fractions differ from one another in chain length and consequently in
molecular weight.
Singh and Gangwar (1968) reported the distribution of amino sugars
under the effect of relief, drainage and parent material in the Vindhyan. soils
of Mirzapur. They found greater amounts of amino sugars in lowland samples
developed on dolomitic parent material. Water-holding capacity had a positive
effect on the amino sugars, but drainage did not show a marked effect on
them.
Datta et al. (1968) characterised the humic acids of some Indian soils and
gave their chemical structures, equivalent weights and molecular shapes.
Bhardwaj and Pathak (1969) reported the organic nitrogen, organic
phosphorus and organic sulphur contents in alluvial and mountain soils.
Singh and Singh (1968) found fewer amino acids and lower C:N ratios in
alkali soils than in the adjoining soil types.
Singh and Gangwar (1971) determined the elementary composition of
humic acids of Vindhyan soils and reported that there was considerable
variation in their carbon, nitrogen and hydrogen contents. Humic acids of
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lowland soils contained, in general, higher amounts of carbon than their
counterpart upland soils. Lowland soils, which are richer in organic carbon
than upland soils, seemed to be more humified.
Sinha (1971) amended the soils with C-labelled oat roots and analysed
14
C-labelled carbohydrates, amino acids and aromatic compounds in organic
matter (Tables 1, 2 and 3). In the hydrolysate of aqueous residue a number of
amino acids were detected. Fulvic acid showed greater complexity in
anaerobically incubated soils. It was noted that the more mobile fraction of
fulvic acid contained a large number of amino acids in association with
pigments consisting of various polyphenols and lignin decomposition
products. In the ether-soluble fraction of the aqueous extract, pyrocatechol
was detected. In the ether-soluble fraction of the acetone eluate of fulvic acid
from aerobically incubated Spodosol, tannin and pyrocatechol were detected.
In anaerobically incubated soil, phloroglucinol, tannin and pyrocatechol were
detected. In the combined amyl alcohol and ethyl acetate-soluble fraction of
the acetone eluate of fulvic acid from all the soils; arcinol, tannin, pyrogallol
and pyrocatechol were detected. A large part of applied carbon, consisting
probably of modified lignins and tannins, accumulated in humin and humic
acid fractions. Biosynthesis of phenolic substances in fungal culture and
formation of dark-coloured humic substances took place during the early
phase of decomposition.
Banerjee and Mukherjee (1972) reported the IR spectra of humic acid in
Assam soils. They assigned the strong band in the region 1750 cm-1 to the
hydroxyl stretching vibration, the free amino and H-bonded NH group being
responsible for this band. The band corresponded to the vibrations of
carboxyl and ester C = O in aliphatic and aromatic acids. The sharp and
broad band in the region 1600 cm -1 was ascribed to the presence of aromatic
and conjugated C = O groups as well as the stretching vibrations of C = O in
heterocyclic nitrogen compounds.
Rudrappa et al. (1972) reported the composition of humic acid on
percentage basis in Malnad area of Karnataka. They found that humic acid
contained 4.12 and 25.76 per cent of total N and crude protein, respectively
and glutamic and aspartic acids make up about 34.42 per cent of total amino
acids. On the basis of these findings they suggested that humic acid was
formed from proteins and peptides.
Singh and Singhal (1974) reported the carbohydrate content of Mussoorie
hill soils. It was high in surface horizons and decreased with depth. The soils
developed under oak over shale resembled podzolic soils with relatively high
carbohydrate content. The absorption spectra of the compounds resembled
the spectra of glucose, indicating decomposition of some polysaccharides and
higher composition of hexoses.
Adhikari et al. (1976) found that clay-fulvic acid complexes were more or
less stable up to a certain pH, above which they began to break up.
Adhikari et al. (1978) reported the results of a comparative study on

Table 1. Nature of carbohydrates in organic matter fractions of soil incubated with 14C-tagged oat roots under aerobic and
anaerobic conditions
Soils and
conditions

Aqueous extract (pH 2.0)
Alcoholic fraction

1. Spodosol
Aerobic

Free sugars:
Glucose, xylose
In hydrolysate
Xylose,

Alkaline fraction
(in hydrolysate)

Glucuronic,
galacturonic acids

Alkaline extract (0.1 N NaOH)
Humic acid

Glucuronic acid,
galactose

Fulvic acid fractions (in hydrolysate)
C

D

Galactose, mannose,
xylose
Unknown

Galacturonic acid
Glucuronic acid

ho
oo

m

<

m
O
-n
vi

O

r.
Vi

m

Anaerobic

2. Ultiso!
Aerobic

Anaerobic

Free sugars:
Galacturonic acid
galactose, xylose

>
Glucuronic acid,
galacturonic acids

Glucuronic acid,
galactose

Galactose,
mannose,
xylose,
glucuronic acid

Galacturonic acid,
Glucuronic acid

fa
X

z
>

Not detected

Glucuronic and
galacturonic acids

Not detected

Glucuronic and
galacturonic acids

Galactose,
mannose, xylose,
Glucuronic acid
Glucuronic acid,
galactose

Galacturonic acid,
glucuronic acid

Table 2. Nature of amino acids in organic matter fractions of soils incubated with
anaerobic conditions
Soils and conditions
of incubation

1. Spodosol
Aerobic

Anaerobic

2. Ultisol
Aerobic

Anaerobic

Free

Threonine,
glutamic acid

Alanine

Aqueous extract (pH 2.0)
Ether-soluble
Alkali-soluble
fraction
fraction
(in hydrolysate)
(in hydrolysate)
Lysine,
glycine/asparagine,
threonine / glutamic
acid, alanine, valine,
methionine

Lysine, asparagine,
glutamic acid,
threonine

Lysine, glycine
aspartic acid,
threonine / glutamic
acid, alanine,
methionine

Lysine, aspartic
acid, glutamic
acid, alanine,
valine, phenylalanine

Lysine, glycine/
asparagine,
threonine/ glutamic
acid, alanine,
metheonine

Lysine, arginine,
asparagine, glycine,
threonine, alanine,
valine, phenylalanine,
methionine

Lysine, glycine/
asparagine,
threonine / glutamic
acid, alanine,
methionine

Lysine, arginine,
asparagine,
glycine, threonine,
alanine, valine,
phenylalanine,
methionine

14

C-tagged oat roots under aerobic and

Alkaline extract (0.1 N NaOH)
Humic acid

Fulvic acid
fraction D
(in hydrolysate)

Lysine, glycine
asparagine, glutamic
acid, threonine,
alanine, valine,
phenylalanine

Lysine, threonine

Lysine, glycine/
asparagine,
threonine/ glutamic
acid, alanine, valine,
phenylalanine

Lysine, threonine,
valine

—
C

n
\r.

H
?8
• <

C
Ti

O
Not detected

Not detected

o
O

>

Lysine, glycine/
glutamic acid
threonine, alanine
valine,
phenylalanine

Lysine, threonine,
alanine, proline,
phenylalanine

z
n
2

>
tri
7>
rO
CD

Table 3. Aromatic compounds in fulvic acid of soils incubated with
conditions
Soils and conditions
of incubation
1. Spodosol
Aerobic

Anaerobic

2. Ultisol
Anaerobic

Aqueous extract

Pyrocatechol

Pyrocatechol

14

C-labelled oat roots under aerobic and anaerobic

Ether extract

Tannin, pyrocatechol

Tannin, pyrocatechol,
phloroglucinol

O

Alkaline extract (0.1N NaOH)
Fulvic acid fraction (B)
Ethyl acetate extract

Aqueous residue

Orcinol, tannin,
pyrogallol,
pyrocatechol
Orcinol, tannin,
pyrogallol, pyrocatechol

Tannin, orsellinic
acid, vanillic acid
Orsellinic acid,
orcinol, vanillic
acid, caffeic acid

7>

a
<

O
m
\r.
m

>

7=
O

Pyrocatechol

Tannin, gallic acid,
phloridzin, pyrogallol

Orcinol, tannin,
pyrogallol, pyrocatechol

Orsellinic acid,
orcinol, vanillic
acid, caffeic acid

ac

z
g
>
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physicochemical properties of natural and synthetic humic acids. The natural
humic acid had a more complex structure, with condensed aromatic rings,
than the synthetic product.
Zende and Raman (1978) determined the COOH and phenolic OH groups
in cultivated and forested soils. The higher content of oxygen-containing
functional groups in forested soils than in cultivated ones was attributed to
inherent differences in the chemical composition and molecular weight of
organic matter.
Working on clay-humus complexes, Adhikari and Mukhopadhyay (1978)
found that most of the humus compounds were held on the external surfaces,
broken bonds and edges of clay. Adhikari et al. (1979) studied the
interaction of folic acid, 2, 4-D, and malathion with natural, synthetic and
microbial humic acids. Rudrappa (1978) reported the analytical characteristics
of humic acids extracted from Malnad soils of Karnataka. Joshi and
Ghonsikar (1979) studied the infra-red characteristics of humus in soils of
Rajasthan and found that fulvic acid was present in the form of salts, as was
evident from the preponderance of ionised COO' groups.
Prasad and Sinha (1980) reported the elemental composition and
functional group content of humic and fulvic acids isolated from a Mollispl
and from poultry manure. Carbon ranged between 38.40 and 51.49 per cent,
hydrogen between 4.44 and 6.19 per cent, nitrogen between 1.43 and 4.30 per
cent and oxygen between 38.22 and 53.21 per cent. The C:N ratio varied from
7.7 to 10.6. The content of COOH groups was higher in fulvic acid
preparations than in humic acids from the two sources. Other functional
groups such as phenolic-OH, alcoholic-OH and C = O did not show any
particular trend of variation in humic and fulvic acid preparations.
Decomposition of Organic Matter and Factors Affecting it
Decomposition of organic matter attracted the attention of some early
bacteriologists. Desai (1933), Joshi and Puri (1933), Mukerji and Vishnoi
(1936), and Guha Sircar et al. (1940) examined the influence of organic matter
on the nitrogen level and properties of some soil samples. Sreenivasan (1943)
observed that microbial population increased at a tremendous rate as the
organic manure decomposed in the soil with consequent release of nitrogen
for microbial growth. John (1949) observed greater evolution of CO2 during
the period of decomposition of green manures. Increase in soil microbial
population and subsequent release of CO2 evolution was proportional to the
number of microorganisms.
Singh (1955) studied the effect of various clays on the decomposition of
plant materials under waterlogged conditions. Clays of black cotton soils
formed and retained greater amounts of the dark pigments than many other
clays. Generally, clays having higher exchange capacities and small amounts
of iron oxides on the surface formed and retained larger quantities of the
pigments. The amount formed with sodium clay was slightly less than that
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formed with calcium and magnesium clays. Singh (1955) further studied the
effect of clays with anaerobically fermented grass extracts on the formation of
dark-coloured clay-organic complex. Montmorillonite and other highexchange clays favoured the formation of the dark clay-organic complex. At
lower pH, an appreciable amount of organic matter was sorbed. The sorption
decreased with increase in pH, the amount being negligible at pH 9.0. The
sorption of organic matter was invariably associated with the sorption of iron,
manganese, calcium and magnesium.
Sharma and Bhattacharya (1958) studied the effect of calcium phosphate,
alone and with glucose of starch on the rate of decomposition of organic
matter. They noted that the rate of decomposition was much accelerated and
that there was also an increase in nitrogen fixation. Mitra and Singh (1959)
also observed that increasing concentrations of phosphorus (applied as basic
slag), bone-meal and rock phosphate increased the decomposition of the
organic substances.
Patil and Pandya (1963) studied the effect of age of the plant material on
the decomposition rate and found that materials rich in proteins were
mineralised at a faster rate than those poor in proteins and rich in lignin.
Abrol (1966) observed a depressing effect due to high salt content of soil on
the ammonification of some oil cakes. Pathak and Dixit (1967) reported
favourable effect of ultra-violet light on the decomposition and nitrification in
soil.
Effect of Decomposition of Organic Matter on the Release of Nutrients
Iyengar and Subrahmanyan (1935) reported that the decomposition of
farmyard manure (FYM) caused immobilisation of phosphorus. Singh and
Nijhawan (1943) found that application of FYM to alkali and calcareous soils
increased the proportion of available phosphate. A mixture of FYM and
calcium salts had better effect.
Singh (1955) reported that there was greater sorption of Fe, Mn, Ca and
Mg by soil clays containing greater amounts of organic matter. According to
Dhar (1956), organic matter on decomposition liberates energy, which is used
in the fixation of atmospheric nitrogen. Venkata Rao and Govindarajan
(1960) reported that green manuring together with phosphate increased the
yield and utilisation of phosphorus.
Mineralisation and immobilisation of nitrogen depend upon the C:N ratio
of organic matter. Materials with wide C:N ratio caused greater
immobilisations of nitrogen initially (Bhardwaj and Novak 1978) with
subsequent beneficial effects (Prihar et al. 1972; Pal 1969). Addition of
inorganic nutrients, particularly phosphates, enhanced the decomposition and
quality of compost (Dhar and Hasan 1961). Addition of phosphate greatly
enhanced the availability of phosphorus to plants (Gupta and Sinha 1974).
Datta and Goswami (1962) reported that availability of phosphorus in
soils increased with increase in organic matter levels in pot culture and
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laboratory studies. Kanwar and Prihar (1962a, b) found that FYM increased
the exchangeable and water-soluble potash in the soil. Rai (1969) observed
that the decomposition of green material was rapid in saline and alkali soils
for younger plants and was enhanced after the addition of superphosphate.
Role of Organic Matter in Soil Colour
Raychaudhuri et al. (1943) and Joshi (1950) found that the colour of
regur soils persisted even after H2O2 treatment of the soil.
Studies on colour-producing constituents revealed that colour resulted
under conditions of restricted drainage and in neutral or alkaline environment
(Mukherjee and Agrawal 1943; Leather 1898; Nagelschmidt et al. 1940; Harrison
and Ramaswami Sivan 1911-12). The black colour of soils was attributed to
base-saturation of humus (Desai 1942). Working on some typical soils of
India, Singh (1954) showed that the basic dark colour resided mainly in clayhumus complexes and was destroyed by oxidation of the organic component
by H2O2. The intensity of colour was dependent upon the nature of clay
minerals. Na-clay sorbed higher amounts of organic matter and gave distinctly
darker products. The dark colour was invariably associated with the sorption
of iron, manganese, calcium and magnesium. Joshi (1950) found that the
humus preparations obtained from black, red and yellow soils of Madhya
Pradesh were all identical in colour, both in solid state and in solution; but
Singh (1955) found that the humus of black soils was more oxidisable than
that of red soils. He further reported that the alkali extracts of the soil organic
matter of black soils were three to six times as dark as those of the red soils,
and that black soils were at least twice as resistant to acid hydrolysis as red
soils.
Singh (1955) reported that plant materials decomposing with clay of black
cotton soils under waterlogged conditions retained greater amounts of dark
pigments than with many other clays, viz. red soil clay, bentonite, and kaolin.
Generally, clays with higher exchange capacity and having small amounts of
iron oxides on their surfaces formed and retained larger quantities of
pigments. The amount formed with the Na clay was slightly less than that
formed with Ca and Mg clays.
Organo-metallic Interaction
Khanna and Bajwa (1967) observed the formation of metallo-organic
complex in soils by potentiometric and conductometric titrations of humic
acid. Ghosh et al. (1967) carried out infra-red study of urea-humic acid
complex and reported that a weak H bond was probably formed between NH2
groups of urea and oxygen of the carbohydrate ion of humic acid.
Adhikari et al. (1972) stated that the interaction of certain bivalent and
trivalent metallic cations and alcohol-soluble hymatomelanic acid (Hy.A.)
fraction of soil humic acid indicated the formation of Hy.A.-metal complexes
in the presence of metallic cations. He observed that the magnitude of pH
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drop of Hy.A., on the addition of metallic cations, was in the order: Ni:* <
Zn2+ < Cu2+ and Fe2+ < Fe3+ < Al3+.
Adhikari and Hazra (1972) reported the stability constant of Cu2+ , Ni2+
and Zn*+-fulvic acid complexes. On the basis of log k values they suggested
the sequences Ni2+ > Zn2+ > Cu2+ at pH 4.0 and Zn2+ > Cu2+ > Ni2+ at pH 5.5.
Adhikari and Hazra (1976) carried out spectral studies of humus-metal
complexes and reported that humic hymatomelanic acids and fulvic acids were
identical groups of humic substances. The infra-red spectra showed that
binding of the hydroxylated form of metal occurred through carboxylic
oxygen. Adhikari and Ray (1976) reported the stability constants of humic
acids and their phosphorylated derivatives with Cu2+ and Al3+. The study
indicated that Al3+-complexes were more stable than their Cu2+ complexes,
and more stable at higher pH.
Gupta et al. (1977) reported that the addition of humic acid decreased the
fixation of NH4 in hydrogen peroxide-treated soil. Similar observations were
made by Shah et al. (1977). Banerjee (1978) reported the interaction of some
metal ions with humic acid unadsorbed by clay minerals. Bentonite
interaction with higher amounts of humic acid and the decrease in acidity over
control of unadsorbed material were maximum. The reverse was the case with
kaolinite, but illite gave intermediate value. Potentiometric study of
synthetic and natural humic acid fractions and their derivatives (nitrosulphonated and phosphorylated) in the presence of heavy metal ions
(Adhikari et al. 1978) showed the formation of ligand-metal complexes with
pH-drop, the order being Fe3+ > Al3+ > Cu2+ > Pb 2+ in metal-ligand
interaction. They also reported on infra-red studies of humic and fulvic acid
complexes with metal salts and their soils. They investigated the chelation of
humic acid with some polyvalent metal ions, and in each case reported more
than one chelate.
Toxin Production
Lillaram (1970) studied some soil toxins and their effects on germination
and growth of finger millet (ragi). He found that ragi was tolerant to phydroxy benzoic acid up to 20 ppm. The seedlings became longer and thinner
than the normal ones, and about 10 per cent of them died after seven days of
growth. Germination and growth of ragi seedlings were considerably affected
when the concentration of dihydroxy stearic acid applied to soils exceeded 15
ppm. The concentrations of p-hydroxy benzoic acid and dihydroxy stearic
acid in fallow lands were also estimated for their effect on germination and
growth of different crops. Lillaram and Venkata Rao (1976) also reported on
the effect of p-hydroxy benzoic acid and dihydroxy stearic acid on
germination of ragi.
Electrochemical Properties of Humic Substances
Humic acids contain a number of functional groups such as the carboxyl,
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hydroxyl, carbonyl, free amino and imino groups. The carboxyl and phenol
hydroxyls are measured with electrometric techniques. The potentiometric
titration curves of humic and fulvic acids are similar to those of weak acids
and show an inflexion point in the alkaline pH range (Banerjee and
Mukherjee 1971; Dutta and Mukherjee 1970). Banerjee (1974) compared the
spectral properties and electrochemical behaviour of hydrolysed and
unhydrolysed humic acids on the basis of electrometric titrations and their
spectral and colloidal behaviour. His results indicated that a major part of the
humic acid resisted acid hydrolysis. The resistant unhydrolysable part may
constitute the central unit, the hydrolysable part being attached to it by ether
linkage, by C-C or C-N bonds, or by ester linkage. In the hydrolysate, amino
acids and sugars were identified. In the ether extract of the hydrolysate,
phloroglucinol and catechol were detected. This showed that hydrolysed and
unhydrolysed materials differed from each other in certain colloidal behaviour
and spectral properties. The conductometric titration curves of the two
materials showed that the hydrolysed materials had a single break indicating a
mono basic behaviour. The curve of the unhydrolysed material differed only
slightly from that of the hydrolysed material in the initial part. The
hydrolysed material showed an initial lowering in conductance, perhaps
because of free COOH group of the amino acids present in it. The
potentiometric titration curves of the hydrolysed and unhydrolysed material
differed in that the hydrolysed material was characterised by one inflexion,
and the hydrolysed material by two inflexion points. The first inflexion of
unhydrolysed material was attributed to the COOH group, and the other to
the phenolic hydroxyl groups. The apparent pk (average) values were
determined from the pH titration curves of the two materials at 50 per cent
neutralisation. The addition of salt lowered the pk average values by about 0.5
to 0.6 units. The value of pk unit for the unhydrolysed material was closest to
the side-chain carboxyl, viz. 4.7. On the addition of NaCl the pH values and
the pk unit of both hydrolysed and unhydrolysed materials were lowered and
assumed the value of 4.7, which is that of the carboxyl group. The visible
absorption spectra and the fluorescent excitation spectra of the two materials
indicated the predominance of aromatic groupings in the hydrolysed
materials. So, the phenomenon of fluorescene suggested the presence
of an aromatic type of structure in the central unit of humic acid
molecule.
Banerjee and Mukherjee (1975) studied the electrochemical properties of
humic and fulvic acid components of humin fraction. Their studies indicated
that the pk average values ranged from 3.80 to 4.66 for fulvic acids and from
5.44 to 7.50 for humic acids. The potentiometric titration curves also indicated
that humic and fulvic acids are polyprotic, and that the electrostatic free
energy of dissociation and size of the molecules change with ionisation. This is
in accord with the polyelectrolytic nature of humic substances (Sur and
Mukherjee 1969).
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Microbial Recycling
of Organic Matter
K.K.R. BHARDWAJ 1 AND R.B. PATIL2

ORGANIC matter forms an important part of soil environment. Its main source
is vegetation, which is supplemented by animal residues and man-made organic
products of industrial origin. In a continuous system of synthesis and
degradation, the state of organic materials varies from undecomposed and
partially decomposed substances to completely humified products of
microbiological decomposition. The organic matter performs two distinct
functions in the soil. One relates to its mere physical presence on the soil
surface, and the other to processes of biodegradation. Though the rate and
magnitude of biotransformations may vary with environmental factors and
nature and composition of the organic materials, no organic substance seems
to escape the onslaught, sooner or later, of microbial functions in a dynamic
system like soil. It is on this fundamental principle that the concept of
microbial recycling of organic matter is based and has been made use of in
various human activities.
The importance of organic matter to land improvement has been known
from time immemorial (Dhar 1968). Processes of decomposition and
availability of plant nutrients from various kinds of organic materials have
been exploited for agricultural production since the earliest times (Acharya
1939; Shrikhande 1946; Acharya 1953). Sufficient information has
accumulated in the past few decades and is reviewed here. In recent years, the
subject of organic recycling has attracted serious attention in order to
minimise dependence on non-renewable resources of energy for landfertilisation (Gaur 1979; Bhardwaj 1980). This concern is reinforced by the
necessity to make profitable utilisation of the available organic wastes whose
indiscriminate disposal would inevitably contribute to the environmental
pollution with simultaneous loss of nutrients and humus, valuable to the land.

Biotransformation of Organic Matter in Soil
Although organic matter is always present in soil, supporting perpetual
activity of heterotrophic microflora, an intense state of biotransformations is
set in action on the incorporation of fresh organic materials. This is shown by
the tremendous increase in the populations of soil microorganisms and in
evolution of CO2. Bacteria and fungi are most active at initial stages of
decomposition, the actinomycetes show their biochemical activity later
1. Himachal Pradesh Agricultural University, Palampur, Himachal Pradesh; 2. University of
Agricultural Sciences, College of Agriculture, Dharwar, Karnataka.
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(Ghildyal and Gupta 1969; Shantaram et al. 1973). Depending upon the
nature of the organic residues, the highest decomposition is accomplished
during the first 24 to 48 hours under appropriate conditions of temperature,
aeration and moisture (Gaur et al. 1979; Debnath and Hajra 1972). Next to
CO2, the immediate products of decomposition are organic acids, which,
though transitory, may be produced in measurable quantities (Gaur and
Pareek 1974; Govindasamy and Chandrasekaran 1979). At times some
organic acids may persist in phytotoxic concentrations, especially under
anaerobic conditions (Chandrasekaran and Yoshida 1973; Govindasamy and
Chandrasekaran 1979). There occurs a concurrent increase in the activity of
many soil enzymes (Balasubramanian et al. 1972). Besides minerals and CO2,
substantial amounts of humic substances may be produced before the process
of decomposition stabilises (Gaur et al. 1970; Joshi and Ghonsikar 1979).
Though humic substances are relatively stable, they are slowly but constantly
decomposed by many soil microorganisms (Khandelwal and Gaur 1969;
Bhardwaj and Gaur 1971). Even in their intact form these substances influence
the growth and activity of certain microorganisms (Gaur and Mathur 1966;
Bhardwaj and Gaur 1970; Bhardwaj and Gaur 1972) which continue to be
involved vigorously in their general and specific processes of
bio-transformation.
Effects on Soil Properties
The products of organic decomposition in soil are many and complex.
Their presence at any time depends upon the flow of organic matter into the
soil. All substances play their special roles in modifying the soil properties.
Results of many studies show that, given sufficient time for their
decomposition, crop-wastes, weeds and organic materials of industrial origin
exert a marked influence on the physical and chemical properties of soil
favourable to plant (Sandhu and Bhumbla 1967; Shukla and Vimal 1966;
Pal 1969; Vimal and Shukla 1969; Somani and Saxena 1975). Among the
intermediate products of decomposition, polysaccharides including microbial
gums are especially significant in the formation of soil aggregates by their
binding action on soil particles (Dhoot 1974). It is these substances that are
mainly responsible for the reported improvement in soil aggregation as brought
about by the incorporation of crop residues (Balasubramanian et al. 1972;
Verma and Singh 1974). Sinha and Gulati (1967) observed appreciable
improvement in soil aggregation on the application of neem-cake. Khosla
(1976) noted marked improvement in the hydraulic conductivity of a salinealkali soil by rice-husk application. Next to the humified organic manures,
crop residues help greatly in the maintenance of soil organic matter (Gaur et
al. 1970; Balasubramanian et al. 1974). Field weeds are readily mineralised in
the soil and provide plant nutrients (Patil and Pandya 1963; Shukla and
Vimal 1969); and so are certain wild plants (Aggarwal and Sharma 1980)
which appear to have been least exploited as soil ameliorants.

260

REVIEW OF SOIL RESEARCH IN INDIA

The studies of Sethunathan (1973) and Rajaram and Sethunathan (1975)
point to the special role of crop residues in the biodegradation of residual
pesticides in soil. Similar observations have been made by Pareek and Gaur
(1970), Magu et al. (1974), and Ragupathy and Subramaniam (1979) in
respect of farmyard manure reducing the toxicity of certain insecticides.
Nutrient Availability and Uptake
A major consequence of organic matter transformations is the
mineralisation of nutrients whose concentration depends upon the nature of
organic materials and their rates of decomposition. Materials with wide C/N
ratio are said to cause immobilisation of nitrogen initially (Rao and
Mikkelsen 1976; Bhardwaj and Novak 1978). That is why the beneficial effects
of such materials are noticed much later (Pal 1969; Prihar et al. 1972; Sinha
1975).
The effects of organic matter on conservation and greater availability of
nitrogen may be due to various mechanisms, including immobilisation,
slowing down of the process of nitrification and fixation of ammoniacal
nitrogen in humus complexes. Similarly, phosphates may be rendered soluble
by the action of organic acids produced during the processes of decomposition
or by complex formation with humic and fulvic acids (Sinha 1971). To
support these basic organic matter-linked processes, numerous investigations
reveal the effects of organic matter transformation on the conservation and
enhanced availability of nitrogen to plants (Dhar and Gaur 1955; Dhar and
Singh 1964; Naik and Ballal 1968; Adhikari and Ganguly 1971). Organic
materials and their humic decomposition products have been found to cause
increased nitrogen fixation (Gaur et al. 1969; Bhardwaj and Gaur 1968).
Greater availability of phosphates applied in combination with organic
materials was reported by Datta and Goswami (1962), Vyas and Motiramani
(1971) and many others. Micronutrients are generally more soluble and
readily available to plants when applied in combination with organic materials
(Misra 1970). Sufficient data are available to show increased solubility and
availability of zinc (Bandyopadhaya and Adhikari 1975; Dhillon et al. 1975),
manganese (Misra and Misra 1969; Tambhare and Rai 1967), and copper
(Misra 1966; Bandyopadhaya and Adhikari 1975).
Conversion of ammoniacal nitrogen to nitrate is accomplished by
nitrification, a process which is generally inhibited by organic amendments to
soil by suppressing the autotrophic activity of Nitrosomonas and Nitrobacter
(Tandon and Rastogi 1966; Tandon and Misra 1968). Specific inhibitory
effects of organic materials on the process of nitrification and nitrogen
conservation are seen from recent studies on the decomposition of non-edible
oil cakes derived mainly from neem (Azadirachta indica), mahua (Madhuca
indica), and karanj (Pongamia glabra). These are usually considered good
manures (Leley and Agashe 1971; Shukla 1973). With emphasis on the efficient
use of nitrogenous fertilisers in crop cultivation, non-edible cakes of no other
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economic significance have been widely used to supplement fertilisers. It was
emphasised that these materials may promote efficient use of fertiliser nitrogen
(Bains et al. 1971). Subsequent studies revealed a decisive role of non-edible
cakes in the efficient use of nitrogenous fertilisers (Ketkar 1975; Patil et al.
1976; Harishankar 1976; Sinha et al. 1979; Sharma et al. 1980). The data from
an experiment of Sharma et al. (1979) bring out the typical role of neem-cake
in crop production (Table 1). The favourable effect of these materials on the
uptake of nitrogen is mainly attributed to inhibition of nitrification through
their lipid associates. Their gross effect on nitrification is reflected by higher
accumulation of ammoniacal nitrogen in the treated soil (Patil 1972;
Sahrawat and Parmar 1975; Misra and Chhonkar 1978; Subbiah and
Kothandaraman 1980). Other studies have specifically noted inhibition of the
growth and activity of nitrifying bacteria (Khandelwal et al. 1977; Misra et al.
1975; Patil et al. 1976; Ahmed et al. 1978).
Table 1. Effect of different sources of nitrogen on the tuber yield and nitrogen
uptake of potato (Sharma et al. 1980)
N source
Urea alone
Urea + neem-cake (3:1)
Urea + neem-cake (2:2)
Urea + neem-cake (1:3)
Neem-cake alone
Dimethyl urea
Calcium amm. nitrate

Yield (q/ha)
40 kgN
80 kgN
197.9
203.5
191.2
171.6
154.9
210.1
220.7

229.2
258.1
243.0
191.7
153.2
251.1
257.0

N uptake (kg/ ha)
40 kgN

80 kg N

46.3
52.7
48.1
47.8
32.8
43.9
61.7

56.6
71.7
53.7
42.3
33.8
60.0
65.0

Effects on Crop Yields
The physical, chemical and biological changes brought about by organic
matter transformations in soil are reflected in crop yields. Several
investigations have been conducted on the use of organic materials in crop
production. Crop residues have attracted the maximum attention (Pal 1969;
Agarwal et al. 1974; Gaur and Mukherjee 1979; Dahiya et al. 1979). Cereal
residues with adequate addition of fertiliser nitrogen were used profitably in
raising good crops (Pal 1969; Gupta and Idnani 1970; Deb 1976).
Subramanyan (1976) successfully utilised water hyacinth (Eichhornia
crassipes) in rice culture and commended its use in crop cultivation. The
results of an experiment conducted over two successive years on the use of
wheat straw and water hyacinth at Ranchi are presented in Table 2 (Bhardwaj
1980). In some studies conducted by Dhar and his associates (Dhar 1968) any
readily decomposing organic matter could be used in soil improvement and
crop production provided it was incorporated in soil along with adequate
application of phosphatic fertilisers. In a study by Shinde et al. (1975) it was
found that nitrogen-release efficiency of urea blended with powdered rice
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Table 2. Effect of wheat straw and water hyacinth (Eichhornia crassipes)
incorporation in an acid red loam soil on the grain yield of wheat
(Bhardwaj 1980)
Waste material
incorporated (t/ha)

0 kgN

0
2.5
5.0

1167
1300
1333

Grain yield (kg/ ha)
50 kg N
100 kg N
1933
2600
2833

2433
2783
3383

straw was as good as that of the conventional slow-release nitrogenous
fertilisers. Growth promoting effects of specific humic substances on plants
have also been studied (Gaur and Mathur 1966; Gaur and Bhardwaj 1971).
Among the residues of industrial origin, press-mud—waste from sugar
industry — has been extensively studied as a source of manure (Sharma and
Saini 1962; Patil et al. 1978; Bawaskar et al. 1978). Reports on other
industrial organic wastes potentially fit for soil application are rare.
Occasionally, tannery wastes (Idnani and Walunjkar 1954), spent hops from
brewery (Chatterjee et al. 1979), tobacco wastes (Patel and Awatramani 1963),
fish-meal (Panikkar 1960) and cotton wastes (Lakshminarasimhan et al. 1973)
have been applied to soil with beneficial effects on soil fertility and crop yields.
Gaffar and Zende (1970, 1971) found blood-meal an excellent manure, as it is
readily mineralised.
Crop Residues as Mulches
One way of profitably recycling the crop residues, is their use as surface
mulches. Mulches are applied primarily for moisture conservation,
temperature maintenance, and weed control. The mulch can be further
utilised in soil improvement by incorporating the residues in the soil in situ as
shown by Gaur and Mukherjee (1980) whose data are shown in Table 3. They
observed higher populations of heterotrophic microorganisms and marked
improvement in some biochemical properties of a soil provided with wheatstraw mulch in micro-plots of 1.5 m X 1 m. Elaborate investigations on this
doubly beneficial aspect are lacking.
Table 3. Effect of the incorporation of wheat straw mulch in the soil on the
yield of wheat (Gaur and Mukherjee 1980)
Treatment

Grain yield
(kg/plot;

Straw yield
(kg/plot)

Control
0.5% wheat straw
0.5% neem-cake
0.45% wheat straw +
0.05% neem-cake
C D . (5%)

1.12
1.30
1.35

1.33
1.59
1.93

1.50
0.11

2.34
0.26
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Several field investigations show that mulching with crop residues helps
substantially in preventing moisture loss and lowering soil temperature during
the hot months (Bansal et al. 1971; Chaudhary and Prihar 1974; Singh and
Sandhu 1979; Gaur and Mukerjee 1980). The benefits of hydrothermal
improvements are suitably reflected in higher crop yields (Bansal et al. 1971;
Grewal and Singh 1974; Chaudhary and Prihar 1974; Singh and Sandhu
1979). Soil temperature could be kept substantially high in extreme winter by
mulching with pine needles (Kapur et al. 1978). Mulches help in retarding soil
crust formation and therefore in ensuring easy seedling emergence (Mehta
and Prihar 1973). Weed growth is kept in considerable check in the cropped
and fallow land (Prihar et al. 1975; Jalota and Prihar 1979).
Control of Root Pathogens
It is well known that the incorporation of fresh organic matter in the soil
markedly p r o m o t e s the growth and activities of h e t e r o t r o p h i c
microorganisms. As a result the presence and activities of the pathogenic
microorganisms are considerably suppressed (Vyas 1973), and it has been
found that organic amendments greatly reduce the incidence of soil-borne
plant diseases (Singh 1965; Singh and Pandey 1966; Singh and Sitaramaih
1973). On the other hand, with inorganic amendments the pathogenic
organisms build up bigger inoculant potentials (Gaur and Prasad 1970; Singh
and Sitaramaih 1971). Most significant effects of organic matter are seen on
root diseases caused by nematodes (Singh 1965; Gaur and Prasad 1970; Singh
and Sitaramaih 1973). Some typical data from an experiment by Gaur and
Prasad (1970) are shown in Table 4. In addition to organic manures and crop
residues, the non-edible oil cakes were found to exert sufficient control on the
population of soil nematodes (Sharma et al. 1971; Sitaramaih and Singh
1978).
Table 4. Effect of organic matter and inorganic fertiliser on nematode
population in soil (Gaur and Prasad 1970)
Treatment

Nematode population/250 g soil
Plant parasitic

Control
Wheat straw
Wheat straw + neem-cake
Farmyard manure
Dhaincha straw
N.P.K.
N.P.K. + wheat straw
N.P.K. wheat straw+neem cake
N.P.K. + FYM

56
63
25
98
83
170
85
55
125

Saprozoic
628
2183
1090
1203
963
400
725
985
529

Composting
Utilisation of animal, plant and human wastes by processing them into
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compost has been emphasised since early times (Acharya 1939; Shrikhande
1946). The practice has continued to be recognised as an effective method of
converting organic wastes into valuable manure (Garg et al. 1971;
Krishnamurthy 1978). Suitable composts were made from rice straw
(Ramanathan 1968), wheat straw (Laura and Idnani 1972), sugarcane trash
(Dhar and Singh 1964) and water hyacinth (Dhar and Hasan 1961; Dhar and
Deo 1965). It has been repeatedly noted that addition of inorganic nutrients
particularly phosphates, enhances the decomposition and quality of compost
(Dhar and Singh 1964; Dhar and Hasan 1961). Phosphated composts were
found to greatly enhance the availability of phosphorus to plants (Walunjkar
and Acharya 1955; Gazi 1962; Gupta and Sinha 1974). Using 32P tagged
superphosphate, Subbiah and Mohan (1965) and Singh and Subbiah (1969)
showed greater availability of phosphorus from super-digested compost.
Use of inoculant cultures in composting is generally considered to be of
little advantage. However, some studies have brought out the role of
microbial cultures and other biologically active materials as inoculants for the
composting of crop residues. These studies reveal that decomposition of
organic residues is significantly increased by the addition of small amounts of
cattle dung and biogas slurry (Laura and Idnani 1972; Sharma et al. 1980).
Neelakantan (1980) obtained good compost from rice straw and sawdust by
processing the materials with cattle dung and urine. Many recent publications
indicate the value of selected fungal inoculants in plant residue composting
(Wani and Shinde 1976; Kalekar et al. 1976; Parkhe and Shinde 1978; Konde
et al. 1979; Bangar et al. 1979; Gaur 1979). Species of Aspergillus and
Penicillium are reported to be the most effective (Parkhe and Shinde 1978;
Gaur 1979). Data given in Table 5 (Bhardwaj 1980) indicate the potential
importance of inoculants in the composting of organic wastes. The results
reported by Konde et al. (1979), Parkhe and Shinde (1978) and Gaur (1979)
show that the prospective role of fungal cultures in composting merits special
consideration. From a few investigations it appears that the quality of
compost from crop wastes could be improved substantially with the addition
of non-symbiotic nitrogen-fixing bacteria and phosphate solubilising
microorganisms, particularly when supplemented with rock phosphate (Gaur
1979).
Table 5. Influence of animal dung and microbial inoculants on the composting
of rice straw and maize stovers (Bhardwaj 1980)
Treatment

% Carbon

% Nitrogen

C/N ratio

Loss in weight

No inoculant
Dung
Aspergillus sp.
Trichurus spiralis

32.5
29.8
29.0
30.1

1.05
1.32
1.23
1.34

31.9
22.6
23.6
21.5

45.5
53.2
52.6
54.8

Initial composition of the mixture: %C—45.6; %N—0.74; C/N ratio—61.6
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Conclusions and Future Projections
The results of several investigations done in the country have shown that
highly carbonaceous materials in combination with moderate quantities of
inorganic material could be made use of in soil improvement and crop
production. Humic substances have been found to be equally important to the
activities of microorganisms and the nutrient transformations. Practical
usefulness of residues of non-edible oil cakes in the conservation of inorganic
nitrogen has been also indicated. There are evidences to suggest that organic
matter plays an appreciable part in the control of soil borne plant pathogens.
There is a need to intensify research effort on use of crop residues as mulches
since their beneficial role in modifying hydrothermal regime and soil
biochemical properties is now being increasingly recognised. Besides the
studies that have shown definite gains with phosphate enriched composts, a
few recent findings bring out the possibility of using animal residues, and
selected fungal and bacterial cultures as inoculants during composting of
organic wastes. Further work should be taken up in this area to prove the
practical usefulness of these amendments for rapid and qualitative
composting.
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Biodegradation of Agrochemicals
in the Soil Environment
N. SETHUNATHAN*

THE term agrochemical can be applied to any chemical that has anything to
do with agriculture. This review, however, deals with pesticides. These have
become major inputs in intensified agriculture and can have considerable
impact on soil environment. Despite a steady increase in recent years,
pesticide input in India is still as low as 330 g/ha as compared with 1,490
g/ha in a developed country like Japan (Anon. 1979a). Yet there are areas of
excessive use of pesticides, e.g. cotton, tea and irrigated rice culture.
Insecticides constitute more than 65 per cent of all pesticides used in India
while in most developed countries herbicides are used the most. The use of
several chlorinated insecticides has been either banned or severely restricted in
developed countries because of their extreme stability in the environment and
subsequent entry into the food chain. But in India, chlorinated insecticides
such as DDT and BHC are still used on a large scale because they are
relatively cheap, have a broad-spectrum action, and are produced
indigenously. The raw materials for making BHC are abundant, and BHC
alone accounts for more than 67 per cent of all pesticides produced in India
(Anon. 1979b). There is some evidence that a hot and humid tropical or
subtropical environment may favour a more rapid dissipation of these
persistent chemicals than a temperate environment in which they are relatively
stable. For economic and other considerations there is a special need for
studies on pesticide behaviour under local conditions before banning or
restricting the use of indigenously available chlorinated insecticides or other
pesticides, for the experience elsewhere may be of no relevance to our
situation.
Soil is the ultimate sink for bulk of the pesticides applied either to the soil
or to the foliage. According to several estimates, as much as 50 per cent of the
pesticide applied to foliage eventually reaches the soil (Edwards 1972). A
pesticide reaching the soil is acted upon by several forces — physical, chemical
and biological — independently or in combination. The most extensive
degradation of even complex organic molecules often to inorganic end
products, is achieved through biological means. But in non-biological
reactions the degradation is less extensive and far from complete. Admittedly,
pesticide residue research is still in its infancy in India and has been hindered
in most laboratories by the lack of sensitive methods such as gas-liquid
chromatography. Recent studies on the behaviour in soil environments of
'Central Rice Research Institute, Cuttack, Orissa.
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selected pesticides of importance to Indian agriculture are summarised
below.
PERSISTENCE
Insecticides
Chlorinated
Hydrocarbons.
Commercial formulations of BHC
generally contain the alpha, beta, delta and gamma isomers; the gamma
isomer (13 per cent) is the most insecticidal, and the beta isomer the
most persistent. Beta isomer is a minor constituent in commercial
formulations of BHC; yet its entry into the food chain merely by virtue
of its persistence has caused great concern in Japan. But isotope studies
in tropical rice soils of India clearly showed that both gamma and beta
isomers of BHC decomposed fairly rapidly and reached low levels in alluvial,
laterite and acid-sulphate (pokkali) soils within 20 days of flooding
(Siddaramappa and Sethunathan 1975) in contrast with its persistence for
more than two years in non-flooded soils. Degradation of the isomers was
retarded considerably in autoclaved samples of these soils apparently for lack
of microbial participation. It was negligible, probably because of low
microbial activity, in a sandy soil with low organic matter content and in an
acid-sulphate soil (kari) with extremely low pH even after six weeks of
flooding. Further studies showed that degradation of beta- and gamma-BHC
proceeded fairly rapidly in microbially active soils capable of attaining redox
potentials of —50 to —145 mV on flooding. The close relationship between the
degradation of BHC isomers in soils and the low redox potentials supports
the already established role of anaerobic microoganisms such as Clostridium
spp. in the rapid disappearance of these isomers from flooded soils (Raghu
and MacRae 1966; Yoshida and Castro 1970).
Endrin, a widely used insecticide now banned, decomposed rapidly to five
or six metabolites in most soils on flooding except in a sandy soil (Gowda and
Sethunathan 1976). More rapid degradation of endrin occurred in flooded
than in non-flooded soils (Gowda and Sethunathan 1977). Degradation of
endrin in these soils was both chemical and biological, but biological
degradation was more extensive. Endrin is extremely unstable in flooded soils;
yet the use of endrin may pose serious environmental problems from its more
stable metabolites.
Organophosphates. Commercial formulations of parathion (Folidol) and
its methyl analogue, methyl parathion, were the most extensively used
organophosphorus insecticides in India. Parathion has since been banned
because of its high mammalian toxicity, and fenitrothion, having a relatively
low mammalian toxicity, is considered an effective substitute. There is
considerable literature on the fate of these organophosphates in Indian soils,
especially in flooded soils.
The degradation of parathion, methyl parathion and fenitrothion
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proceeded fairly rapidly in soils upon flooding (Adhya et al. 1981a) through
nitro group reduction to respective amino analogues and hydrolysis at P-O-C
linkage. These reactions, leading to detoxification of parent molecules, are
mediated essentially by microorganisms. The major pathway in the
degradation of parathion in a flooded soil after the first addition was the nitro
group reduction; almost instantaneous conversion of parathion to
aminoparathion and two more metabolites occurred within five seconds of its
contact with a soil pre-reduced by flooding (Wahid et al. 1980). But after 2
or 3 applications it shifted to hydrolytic pathway as a result of proliferation
of parathion-hydrolysingmicro-organisms (Sethunathan 1973; Sudhakar-Barik
and Sethunathan 1980a; Sudhakar-Barik et al. 1979). Parathion was converted
to aminoparathion in a flooded soil never exposed to p-nitrophenol, the
product of hydrolysis of parathion; but in soils pretreated with p-nitrophenol, the
parathion was readily hydrolysed (Sudhakar-Barik et al. 1979). Parathion is
hydrolysed by co-metabolism since microorganisms do not proliferate during
this process; the p-nitrophenol formed is subsequently used as a source of
energy for the proliferation of parathion-hydrolysing microorganisms. Such
enrichment of microorganisms capable of decomposing a parent molecule on
repeated application of its predicted intermediate is new to literature.
A bacterium, Pseudomonas sp. ATCC 29353, isolated from a flooded soil
by enrichment culture technique, readily hydrolysed parathion and then
metabolised its hydrolysis product, p-nitrophenol, to nitrite (Siddaramappa
et al. 1973; Sudhakar-Barik et al. 1976). A Flavobacterium sp. from diazinontreated flooded soil hydrolysed both diethyl (parathion and diazinon) and
dimethyl (methyl parathion and fenitrothion) phosphorothioates almost with
equal ease whereas Pseudomonas sp. ATCC 29353 hydrolysed only diethyl
group such as parathion and diazinon (Adhya et al. 1981b). Corynebacterium
sp. ATCC 29355 and Pseudomonas sp. ATCC 29354, both from a flooded soil
treated with parathion, converted p-nitrophenol to nitrite (Siddaramappa
et al. 1973) and 4-nitrocatechol (Sudhakar-Barik et al. 1978) respectively.
Isolation of such bacteria from parathion-treated flooded soils provided
convincing proof of microbial involvement in the rapid hydrolysis of
parathion after two or three applications to a flooded soil.
Pesticides are being increasingly applied in combinations, either
simultaneously or in rotation, for broad-spectrum control of several pests
affecting a single crop. But most reported studies on their persistence in the
environment relate to pesticides applied singly. Recent studies with pesticide
combinations showed that parathion was generally short-lived in a flooded
soil when applied singly, but benomyl at a concentration as low as 5 ppm
significantly increased the persistence of parathion by inhibiting microbially
mediated reactions of nitro-group reduction and hydrolysis (Sudhakar-Barik
and Sethunathan 1979). The persistence of parathion was not affected by the
presence of even 100 ppm of BHC or of 2, 4-D.
Carbamates. No carbamate insecticides were used in India until 1971.
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Since then there has been a steady increase in the use of carbamates such as
carbaryl and carbofuran, the most effective insecticides against brown planthopper, the major pest of rice. Carbofuran decomposed rapidly in 20 to 40
days after flooding in laterite, alluvial and pokkali soils, but not in kari soil
(Venkateswarlu et al. 1977). The pH of the first three soils increased to near
neutrality under submerged conditions, but kari soil was acidic even after
prolonged flooding. The persistence of carbofuran in kari soil was probably
due to low pH, since this insecticide is known to be stable under acid
conditions. More rapid degradation of carbofuran occurred under flooded
conditions than under non-flooded conditions. Carbofuran is more watersoluble than several commonly used insecticides. Its water solubility and
resistance to degradation for 20 days after application raise the problems of
contamination of water resources and inland fisheries through residues in
surface run-off waters from carbofuran-treated submerged rice fields.
Recent reports from the International Rice Research Institute,
Philippines, show that carbofuran is no longer effective against brown planthopper after its continuous use for two or three years. In a study to determine
whether this was due to the proliferation of carbofuran-inactivating
microorganisms it was observed that the rate of degradation of carbofuran
was about the same in soil samples from plots previously treated with
carbofuran (three applications) and from plots not treated with carbofuran before
(Venkateswarlu and Sethunathan 1978). Application of carbofuran to flooded
rice fields at rates close to field application rates did accelerate the rate of its
degradation with successive applications.
An isotope study (Venkateswarlu and Sethunathan 1978) showed that
degradation of carbofuran in flooded soils was more rapid under undisturbed
conditions than under aerobic conditions provided by shaking. Under
continued anaerobiosis of undisturbed flooded soils, the hydrolysis products
decreased rapidly.
Carbofuran and carbaryl are susceptible to chemical hydrolysis under
alkaline conditions. But microbial degradation of these insecticides is of
significance in neutral soils and in acid soils which become almost neutral on
flooding. Heat treatment of the soil samples before incubation with
insecticides increased the persistence of carbofuran (Venkateswarlu et al.
1977) and carbaryl (Venkateswarlu et al. 1980) under flooded conditions. The
evidence suggests that flooded soils harbour microorganisms especially
Pseudomonas sp. which are capable of degrading both carbofuran and carbaryl.
Carbaryl, added to a mineral salts medium as the sole carbon surface, was
converted by an Achromohacter sp. isolated from a non-flooded soil to
hydroxyquinone, 1-naphthol, catechol and pyruvate (Sud et al. 1972).
Baygon, also a carbamate insecticide, was metabolised to 2-isopropoxy phenol
by a Pseudomonas sp. isolated from a non-flooded soil treated with Baygon.
Contrary to the common belief that chlorinated insecticides are more
persistent than organophosphate and carbamate pesticides, certain chlorinated
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hydrocarbon compounds show persistence curves almost as low as those
shown by organophosphates and carbamates in soils under flooded
conditions. In fact, BHC was less persistent than carbofuran in flooded soils.
There is an urgent need for evaluating the persistence of more pesticides from
different groups under both aerobic and anaerobic conditions.
Fungicides and Herbicides
In studies on the fate of the fungicides thiram and ziram in non-flooded soils,
it was observed that in aerobic soils thiram was converted to dimethylamine,
carbon disulphide, and an unidentified divalent sulphur compound (Raghu e t al.
1974, 1975). This unidentified compound was subsequently characterised as
copper dimethyl dithio-carbamate (CUDDC2) by using 64Cu-labelled thiram
(Kumarasamy and Raghu 1976). The break-down products of thiram,
particularly CUDDC2, were highly fungitoxic; this would explain, at least in part,
the prolonged fungitoxicity of thiram despite its instability in soil.
Ziram was decomposed by a soil bacterium in pure cultures, essentially to
unidentified water-soluble metabolites (Raghu et al. 1976). Dexon disappeared
from a non-flooded soil within 60 days, presumably by microbial action
(Karanth and Vasantharajan 1973). A soil bacterium, Pseudomonas fragi,
converted dexon by co-metabolism to several products with N-N-dimethyl-pphenylene diamine as the major product (Karanth et al. 1974).
The degradation of carboxanilide fungicides, carboxin and oxycarboxin,
in several soils of Karnataka proceeded fairly rapidly. Under non-flooded
conditions, carboxin was transformed to sulphoxide in all the five soils and
past sulphoxide to aminophenol, ammonium and nitrite in two of the five soils
(Balasubramanya 1977). In flooded soils, the reaction ceased at the sulphoxide
stage. The convertion of carboxin to sulphoxide occurred in both sterile and
non-sterile soils, but sulphoxide ws metabolised further only in non-sterile
soils. Pseudomonas aeruginosa, isolated from a red sandy loam soil,
hydrolysed oxycarboxin initially to 2-(vinylsulphonyl) acetanilide, and then to
2-(2-hydroxyethylsulphonyl) acetic acid and aminophenol (Balasubramanya et
al. 1980). It also oxidised carboxin to its sulphoxide and then to the sulphone
derivative, oxycarboxin, before hydrolysis. Subsequent hydrolysis of
aminophenol led to the accumulation of ammonium, which was partly
oxidised to nitrite.
FACTORS INFLUENCING PESTICIDE PERSISTENCE
Since the factors influencing the rate of degradation of a pesticide in the
soil environment are many and interrelated, it is difficult to determine their
individual effects. Several factors have a profound influence on the microbial
activities and thereby on the behaviour of a pesticide in a soil.
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Soil Water Content
Soil moisture influences the proliferation of microorganisms and their
activities, sorption-desorption of organic and inorganic substances, and
aerobic status in a soil. Generally, a pesticide is degraded faster in moist soil
than in dry soil. However, the degradation rate may rise or fall after further
increase in the water content to saturation, as in flooded soils. The
degradation of certain chlorinated insecticides such as BHC and endrin
proceeded more rapidly under flooded conditions than under non-flooded (50
to 60 per cent water-holding capacity) conditions (Raghu and MacRae 1966;
Siddaramappa and Sethunathan 1975; Gowda and Sethunathan 1977;
Sethunathan and Siddaramappa 1978). In very wet soil, oxygen becomes
limiting. Anaerobic microorganisms (obligate or facultative) have been
implicated in the rapid disappearance of anaerobically unstable organic
molecules in such environments (Sethunathan and Siddaramappa 1978). But
not all organic molecules undergo rapid decomposition in flooded soils. Ring
cleavage reactions that require oxygen are retarded. Alternate flooding and
drying with corresponding increase in populations of anaerobic and aerobic
microorganisms may assist in more extensive degradation of molecules having
a ring. For instance, p-nitrophenol, formed from parathion, was converted to
soil-bound residues under flooded conditions, but it is mineralised to CO2
under aerobic conditions (Sudhakar-Barik and Sethunathan 1978b). This
finding, and studies made elsewhere, certainly show that extensive metabolism
of even complex aromatic organic molecules can be fairly rapid in tropical
areas characterised by intermittent heavy rain and dry spell.
Organic Matter
Organic matter increases the microbial activity in a soil and the
availability of organic molecules to degradation process through sorption.
Addition of rice straw to a flooded soil accelerated the degradation of
isomers of BHC (Siddaramappa and Sethunathan 1975), endrin (Gowda and
Sethunathan 1977) and carbofuran (Venkateswarlu and Sethunathan 1979). In
a flooded soil amended with rice straw or other organic matter, nitro-group
reduction of parathion was enhanced and its hydrolysis was inhibited. For
parathion, therefore, the effect of added organic matter depended on the
pathways of its degradation.
Redox Potential
Redox potentials will have marked effects on the persistence of pesticides
degraded by oxidative or reductive processes. The redox potential of a soil
drops progressively with incubation under flooding. Consequently, reduction
reactions may be catalysed in flooded soils. Degradation of j3- and 7-isomers
of BHC occurred only in soils capable of attaining redox potentials of—40 to
-100 mV within a few days after flooding (Siddaramappa and Sethunathan
1975). The degradation of 0-BHC could proceed only at a potential lower
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than that required for the degradation of y-BHC. This would explain the long
persistence of /8-BHC in the environment. In flooded soils with potentials of
about —120 mV. endrin was readily degraded, but its degradation products
persisted (Gowda and Sethunathan 1977). The drop in redox potentials of
soils upon flooding is further hastened in the presence of organic sources. The
accelerated degradation of BHC isomers (Siddaramappa and Sethunathan
1975) and endrin (Gowda and Sethunathan 1977) in flooded soils amended
with organic sources was due to favourable redox potentials besides increased
microbial activity.
Sorption and Desorption
Sorption and desorption regulate the amounts of pesticides available for
losses through degradation (chemical and microbiological) and transport
(volatilisation, leaching, surface run-ofï). Organic matter is the most
important single factor affecting the sorption of y- and /8-isomers of BHC
(Wahid and Sethunathan 1979a) and parathion (Wahid and Sethunathan
1978) in soils. Inorganic soil constituents have also been implicated in the
sorption of these pesticides, especially in soils with organic matter levels of 2
per cent and in soils oxidised with H 2 0 2 ; their effect is more marked at higher
levels of organic matter. Anaerobic soils pre-reduced by flooding, sorbed less
lindane than aerobic soils (Wahid and Sethunathan 1980).
Mineral Constituents
Pesticides sorbed by inorganic soil constituents can undergo surfacecatalytic decomposition. There is evidence that inorganic soil constituents,
notably clay minerals and free iron oxides, participate in the sorption of
parathion and BHC isomers by aerobic soils. Clay and free iron oxides were
implicated in the sorption of parathion and y-BHC, and free iron oxide alone
in the sorption of /S-BHC, while sorption of y-BHC was not influenced by
either (Wahid and Sethunathan 1978, 1979b). Whether this sorption by
mineral constituents of the soil finally leads to catalytic decomposition of
these pesticides is yet to be studied.
Besides catalytic decomposition of pesticides after sorption by minerals,
interaction between the pesticides and the metabolic end products of minerals
has been demonstrated very recently. Parathion undergoes rapid conversion
to aminoparathion in almost all soils under flooded conditions, but in acidsulphate soils and in soils amended with sulphate it was transformed further
to desethyl aminoparathion by dealkylation (Wahid and Sethunathan 1979b).
Interaction between aminoparathion and hydrogen sulphide — evolved by a
reaction between sodium sulphide and dilute HC1 - - also led to its
dealkylation to desethyl aminoparathion. Evidently, hydrogen sulphide
evolved readily in anoxic sulphate-rich soils and reacted with aminoparathion
to form the dealkylation product.
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Conclusions
The extent of degradation of a pesticide molecule in the soil environment
is governed by several factors such as structural characteristics of the
pesticides, soil type, climatic conditions, and cultural practices. Of the several
forces, soil microorganisms, indigenous or introduced, certainly play the most
important role in the inactivation of a majority of the pesticides. The most
practical way to accelerate the degradation of a biodegradable pesticide under
natural conditions is to increase the indigenous populations of microorganisms responsible for degradation through appropriate cultural practices.
Soil submergence, as used in rice cuture, hastens the degradation of
anaerobically unstable pesticides such as DDT, BHC and nitro-compounds
(parathion, methyl parathion and fenitrothion). Organic amendments can
promote both aerobic and anaerobic degradation of pesticides. An alternative
method, yet to be tried under field conditions, is the inoculation of the soil
environment especially poor in pesticide-degrading activity with active
pesticide-degrading organisms from another habitat or location. When the
organisms lack competetive ability, as is usually the case, their establishment
in the new environment may be difficult. Admittedly, knowledge on the fate of
pesticides in agricultural soils of India is rudimentary, and there is an urgent
need to intensify research in the field of pesticide behaviour in the tropical
soils environment in view of the increasing use of pesticides in the tropics.
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Organic Manures
and Bio-Fertilisers
A.C. GAUR*

THE importance of the organic manures and bio-fertilisers in crop productivity
needs hardly any emphasis. The growing of crops entails the removal of
substantial quantities of plant nutrients from soil. Intensive agriculture
demands greater attention to maintenance of soil fertility. At the current level
of 135 million tons of food grains produced in the country, the expected
nutrient removal will be about 4.5, 1.7 and 7.3 million tons of N, P2O5 and
K ; 0 , respectively. The nutrient consumption in 1980-81 is expected to be
about 5.5 million tons, and this leaves a deficit of about 8.0 million tons of
total nutrients, which has to be provided. In view of the fast depleting trends
of fossil fuel and the resulting energy crisis, one has to rely more and more on
the use of renewable resources such as bulky organic manure and biofertilisers for maintenance of soil productivity at a desired level under Indian
conditions. There are vast resources of renewable organics which can be
exploited for use as organic manures by using different technologies (Gaur
1978, 1979).
Organic manures are valuable by-products of farming and allied
industries derived from plant and animal resources. Organic manures are bulky
but supply low quantities of major plant nutrients, hence they are termed
bulky organic manures, such as farmyard manure, rural and town compost,
green manure and crop residues. Those containing higher percentage of major
plant nutrients are called concentrated organic manures, such as oil cakes,
blood and meat meals, fish meal, guano, shoddy, and poultry manure. On an
average, well-rotted farmyard manure contains 0.5 per cent N, 0.2 per cent
P:05, and 0.5 per cent K2O. On the basis of this analysis, an average dressing
of 25 tons of farmyard manure, ha supplies 112 kg N, 56 kg P;Os and 1 12 kg
K;0. These quantities are not fully available to the crops in the year of
application. Nitrogen is very slow-acting but the yield response may be
equivalent to less than 30 per cent N generally available to the first crop.
About 60 to 70 per cent of the phosphorus and 75 per cent of potash become
available to the immediate crop. The rest of the plant nutrients become
available to the subsequent crop; this is known as the residual effect.
Compost manures are prepared by the activity of microorganisms from
wastes such as leaves, twigs, roots, stubbles, crop residues, bhusa, hedge
clippings, city garbage, water hyacinth, sawdust, and bagasse. The process of
decomposition is hastened by blending of nitrogen-poor materials with cattle
*Division of Microbiology, Indian Agricultural Research Institute, New Delhi.
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dung, night soil, urine, inorganic fertilisers and bio-fertilisers. Farmyard
manure and compost possess similar characteristics. The chemical
composition can vary depending on the nature of the substrate used for its
preparation. The compost prepared from farm litter had N, P:Ch and K:0 at
0.5. 0.2 and 0.5 per cent, respectively, whereas the corresponding figure for
compost prepared from town wastes (garbage, night soil) are 1.5, 1.0 and 1.5
per cent. Water hyacinth compost generally has higher nitrogen (2 per cent)
and K;0 (2.3 per cent) contents.
On the other hand, concentrated bulky manure, such as sheep and goat
manure, contains 3 per cent N, 1 per cent P2O5 and 2 per cent K3O. Poultry
manure contains 3 per cent N, 2.63 per cent P and 1.40 per cent K. Oil cakes
are rich in nitrogen (2.5 per cent in mahua cake to 7.9 per cent in decorticated
safflower cake).
Decomposition of Organic Manure in Soil
Soil incubation studies have shown that in the absence of addition of
organic manures there is a loss of 7 to 31 per cent of native soil carbon from
various soil types in about 6 months' time. Addition of farmyard manure or
compost or crop residues appreciably increased the organic carbon and
available plant nutrient (Gaur et al. 1970, 1971. 1973; Balasubramanian el al.
1974). Likewise the results of studies on organic matter decomposition in
medium black soil of Rajasthan showed that incubation of soil without added
organic matter resulted in a 26 per cent loss of the soil organic carbon,
whereas incorporation of different types of materials increased it by 50 to 104
per cent (Somani and Saxena 1976). The rate of decomposition of organics in
soil will depend on their nature and soil type. It was observed that nitrogen
organic residues, such as leguminous residues, green matter and succulent
plant residues, non-edible cake, and blood-meal, would decompose faster,
followed by wide C/N ratio organic materials like cereal residues, and narrow
C/N ratio but stabilised FYM or compost (Gaur et al. 1970, 1971, 1973;
Shantaram et al. 1975; Somani and Saxena 1976).
Addition of nitrogen in the form of chemical fertiliser or non-edible cakes
will accelerate the pace of mineralisation of nutrients from cereal residues
poor in nitrogen (Gaur et al. 1973; Hazra et al. 1974). On the other hand,
mineralisation of humified FYM or compost is a slow and steady process and
acts like a slow-release fertiliser.
Addition of compost to red loam soil resulted in fixation of atmospheric
nitrogen corresponding to 10-15 per cent of the initial nitrogen content of soil,
where C:N ratio of compost was wider than 15:1 (Acharya et al. 1946). It was
confirmed from the experiments that lowering the C:N ratio of cereal residues
to 40:1 was effective in increasing the rate of their decomposition (Gaur et al.
unpublished).
A wide C:N ratio of 80-90, as in paddy or wheat straw, adversely affected
the NH4-N and NO.i-N status of soil even up to 14 weeks whereas C:N ratio of
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30-40:1 maintained a higher level of NH4-N, and NO3-N, and the depression
persisted only for two weeks (Hazra et al. 1974).
Decomposition of Organic Residues and Change in Soil Microbial Population
Lai and Mukherjee (1953) found that application of dextrose at the rate
of 0.15 per cent enhanced the microbial activity and CO2 evolution. They
further observed that six months old FYM in soil was the best for increasing
bacterial numbers and carbon dioxide evolution. Ghildyal and Gupta (1959)
reported in the case of immature plants of sunnhemp that the bacterial
population rose to an early maximum in about 15 days. Fungi and
actinomycetes were more active during the decomposition of mature plants at
75 days of incubation.
Gaur et al. (1971) studied the effect of addition of three different types of
organic materials, viz. berseem hay (Trifolium alexandrinum), FYM, and
wheat straw at two different rates in an alluvial sandy loam soil incubated at
30° C, on the development of soil microflora. In general, the maximum
increase in bacterial, actinomycetal and fungal populations was observed at 30
and 90 days, followed by the lowest activity at 60 and 120 days. However, a
trend towards increase was again observed after 120 days of incubation.
Berseem hay showed the highest zymogenic effect in the initial stages. FYM
had a marked influence on the fungal population, and wheat straw with or
without nitrogen showed a decreasing trend.
Azotobacter population was appreciably increased by the addition of
wheat straw alone. Other treatments including wheat straw + N had a slight
effect on Azotobacter. In another study, the effect of decomposition of three
different types of organic materials, viz. dhaincha (Sesbania aculeatd), wheat
straw and FYM on the changes in the microflora in a red Rakar soil was
investigated. It was observed that the addition of organic matter profoundly
influenced the soil microflora. In general, dhaincha supported more bacteria
and actinomycetes followed by wheat straw and FYM. Fungal population was
stimulated by FYM. The soil itself was poor in Azotobacter, and addition of
organic matter had little effect on its population (Gaur et al. 1973).
The successive qualitative microbial changes during the decomposition of
bajra (Pennisetum sp.) stalk in a sandy sierozem soil was investigated by
Neelakantan et al. (1974). Alternaria spp., Aspergillus spp., Gliocladium spp.,
Mucor spp. and Rhizopus spp. were the most common fungi. The genera of
bacteria observed were Achromobacter, Arthrobacter, Bacillus, Micrococcus,
Pseudomonas, Xanthomonas, Celluvibrio and Cellulomonas. Gaur et al.
(1973) reported the prominence of Aspergillus spp. in both normal and
alkaline soils during the decomposition of wheat straw. Ramification of
mycelia of Rhizopus oryzae around the straw pieces and surrounding areas
was quite visible in normal soil.
Balasubramanian et al. (1972) reported that the surface soils of old
permanent manurial plots at Coimbatore contained more microflora than the

ORGANIC MANURES AND BIO-FERTILISERS

281

deeper layers. The organic plots contained significantly higher microbial
contents than unmanured plots. Continued application of farmyard manure
and phosphatic and potassic fertilisers enhanced the bacterial numbers in soil.
Farmyard manure encouraged fungal populations. Nitrogenous fertilisers
encouraged the growth of actinomycetes.
The residual effect of different manures applied after green manuring to
the preceding rice crop on the rhizosphere microbial population of wheat crop
after two months of its growth in a field experiment showed more cellulose
decomposers in rice straw plus ammonium sulphate, rice-straw + rockphosphate, and ammonium sulphate + rockphosphate treatments in that
order. The phosphate solubilising bacteria were stimulated by town compost,
rice-straw plus rock-phosphate, FYM and rice-straw plus N, when compared
with check samples which were green-manured earlier (Dey et al. 1976).
Bacterial, fungal and actinomycetal populations in a black clay loam soil
of Karnataka were increased in substantial numbers during the course of
decomposition of organic manures, viz. farmyard manure, dhaineha straw,
paddy husk, and Pongamia and paddy husk mixture. Bacterial population
was maximum during the second week of incubation, actinomycetes and fungi
in the fourth and fifth weeks respectively. The available nitrogen and
phosphorus in the soil were appreciably enhanced during the biodegradation
of the added materials. FYM was the lowest in order (Shantaram et al. 1975).
Effect on Physical Properties of Soils
The part played by organic manures in improving the physical condition
of soils has been reported time and again. Regular addition of farmyard
manure improved the organic carbon, structural status and water retention
capacity of silty clay loam soil (Ranchi) and alluvial sandy loam soil (Sabour)
both under long-term experiments. In the case of Ranchi soil, phosphatic
fertilisers were also effective in improving the physical properties. The
improvement in the Sabour soil was also reflected in a significantly higher
yield of maize crop. On the other hand, there was little change in the soil
properties due to the inorganic fertilisers (Biswas et al. 1969, 1971). In another
study, Biswas et al. (1970) reported the effect of green manure, groundnut
cake and FYM, alone and in combination with ammonium sulphate, on the
physical condition of an alluvial soil growing rice. All the three improved the
soil physical condition, but green manuring was the best whereas FYM and
oilcake were identical in their effectiveness. Havanagi and Mann (1970)
reported the beneficial effect of manure and fertilisers in dry-farming
conditions.
Application of compost augmented the soil organic carbon level, total
nitrogen and C.E.C., and decreased the exchangeable bases of the soil under a
long-term manurial trial in progress at Cuttack since 1948, whereas no such
effect was observed with either ammonium sulphate or lime (Bandyopadhya
et al. 1969).
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Gaur el al. (1972) found that organic residues such as dhaincha, straw,
and straw plus neem cake, when applied to soil, appreciably increased the
percentage of water-stable aggregates over that in the control. Easily
biodegradable organic matter, with and without NPK, formed the greater
percentage of macro-sized aggregates (greater than 0.5 mm) because of greater
microbial activity in soil. Farmyard manure did not cause much change.
However, in a separate study application of different levels of FYIvl to slightly
alkaline, non-calcareous, non-saline, sandy loam soil resulted in significant
increase in percent aggregates of the samples analysed after 57 and 104 days. The
increasing levels of FYM performed better (Sarkar et al. 1973).
Manuring of sugarcane soil with compost increased the size of the soil
aggregates to more than 0.25 mm. Even when no crops were grown, the soils
under manuring and irrigation improved the aggregation and soil fertility.
Green manuring with sunnhemp had a better effect on exchangeable and
waterstable aggregates (Bawaskar and Zende 1973). Gaur and Subba Rao
(1975) isolated bacterial gum for different bacteria and studied their effect on
soil aggregation. Polysaccharides of Rhizobium trifolii, Bacillus pulvifaciens,
Beijerinckia indica and Agrobacterium radiobacter had greater aggregate
stability and higher amounts of carbohydrates, uronic acid and protein.
Nutrient Availability
Decomposition of organic matter is generally accomplished by the release
of plant nutrients. Bone meal proved better in its residual effect in acidic soil
having high organic matter than superphosphate (Kanwar and Kanwar 1962).
The effect of organic matter in reducing the intensity of phosphate fixation by
the soil sesquioxides was statistically evaluated by Datta and Srivastava
(1963). The use of organic manures along with superphosphate was advocated
for maintenance of soil fertility (Verma and Lamba 1963). The highly digested
compost proved distinctly superior to fertiliser and to superphosphate applied
in conjunction with compost in acidic soil of Palampur as judged by the
uptake of phosphorus by paddy crop (Singh and Subbiah 1969). Organic
matter applied to soil at the rate of 1 per cent proved effective in increasing
the available P from native as well as added P sources (Vyas and Motiramani
1971). It was observed that both organic acids and humic fractions of
decomposing organic matter were more efficient in releasing phosphorus from
rock phosphate or tricalcium phosphate and in reducing phosphorus fixation
in soils (Gaur 1969, 1972; Basu 1973; Pareek and Gaur 1973).
Green manuring with Glyricidia maculata and Sesbania (S. speciosa)
increased humic acid production appreciably as compared with high C/N
ratio organic substrates, resulting in greater availability of P in soil
(Vidhyasekaran et al. 1973). Studies on the organic-C/organic-P ratios of
some soils of Rajasthan showed that they were rather low, indicating a high
mineralising capability. Pot experiments indicated that the growth of
Sorghum vulgare and Vigna mungo was in some way dependent on total and
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hydrolysable organic phosphorus (Somani and Saxena 1971).
Addition of organic matter, viz. Glyricidia (G. sepium) leaves and rice
straw to flooded soil in a pot-culture study generated significantly greater
amounts of CO2 and higher concentration of water-soluble Fe+2, Mn+2 and
other cations. The lethal effect of CO2 and other reducing products could be
avoided if quick decomposing organic materials were added to soil three to
four weeks prior to transplanting of paddy (Katyal 1977). Organic matter
accelerated the release of iron and manganese in red and black incubated soils
of Karnataka (Jayaraman and Nayar 1972).
The drying and wetting cycle caused greater loss of organic matter in
alluvial and hilly soil of West Bengal and in laterite soil of Orissa than in soil
at a constant moisture level (Debnath and Nandi 1972). As a result of
enhanced microbial activity due to drying and wetting cycles, greater
evolution of CO; and release of nutrients in Delhi alluvial sandy loam soil was
noticed (Mathur and Gaur, unpublished).
Effects of Organic Manures in Maintenance of Soil Organic Matter
Several long-term and short-term experiments have shown that
incorporation of farmyard manure or other organic materials was beneficial to
the maintenance of organic matter level in soils and the improvement of soil
fertility. A long-term field experiment showed that FYM in doses varying
from 4 tons to 8 tons ha~' increased the soil organic carbon by 20-40 per cent
over the unmanured check plots (Acharya and Rajagopalan 1956). A study
conducted for 50 years at Coimbatore showed that the application of organic
manure at the rate of 19.8 tons ha~ , year after year, increased the soil organic
carbon to 0.83 per cent in treated plots against 0.51 per cent in control plots
(Mariakulandi and Thyagarajan 1959). It was reported that continuous yearly
application of compost or cow-dung to soil growing mulberry increased the
organic carbon and total and available nitrogen, but the oil cakes or
ammonium sulphate treatment did not. Organic manures also brought about
a significant increase in the water-holding capacity of the soil (Mandal and
Pain 1965).
Biswas et al. (1971) reported that farmyard manure significantly increased
the organic matter status of the alluvial sandy loam soils of Sabour under a
permanent manurial trial. On the other hand, Kanwar and Prihar (1962) did
not find farmyard manure applied to Punjab soils at 9 tons ha~' a year in any
way superior to ammonium sulphate in improving the physical condition of
the soil. Similarly permanent manurial experiments conducted at Gurdaspur
for 16 years showed that farmyard manure applied at the rate of 18 tons ha~
every alternate year, alone or with N, P and K, caused only a marginal
increase in the level of soil organic carbon. However, in fixed crop rotation
experiments at Hissar and Kanpur, organic carbon level increased by 36.6 and
53.0 per cent with the addition of FYM at the rate of 15 tons ha -1 applied
twice a year with fertilisers (Misra et al. 1974).
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Several studies (Kanwar and Prihar 1962; Sen and Bonde 1962; Shukla
and Vimal 1966; Bandyopadhya et al. 1969; Gaur et al. 1970) have shown that
the application of farmyard manure, compost or bagasse to different sandy
loam alluvial soils increased the organic carbon, total-N, available-N, P2O5,
cation exchange capacity, and humic acids in the soils. Laura (1976) reported
greater carbon mineralisation and humic/fulvic acid ratio of the soil with
increased exchangeable sodium percentage (ESP) but the process of
nitrification was completely inhibited between 70 and 92 ESP. The
mineralisation and losses of nitrogen were not affected up to 70 ESP.
Green Manuring and Soil Properties
Green manuring involves incorporation of an eight weeks old legume crop
in situ or green matter collected from trees and other sources for improving
the physical, chemical and biological properties of the soil. A good deal of
information on this aspect has been documented by Singh (1962) and
Mariakulandai and Morachan (1964). Green manuring with Crotolaria
mucronate or Stizolobium cochinchinensis increased the organic matter
content of the soil, but there was little increase in the N content. On the other
hand, the legumes Cassia occidentalis, Clitoria ternata and Phaseolus
lathyroides increased the N content of soil but with little improvement in the
organic carbon content (Sen and Paul 1959).
A two-year field investigation conducted in sandy loam soil of Delhi
showed a beneficial effect of green manuring with and without phosphorus on
wheat crop. Total-N, available-N and P, and bacterial and Azotobacter
populations in the soil, were increased significantly. The percentage of
waterstable aggregates was also enhanced. The combined effect of green
manuring and phosphorus fertilisation was superior to green manuring alone
(Kute and Mann 1968). In pot trials, bacterial population was
stimulated to a greater extent than soil fungi or actinomycetes by green
manuring. Azotobacter was absent in alkali or acidic soils, it prefers neutral
pH. The ammonifying power of a soil was enhanced by green manuring when
its nitrifying capacity was maximum at the early growth stage of the crop.
Nitrogen fixation was unaffected by N, P and Mo (Ramaswami and Raj 1973,
1976). Green manuring with wild legumes, viz. Cassia tora, C. occidentalis,
Crotolaria medicagenia, Alysicarpus rugosus, Tephrosia purpurea, T. pumila
and Aeschynomene americana at 35 t/ha to paddy crop in paddy-wheat
rotation was examined in pot trials. The yields of both the crops were
increased and of the wild species of legumes T. pumila and A. americana gave
the maximum benefits (Singh 1971).
Singh (1967) reported that the plots fertilised with inorganic sources of
NPK gave only slightly higher yields than green-manured plots with an annual
dressing of phosphorus. Green manuring was not of much use in increasing
organic matter content of the soil to higher level but contributed towards the
supply of nitrogen and other plant nutrients to the crop.
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Srivastava and Pandit (1968) found a favourable influence of green
manuring with sunnhemp on the yield of sugarcane. The contribution of the
sunnhemp tops was related to its nitrogen content and C/N ratio. However,
the contribution of roots was far greater although the nitrogen content was
less than the tops. Kumaraperumal et al. (1975) reported that the
incorporation of green leaf (Glyricidia maculata and Pongamia glabra)
manure on the yield of sugarcane seems to be better and comparable with
complete manuring with inorganic fertilisers. The juice quality was not
affected by the form of manuring.
In a field trial for five successive years, the significant effect, of increasing
doses of green leaf manuring with sunnhemp up to 9.6 tons ha~' increased the
paddy grain yields. The beneficial effect was more marked in adverse
conditions. The combined effect of small doses of phosphatic fertilisers plus
green manure gave significantly higher grain yields (Rao 1950a, b). Desai
(1959) reported that paddy crop suffered if green manuring was done under
ill-drained conditions.
There are several reports of beneficial effect of green manuring in field
trials (sunnhemp, dhaincha) in increased grain yield and uptake of N, P, K by
wheat under different agro-climatic conditions. Further increase was found
with combined treatment of green manuring and phosphate. After the harvest,
more soil residual N and more phosphorus due to green manure cum
phosphate treatment was observed (Ballal et al. 1968; Gupta and Prakash
1969; Kute and Mann 1969a, b).
Three-year field trials conducted with Virginia tobacco at Dinhata, West
Bengal, indicated that 8 tons FYM ha~' along with green manuring with
dhaincha (Sesbania aculeata) gave higher total bright leaf equivalent;
application of 22 kg N ha"1 was adequate (Panikar and Sajnani 1975).
Control of Plant Parasitic Nematodes and Fungi by Organic Manures
It has been reported that high doses of nitrogen increase the nematode
population. However, with the introduction of high-yielding varieties and for
obtaining the maximum yields, high doses of fertilisers are essential inputs.
Since soil fumigation to control plant parasitic nematodes is expensive, the
effect of different types of organic matter with or without chemical fertiliser
was examined. The results showed that application of NPK in the absence of
organic matter amendment markedly increased the parasitic nematodes of
wheat crop. Addition of organic matter, even in the presence of applied NPK,
suppressed the nematode population, and neem cake was found most effective ir
lowering numbers (Gaur and Prasad 1970; Prasad et al. 1972).
The control of Meloidogyne javanica in vegetables was achieved with the
application of 2.5 tons sawdust ha"1 three weeks before planting, followed by
inorganic fertilisation, particularly with urea. They also tried oil cakes for
reducing intensity of root galls of okra and tomato crops (Singh and
Sitaramaih 1971a, b; Kumar and Nair 1976).
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Plant parasitic nematodes in general were reduced with the application of
neem, groundnut and til cakes when applied alone or in combination (Misra
and Prasad 1974). Oil cakes significantly reduced the population of
phytophagous nematodes in the rhizosphere of egg plant (Wajid Khan et al.
1974). The use of oil cakes and sawdust reduced the incidence of potato scab
disease caused by Streptomyces scabies, which was correlated with the ratio
between antinomycetes and bacterial population in soil (Basu Chaudhury
1967). Wajid Khan et al. (1974) observed that oil cakes adversely affected the
frequency of parasitic fungi such as Collectotrichum
atramentarium,
Rhizoctonia solani and Fusarium sp. Mehrotra and Garg (1977) observed that
wheat straw, millet straw and cellulose reduced the percentage of infection of
pea by Fusarium solani.
Organic Manures and Crop Yields
Organic manures by influencing physical, chemical and microbiological
properties of soil, play an important role in crop production. Response of
crops to organic manuring depends on several factors such as its degree of
decomposition, carbon-nitrogen ratio, time of application, soil characteristics,
and soil moisture regime during the period of crop growth. The major organic
manures used in India are farmyard manure, compost and green manures.
Incorporation of cereal residues to soil has been recently done to investigate
the crop response. Concentrated organic manures such as cakes are no longer
recommended. In the past too whatever quantity of cake was used for
manuring, it was generally on selective crops such as sugarcane, fruit crops
and betel-vine.
Rice
The summarised results of 341 experiments on rice crop from several
states showed that the response to application of 12.6 tons farmyard manure
or compost ha~' varied from about 100 kg of rice ha~' in Maharashtra and
Bihar to 216 kg ha~' in Orissa; the average response on the 63 research
stations in the country was 168 kg ha . Mustard cake alone or in combination
with ammonium sulphate at 120 kg N ha~' in a field trial conducted for three
consecutive years gave significantly higher yields of grain and straw of spring
paddy (boro). The combined treatment and the organic manure alone,
respectively gave 0.70 and 0.66 tons ha~ increased yields (Ghosh 1964).
Under heavy application of organic manures, continuous submergence of
paddy field depressed grain yield and nutrient uptake which could be
improved through drainage probably by removal of toxic products resulting
from anaerobic decomposition of organic matter (Sahoo et al. 1970). Addition
of phosphate while composting or with ripened compost gave a much better
response than compost alone in respect of the yield of paddy in different soil
types of Bihar (Gupta and Sinha 1974).
The result of a long-term experiment (10 years) on a sandy loam laterite
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soil at Bhubaneswar (Orissa) showed that the application of FYM to supply
45 kg N together with 45 kg N from ammonium sulphate gave the highest
grain yield of 2667 kg ha -1 , an increase of 520 kg ha" (Sahu and Nayak 1971).
Padalia (1975) conducted long-term field trials (1967-1972) in sandy loam soil
of medium fertility at Cuttack with rice and obtained the maximum grain
yield of 5.04 tons ha -1 by the combined application of organic and inorganic
nitrogen at 80 kg N ha"1 from each source; the application of 160 kg N as
inorganic fertiliser gave 4.77 tons ha" .
Singh et al. (1976) found in a field trial that rice crop responded better to
urea nitrogen than to the nitrogen from FYM. Patro and Sahoo (1977)
conducted trials with rice grown in rotation in the kharif and rabi seasons
during 1968-1973 with application of 120 kg N ha~' in each season and 0-15
tons FYM, 0-60 kg P 2 0 5 and 0-30 kg K 2 0 h a ' either in one or both the
seasons. The crops gave significant responses in the kharif season to direct and
cumulative effects of application of FYM at 15 tons ha -1 . The responses
during rabi were non-significant.
Rudraksha et al. (1978) observed that application of 75 tons FYM ha"'
together with the full gypsum requirement of 7 tons ha~' to Vertisol alkali
soils gave the highest paddy yields of rice followed by the application of FYM
and half gypsum requirement.
In pot and field trials with rice, the application of undiluted or diluted
cattle-shed washings increased growth, dry matter accumulation, nitrogen
uptake and paddy yields (Jha et al. 1978).
Wheat

The results of 210 experiments on irrigated and 71 experiments on
unirrigated wheat showed that the increase in yield of irrigated wheat due to
farmyard manure applied at 12.6 tons ha -1 ranged 80-90 kg ha~' in Gujarat
and Delhi to more than 250 kg ha" in Maharashtra, Madhya Pradesh and
Bihar. The response of irrigated wheat, on an average, based on 210
experiments at 31 research stations in different states was about 200 kg h a ' ;
this is somewhat higher than the response obtained with rice. On unirrigated
wheat, the responses to an application of 6.3 tons ha" were much lower (85 kg
ha"1).
Lai and Yadav (1951) compared the effects of castor cake and farmyard
manure at three levels of nitrogen (0, 36, 72 kg ha"') on the growth and yield
of wheat. Gupta and Das (1956) studied the quality of wheat grains as
effected by manures, organic manures were not better than inorganic fertiliser
in improving the thiamine and riboflavin contents of wheat grains. Green
manure with phosphorus and potassium treatments were found to increase the
niacin content of wheat grains. However, the studies were not conclusive.
Datta and Goswami (1962) investigated the effect of organic matter on the
availability of soil and fertiliser phosphorus and its uptake by wheat crop. In
both pot and incubation studies, soil available phosphorus increased with the
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increasing organic matter levels. The total and soil phosphorus uptake
increased and actual uptake of fertiliser phosphorus decreased with increasing
level of organic matter.
Field trials conducted at Delhi for a period of six years showed that
reducing the time of application of FYM from three months to one week
before sowing wheat crop caused a progressive decline in the yield of wheat;
but the differences were non-significant. The amount of FYM used was
reflected in the yield of wheat because the effect was marked when the rate of
application of FYM was above 12.4 tons ha~' (Sen and Bonde 1962).
However, Singh et al. (1968) found that for wheat (a short-duration crop)
ammonium sulphate was a better source of N than FYM.
The maximum yield of wheat was obtained by the combined use of
ammonium sulphate (44.8 kg N h a ' ) and 4.48 tons FYM h a ' , in Rajasthan
soil. Rajasthan soils, in general, are very poor in organic carbon and total
nitrogen (Shrotriya and Jaisinghania 1969). The combined effect of N, P2O5,
K2O (120:60:60) and two tons of compost ha -1 gave the highest yield of wheat
grain. The nitrogen content of the grain increased as the quantity of compost
was augmented (Mann et al. 1973). Poonia et al. (1974) reported that FYM
applied to a sandy loam soil of Hissar at the rate of 50 tons ha proved more
beneficial in increasing the yield of pearl millet than that of wheat. It increased
the potassium and phosphorus content and decreased the sodium content in
the straw.
In field trials conducted during 1969-1972, it was found that the yields of
wheat were similar with 40 kg N ha -1 as urea applied one month before
sowing or as FYM applied one month before sowing (Jain et al. 1976). In a
pot-culture experiment on a slightly alkaline (pH 7.6) soil at Varanasi, the
interaction of the combined application of 23 tons FYM ha~' and 100 kg P2O5
ha -1 as superphosphate gave significant increase in the production of dry
matter, tillers and phosphorus uptake by wheat plants (Ram et al. 1976). On
the other hand, in a field experiment, wheat responses were better to urea
nitrogen than to FYM (Singh et al. 1976).
In the trials conducted during 1968-1974, FYM (18.5 tons ha"1) applied
each year either to bajra (Pennisetum americanum) grown in silty clay loam
under rain-fed conditions in kharif season or to the following wheat crop
increased the yields of both crops significantly from 1970-71 onwards, and the
effect of FYM was significantly cumulative. FYM increased the yields of
wheat with and without added inorganic nitrogen and phosphorus, and that
of bajra only when no inorganic fertiliser was applied (Koregave et al. 1978).
Mann et al. (1978) reported that the application of FYM and/or
micronutrients to a loamy sand soil, deficient in zinc, copper, boron and
marginally adequate in molybdenum, iron and manganese increased the
micronutrients in the soil. A significant response in wheat to both soil and
foliar application of micronutrients was observed in the case of treatments
combined with FYM.
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Gaur et al. (1980) conducted field trials on the effect of organic materials
and phosphate-dissolving culture on the yield of wheat. The results indicated
that rock phosphate application to soil significantly increased the yield of
wheat crop in all its treatments except where the C/N ratio of paddy straw
was lowered to 40 and was not compensated to full N dose. The combined
application of paddy straw with inorganic nitrogen and rock phosphate
together with phosphate-dissolving culture gave the maximum yield of wheat
crop. In other trials the results showed that application of maize stubbles with
rock phosphate significantly increased the yield over the control. The
maximum increase of 47.4 per cent was recorded where maize stubble were
applied together with nitrogen, rock phosphate and phosphate-dissolving
culture. The results indicated that an integrated use of organic and inorganic
fertilisers would be more useful.
Sugarcane
Results of 258 experiments distributed over eight states and 19
experimental stations showed the average response of the order of eight tons
of sugarcane to the application of 25 tons of farmyard manure or compost.
The long-term experiment on a fixed rotation of sugarcane, jowar and
groundnut in progress at the Sugarcane Research Station, Padegaon, since
1939-40 showed the favourable effect of compost in reducing the harmful
effects of continuous high doses (336 kg N h a ' ) of ammonium sulphate. The
treatments consisted of a combinations of two levels of compost with the six
treatments made up of a control of 336 kg of nitrogen supplied by ammonium
sulphate, a groundnut cake (GNC) treatment and mixtures of the two in three
fixed ratios. Compost was applied at 25 tons ha' 1 which contained
approximately 135 kg N, 135 kg P 2 0 5 and 720 kg K 2 0. The trial was modified
during 1951-52. The control plot not receiving any compost was divided into
two parts, and to one of these an additional treatment of nitrogen,
phosphorus and potash mixtures as chemical fertiliser equivalent to the dose
of 25 tons compost ha~ was applied. The experiment was again modified in
1954-55, when compost plots were also sub-divided into two and the nitrogen,
phosphorus and potash were incorporated as above. The results showed
significant response to the application of nitrogen and compost. The response
was significantly higher with groundnut cake than with ammonium sulphate.
The response to nitrogen applied as ammonium sulphate was augmented
when it was applied with compost.
Another long-term experiment' was conducted at the Sugarcane Research
Station, Muzaffarnagar (U.P.). The trial consisted of seven treatments made
up of control, FYM, ammonium sulphate, groundnut cake and other
combinations. Nitrogen was applied at 135 kg ha~ in all the treatments. The
results showed that there was significant response to nitrogen from all the
sources. FYM applied alone gave significantly lower response than the other
five nitrogen treatments. The average responses to application of FYM,
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groundnut cake, ammonium sulphate were 24, 41 and 47 per cent, respectively.
Mariakulandai and Morachan (1964) reviewed the results of manurial trials
on sugarcane conducted in Tamil Nadu. A mixture of ammonium sulphate
and groundnut cake was better than either groundnut cake or ammonium
sulphate alone. The germination of canes was not affected by concentrated
manures. The dose of fertiliser nitrogen could be reduced with proper
application of green manures. Press-mud having the average composition of 1
per cent N, 2 per cent P and 6.5 per cent K.2O could be profitably utilised in
place of compost or FYM.
Singh and Kanwar (1964) studied the manurial value of different oil
cakes, viz castor, maize, groundnut, neem, mahua and fish and blood meal
manures on sugarcane. Of all these manures, castor cake gave the maximum
cane yield. No significant difference between maize, groundnut, neem cake or
ammonium sulphate, fish meal and blood meal manures was obtained. Mahua
cake, composted or uncomposted, gave the poorest yield. The application of
oil cakes proved uneconomical because of their high cost. Ammonium sulphate
gave the poorest juice quality.
Sawdust at the rate of 370 kg ha~' soaked with urea, superphosphate and
muriate of potash applied to sugarcane gave significantly higher yield than all
other treatments consisting of bagasse soaked with fertiliser plant nutrients
and different combinations of inorganic fertilisers (NPK) in three different
soils and locations. Bagasse soaked with plant nutrients showed an
inconsistent trend on cane yield but was superior to the application of
inorganic fertilisers alone. Bagasse, having a high percentage of cellulose (57
per cent) and being easily biodegradable in soil as compared with sawdust,
might have caused nutrient immobilisation resulting in inconsistent trend and
low yields as compared with sawdust (Siddiqui et at. 1974).
Press-mud cake (PMC) is a rich source of phosphorus, and when applied
in moderate quantities it can meet the phosphorus requirement of sugarcane
crop. Addition of 12.5 tons PMC ha produced comparable effects on the
yield parameters; an improvement in the juice quality was noticed over that
with NPK fertilisers (Patil et al. 1978).
Maize
Sen and Kavitkar (1956) examined the maize yield data of Pusa
permanent manurial experiments (new series) obtained during 1932-1952 to
study the continuous application of manures and fertilisers. The rape cake
treatment gave significantly higher yield of maize, followed by FYM treatment
(48 kg N ha"1). Inorganic fertilisers also showed good effect but did not differ
significantly from FYM. However, Singh and Mann (1962) reported better
performance of farmyard manure than castor cake.
There was apparently no effect of organic manuring on the vitamins and
amino acid contents of the maize grains (Gupta and Das 1961). Singh and
Verma (1968) observed a significant effect of application of FYM together
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with phosphatic fertiliser on the yield and phosphorus uptake by the crop.
Mann et al. (1978) studied the effect of FYM and/or micronutrients in a
sandy loam soil deficient or marginally inadequate in certain micronutrients
on the maize crop. A response to foliar applications of boron and
molybdenum or to soil application of boron was observed in the presence of
FYM.
In a pot experiment Shukla et al. (1978) found that application of 10-20
tons FYM ha~' without zinc in a zinc-deficient soil increased the yield of
maize crop as well as the uptake of zinc. Double the rate of FYM together
with zinc decreased the yields and the uptake of zinc.
Gaur and Mathur (1979) investigated the effect of different types of
organic materials, viz, straw, neem cake and FYM incorporated in alluvial
sandy loam soil of Delhi at two depths over the normal recommended
package on the yield of maize crop and on the nitrogen uptake by it. Eleven
organic materials were incorporated at 18 tons ha~ (except FYM) 15 days
before sowing and were allowed to decompose. Significantly higher increase in
yield was obtained when one-third of the organic matter as neem cake was
incorporated along with straw. The next best treatment was FYM, which also
increased the yield significantly. The maximum nitrogen uptake by the crop
was noticed with the combined use of straw and neem cake followed by FYM.
Straw application to surface soil (0-15 cm) under tropical conditions can be
done without any detrimental effect on crop yield.
Millets
Grain yields of sorghum in field plots were not significantly different with
FYM and urea as nitrogen sources (Veeraju et al. 1975). It was reported that
superphosphate followed by concentrated organic manures such as fish meal,
meat meal, bone meal and groundnut cake were most effective in increasing
grain and fodder yield and phosphate uptake by Pennisetum sp. The results of
the long-term experiment in progress at Coimbatore in red sandy loam soil
since 1909 showed significant responses to FYM which was comparable to the
application of NPK and NP treatments. However, nitrogen alone gave nonsignificant increase over control in all crops.
Potato
Singh (1975, 1977) obtained the highest additional yield of 19.13 tons ha"1
when FYM at the rate of 100 tons together with 100 kg N ha"' was used at
Pantnagar. FYM alone was more effective than 200 kg N ha"1. Similarly, 50
tons FYM equivalent to 100 kg P2O5 gave higher yields (17.8 tons ha"1) than
did 100 kg P2O5 (11.9 t ha"1) or 100 kg P2O5 + 100 kg K2O (14.9 t ha"1). The
unfertilised or manured plots yielded only 10.1 t ha"1. The residual effect of
FYM was more marked (Chatterjee et al 1978).
The effect of the application of FYM at 44 kg P2O5 ha" on yield of
potatoes was similar to the application of 44 kg P2O5 ha"1 as superphosphate.
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The residual effect of FYM was quite substantial and was more marked in a
year of low rainfall (Sharma et al. 1979). Grewal and Trehan (1979) found
that the application of FYM equivalent to 12-44 kg P2O5 ha~' applied to
acidic brown hill soil showed significantly better residual effect than that of
inorganic phosphorus and potassium application on the yield of potato
tubers. FYM at 30 tons h a 1 was sufficient to meet the phosphorus and
potassium requirements of the crop.
Miscellaneous Manures and Crops
Sen and Asija (1951) observed a beneficial effect of tank-silt on the yield of
wheat crop. The rate of nitrification of tank-silt in sandy and alkaline soils of
Delhi was more or less uniform as compared with clayey soils of Guntur.
Banerjee et al. (1961) observed that ammonium humate from coal was as
good a fertiliser as ammonium sulphate. The nitrogen-enriched coal had also
considerable residual effect.
Gaffar and Zende (1970) studied the residual effect of application of blood
meal manure to soil on the succeeding wheat crop under field conditions and
in pot culture.
Sharma (1971) reviewed the work on the utilisation of water hyacinth. It
could also be used as manure and mulching material on soil. Maura and Dhar
(1976) found significant increase in the yield of sweet potato (Ipomoea
batatas Poir) due to the application of 25 tons of water hyacinth and 100 kg
P2O5 ha"1. Water hyacinth and phosphate alone also increased the yields.
Paper mill sludge gave the highest yield of rice in coastal saline soil of
Sunderbans followed by that from FYM. However, the increases were nonsignificant (Bhattacharya 1975). FYM, together with inorganic fertilisers,
increased the tuber yield of cassava significantly (Kumar et al. 1976).
Nambiar et al. (1975) evaluated seaweeds as manure for coconut crop
with or without NPK fertilisers in an acidic red sandy loam soil for five years
and observed that seaweeds did not increase the yields but reduced the
availability of P and K.
Kumar and Awasthi (1977) evaluated the efficiency of wool and cotton
wastes at 0.2 tons ha~' and ammonium sulphate (40 kg N ha"1) on the grain
yield of sorghum in a plot trial. Phosphate and potassium uptake were higher
with compost prepared from wool and cotton wastes.
FYM at 4-5 tons ha"' increased the yield of niger (Guizotia abyssinica) in
the Konkan region of Maharashtra (Bhosale and Patil 1977; Patil 1979).
Patel et al. (1979) observed that application of anhydrous ammonia with
green manuring was significantly more effective in increasing leaf length and
width of tobacco plants than other treatments. Differences in yield between
different treatments were non-significant. Abraham (1957) reviewed the work
on manuring of spices. Pepper vine responded to fish manure. Cattle manure
at 9 to 13.6 kg per tree was recommended and heavy application of green leaf
mulch was provided in alternate years. A high amount of organic matter in
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the root zone was essential for a satisfactory growth of cardamoms; marked
responses were noted with the application of compost, FYM and other
vegetable wastes. In the ginger crop, application of green leaf mulch at 15
tons ha~' more than doubled the yields. The combined use of FYM and
phosphatic fertilisers resulted in good yields.
Singh and Tiwari (1968) studied the effect of different organic manures on
the yield of garlic (Allium sativum L.) in field conditions. Organic manures
applied at the rate of 50 kg N ha~ gave higher yield response.
Bavaskar and Zende (1971) observed that penicillin waste produced a
striking effect on different growth attributes such as total height, number of
grains, etc., followed by tamarind seed powder and FYM-trash compost.
Penicillin waste significantly increased the yield of wheat grain and straw in
comparison with other treatments.
Mahajan et al. (1974) reported a significant increase in yield of celery seed
due to the application of FYM and fertiliser nitrogen in a three-year field
study. Saraswat and Chattiar (1976) observed that when one-third to one-half
the required nitrogen was supplemented with FYM, it was beneficial for
greater yield of cassava (Manihot utilissima). Ashokan and Sreedharan (1977)
reported that the yield of cassava were higher with 12.5 tons FYM ha~'
applied with higher rates of K2O.
Response of Crops to Organic Manuring in Salt Affected Soils
Besides being a source of plant nutrients, organic manures produce
favourable effects on soil physical properties counteracting the unfavourable
effects of exchangeable sodium. The decomposition of cattle manure and
plant residues liberates carbon dioxide and organic acids, which help to
dissolve any insoluble calcium salts in the soil solution and neutralise the
alkali present. Decomposition of organic matter improves bacterial counts,
soil permeability and water-stable aggregates. Soil application of 22.2 tons
FYM ha ' to highly sodic soil doubled the yield of rice in Punjab at the
Nissang experimental farm (Uppal 1955).
Kanwar and Bhumbla (1961) carried out trials in alkali soils at Kamma
(Punjab) from 1956 to 1960 and found high response to FYM applied
annually at the rate of 38.2 tons ha -1 . Dargan et al. (1971) initiated some
experiments on the use of FYM and gypsum on sodic soils (Annual Report,
CSSRI, Karnal) and found that in the first crop of berseem, sugarcane and
rice grown in separate fields having pH 10.5 and above, there was interaction
of a high order on combined application of FYM and gypsum. In another
study, Dargan et al. (1976) found that the effect of FYM added to the first
crop of berseem was significant on two succeeding crops of rice and berseem.
In the same fixed layout, there was no further response of rice to FYM during
1972 and of berseem during 1972-73. However, in the subsequent year the
direct effect of FYM applied at 25 tons ha"1 was found to be highly significant
on the maize grain yield.
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In a field study initiated in 1970 at the CSSRI, Karnal, on sodic soils with
pH above 10.0, Yadav et al. (1972) found that the growth of eucalyptus hybrid
after treating the soil with gypsum @ 50 per cent C.R. and FYM in planting
pit was almost as good as in the original alkali soil replaced with good soil.
Yadav et al. (1975) made similar observations on height increment of different
species during 1974-75 in the same experiment.
Yadav and Sharma (1976) in a separate field experiment at Karnal
observed that the height of eucalyptus hybrid during 1971 to 1974 in
combined application of gypsum and FYM treatment was as good as in the
normal soil and was superior to that obtained in treatment with gypsum or
FYM applied alone.
Rhizobia as Biofertilisers
Pulses and groundnut occupy about 30 million hectares. The symbiotic
association between the legume plants and the rhizobia present in the root
nodules of these plants can fix atmospheric nitrogen. However, the rhizobia
present in the soil and nodulating the roots of these plants are not always of
the desired type. Therefore, the isolation of rhizobia from the nodules of
different leguminous plants and screening them for efficiency are carried by
various institutes and universities and the efficient cultures are tested in field
and pot trials to find out the better strains for use as bio-fertilisers.
Rhizobium inoculants in different locations and soil types were reported
to significantly increase the grain yields of Bengal gram (Bajpai et al. 1974;
Lehiri et al. 1974; Patil and Medhane 1974; Chundawat et al. 1976; Dube
1976; Subba Rao 1976; Rai et al. 1977; Rai and Singh 1979); green gram
(Sahu et al. 1972; Maheswari 1974; Gupta et al. 1976; Rai and Singh 1978);
lentil (Dube 1976; Subba Rao 1976; Dhillon et al. 1977; Ojha et al. 1977; Lehri
et al. 1974; Bagyaraj and Hegde 1978); pea (Dube 1976; Panwar et al. 1977);
berseem (Bajpai et al. 1974; Bajpai and Gupta 1977); Vigna mungo (Sahu 1973;
Lehri et al. 1974; Reddy et al. (1978); pigeon pea (Singh et al. 1976; Subba Rao
1976); and groundnut (Sahu et al. 1972; Bajpai et al. 1974; Rao 1974).
In a few cases the leguminous crops did not respond to Rhizobium
inoculants: pea (Nandpuri and Singh 1973); chickpea (Cicer arietinum)
(Dhillon et al. 1977; Panwar et al. 1977); Vigna mungo (Dhillon et al. 1977);
and lentil (Dube 1976).
The possibility of growing soybean as an economic crop was
demonstrated only about 1963 although black-seeded late-maturing and pooryielding varieties had been under cultivation for a long time in some parts of
the country. The success of soybean crop depends on the availability of
"efficient" culture of Rhizobium japonicum. There have been several reports
on the favourable effect of inoculation of soybean seeds with R. japonicum
on the grain yield and other parameters of nitrogen fixation (Chhonkar 1969;
Chhonkar and Negi 1971; Thakur and Hasan 1972; Singh and Saxena 1973;
Bajpai et al. 1974; Bhargava and Saxena 1974; Sharma and Tilak 1974;
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Sundara Rao 1974; Tilak and Saxena 1974; Dube 1976; Kumar et al. 1976;
Subba Rao 1976; Singh and Tilak 1977; Kumar Rao and Patil 1977; Tripathi
and Edward 1978).
Pelleting
Pelleting of inoculated seeds with calcium sulphate, CaCCb or rock
phosphate under adverse soil conditions as in saline, alkaline and acidic soils,
was found helpful in improving the yields of berseem (Bajpai and Gupta
1977), Cajanus cajan (Subba Rao 1976), Vigna radiata (Gupta and Chahal
1976), soybean (Chhonkar et al. 1971; Kumar Rao and Patil 1977), and
groundnut (Sharma et al. 1978).
Combined Inoculations
Nodulation and yield of soybean was improved by the combined
inoculation of seeds with peat-based culture of R. japonicum, Azotohacler
chroococcum and Beijerinckia indica (Apte and Iswaran 1974). Beneficial
effects of combined inoculation of Rhizobium and Azotobacter cultures in
improving the nodulation and grain yield of Bengal gram (Rawat and Sanoria
1977; Tosh and Sanoria 1978), soybean (Sharma and Rao 1978; Jauhri et al.
1979), green gram (Jauhri et al. 1979), and pea (Jauhri et al. 1979) have been
recorded.
Favourable influence of combined inoculation of Rhizobium and
phosphate-dissolving bacteria or fungi on nodulation and yields of soybean
and Bengal gram have been obtained (Gaur and Arora -unpublished
results).
Effects of Organic Manuring
There are other factors such as level and kind of organic matter which can
influence the survival or activity of rhizobia with respect to yield of legume
crops. Gaur et al. (1975) obtained better nodulation and yields of Bengal gram
by the application of FYM at three levels. The results also showed that FYM
could counteract the toxicity of insecticides such as lindane. This was also
confirmed in case of aldrin (Kapoor et al. 1977). Response of groundnut to
FYM was noted by Dongale and Zende (1976). Likewise, Tripathi and
Edward (1978) reported that strains isolated from nodules of groundnut
supplied with FYM were the most effective for root length and plant dry
weight of the crop. Gaur and Mukherjee (1979) reported that nodulation and
pod yield of groundnut crop in field conditions was significantly augmented
by the application of straw at two and five tons ha -1 in Delhi alluvial soil. The
residual effect of straw incorporation after the groundnut crop was noticed on
wheat crop which increased the grain yield by 3.9-36.8 per cent; the maximum
residual effect was obtained with 10 tons straw ha , This practice could be
followed in legume-cereal rotation. The straw is mineralised during the growth
period of the legume crop and, therefore, no prior decomposition is required

296

REVIEW OF SOIL RESEARCH IN INDIA

as in the case of the cereals. Application of straw by this method also
increased the yield of lentil and green gram (Gaur 1979).
Shivshankar and Shantaram (1980) noted that with
Rhizobium
inoculation and three tons of straw ha" with or without slurry significantly
increased the seed yield of soybean under rain-fed conditions. Under irrigated
conditions three tons of straw ha"1 increased the seed yield after one
inoculation. Inoculation of seed with specific rhizobia and mulching increased
the yield of soybean (Kaul and Sekhon 1977) and green gram (Gaur and
Mukherjee 1980).
Humic Substances and Rhizobium Inoculants
The dry matter yield and nitrogen uptake by berseem (Thfolium
alexandrinum), nitrogen uptake, nodulation and leghaemoglobin content of
dhaincha (Sesbania aculeata) inoculated with specific rhizobia were
favourably influenced by the soil-applied sodium humate extracted from FYM
(Gaur and Bhardwaj 1971). Calcium humate was found to significantly affect
the nodule development, and yield of pea crop (Bhardwaj and Gaur 1968).
Spraying of humic acids in small doses (10 ppm), two or three times, increased
the yield of soybean and green gram (Varshney and Gaur 1974). A significant
effect of humic plus fulvic fractions on the nodulation and yield of chickpea,
with and without inoculation with Rhizobium culture was reported by
Mathur and Gaur (1977). Iswaran and Chhonkar (1973) reported significant
increase of calcium humate on nodulation and N uptake by soybean in a
saline alkali soil.
Azotobacter and Beijerinckia as Inoculants
Azotobacter inoculant increased the growth of rice seedlings
(Purushothamon et al. 1971) and paddy yields over NPK applied at the rate of
120, 75 and 25 kg ha~' respectively (Wani et al. 1976). Azotobacter inoculation
in a field experiment increased the crop yield substantially where paddy straw
was incorporated at 5 tons ha~ . It was found to save 25 per cent of fertiliser
nitrogen (Kasirajan et al. 1976). Combined application of organic manures
and A. chroococcum proved better for growth and yield of paddy
(Rangarajan and Muthukrishnan 1976). Rice varieties responded to root
inoculation of paddy seedlings with A. chroococcum (Rao et al. 1977); the
relative effect was lower at higher nitrogen levels. The effect of A chroococcum
and its interactions with nitrogen and phosphorus on the yield of paddy crop
were studied by Kundu and Gaur (1981). The results showed significant
response of paddy to the inoculant and interaction with nitrogen up to 80 kg
N ha"1, but beyond 40 kg N ha"1 the response was less marked.
Cotton crop seems to respond to Azotobacter inoculation in soil. The
yield of seed cotton was increased by 50 per cent after inoculation of
Azotobacter over no inoculation and no fertiliser treatment. Azotobacter
inoculation together with 40 kg N ha"1 was superior to 80 kg N ha"1
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(Kurdikeri and Koraddi 1977). The effect of cotton seed inoculation with A.
chroococcum was studied in a field trial at three levels of fertility (Kundu and
Gaur 1980). Azotobacter inoculation increased the yield of cotton significantly
when nitrogen and phosphorus (P2O5) were applied at 40 and 50 kg ha -1 ,
respectively. The combined inoculation of phosphorus-solubilising
microorganisms and A. chroococcum proved better in augmenting the yield of
cotton.
Aggarwal et al. (1977) obtained higher yields of sugarcane with
Azotobacter along with phosphate than of control although the culture on its
own was also effective.
Maize yields were augmented by the use of Azotobacter, but nitrogen and
Azotobacter interaction was not significant (Reddy et al. 1977). On the other
hand, after a 2-year trial on maize conducted in K.ulu valley it was concluded
that there was significant interaction between nitrogenous fertiliser and
Azotobacter (Singh et al. 1977). The yield with 60 kg N ha~' plus inoculation
was greater than with 60 kg N ha -1 alone. Halemani and Kudasmannavar
(1979) obtained higher yields of maize on seed treatment with Azotobacter
with or without 75 kg N ha -1 , but found no effect of inoculation and 150 kg N
ha"1.
Sanoria and Rao (1975) investigated the effect of bacterisation of
sorghum and wheat seed with A. chroococcum and noted both positive and
negative responses. Likewise, Dhillon et al. (1980) reported non-significant
responses of wheat to Azotobacter in trials conducted at Ludhiana.
Kundu and Gaur (1980) reported that wheat responded to Azotobacter
inoculation and to combined inoculation with phospho-bacteria, viz.
Pseudomonas striata and Bacillus polymyxa,
in both sterilised and
unsterilised Delhi alluvial soils; as a result the grain yield, nitrogen and
phosphate uptake were increased. The combined inoculation of Azotobacter
with P. striata and B. polymyxa gave the maximum response.
Iswaran et al. (1978) studied the effect of foliar spraying of A.
chroococcum isolated from water hyacinth on the yield of wheat and rice in
plots in Delhi soil and reported higher yields. Nair and Tauro (1979) reported
an increase in the yield of wheat grain due to inoculation with Pseudomonas
azotogensis together with 80 kg N ha -1 . Poi and Kabi (1979) observed
increased yields of wheat grain and fibre due to Azotobacter inoculation but
the Azotobacter strains seemed to be crop-specific.
Inoculation of rice with Beijerinckia alone was not effective in increasing
the grain yield but bacterisation in combination with 40 kg N ha"1 recorded
significant increase in yield comparable to that obtained from the application
of 80 kg N ha -1 (Balasundram and Sen 1971). Inoculation of paddy seedlings
with Beijerinckia indica increased the paddy yields, which was higher than
with 50 kg N ha"1. There was no significant interaction between the nitrogen
application and the bio-fertiliser. Increased nitrogen fixation and tillering
caused greater paddy yields (Jagtap and Bhide 1977).
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Phosphate-Dissolving Microorganisms as Bio-Fertiliser
Phosphorus is a non-renewable and important major plant nutrient
required for obtaining maximum crop productivity. Indian soils are generally
poor in available phosphorus, and the efficiency of superphosphate utilisation
by crop plants is also low owing to the chemical fixation of applied soluble
phosphates. Moreover, there are substantial deposits of low-grade rock
phosphate which cannot be profitably utilised as a source of phosphatic
fertiliser, particularly in non-acidic soils. In this context, the use of
phosphobacteria as bio-fertilisers assumes a greater significance.
The work in India on phosphate-solubilising bacteria began with
phosphobacterin culture obtained from the USSR, Fosfo 24 (a
Czechoslovakian culture), and an indigenous culture isolated from Cassia
occidentalis. These cultures were tested for solubilisation of insoluble
phosphates in vitro and in vivo (Sundara Rao and Paul 1959).
In field trials, berseem responded to inoculation with phosphobacterin,
and showed a significant increase in yield (10-20 per cent) over the control.
Similarly, some encouraging results were obtained with maize and wheat
(Sundara Rao 1965). However, the performance of the phosphobacterin was
not consistent in Indian soils poor in organic matter and also in their capacity
to solubilise rock phosphate.
Further studies were conducted by Gaur and his associates to isolate more
efficient rock phosphate solubilisers from different sources and environments.
Of the many new microorganisms isolated, the more efficient ones were
identified as Pseudomonas striata, Pseudomonas rathonis, Bacillus polymyxa;
the efficient fungal isolates were Aspergillus awamorii, Pencillium digitatum,
Aspergillus niger and Schwanniomyces occidentalis (Bardiya and Gaur 1974).
These organisms have been found to be consistent in their capacity to
solubilise fixed soil phosphorus, tricalcium and rock phosphates (Gaur 1972;
Arora and Gaur 1979; Gaur et al. 1979) and also mineralised organic
phosphatic compounds (Gaur 1972).
A significant increase in the yield of wheat crop was obtained when rock
phosphate was applied to soil at Pura farm, Kanpur, and the seeds were
inoculated with Pseudomonas striata; the response in grain yield was
equivalent to 50 kg P2O5 ha~ as superphosphate. Similarly, the yield of
paddy crop was increased with the use of the culture (Gaur et al. 1980).
In the case of soybean the grain yield was increased by 2.4 q ha"1 with
rock phosphate and P. striata treatment, whereas the increase was hardly 1 q
with 80 kg P2O5 ha~ as superphosphate. In medium black soil, the grain yield
of Bengal gram was increased by 33 per cent, 4 q ha~' additional grain yield
due to rock phosphate plus Aspergillus awamorii (Gaur 1979).
The yield of potato tubers as affected by 'microphos' culture was
investigated in field trials. Potato tuber yields were increased by 60 per cent
after seed treatment with P. striata, and 52 per cent with Bacillus polymyxa
with or without applied fertilisers in Delhi alluvial soil (Gaur and Arora —
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unpublished). In a field trial at Kufri (Simla) increase in the yield of potato
tubers was maximum (35.2 per cent) with combined inoculation of both the
phospho-bacteria followed by single inoculation with P. striata (30.8 per cent)
and B. polymyxa (Kundu and Gaur 1980). Further trials at the same location
showed that inoculation of potato tubers with Pseudomonas striata with or
without fertilisers increased the yield significantly. The response of the crop to
rock phosphate plus culture treatment was comparable with that to
superphosphate 50 kg P2O5 ha -1 (Gaur and Negi unpublished).
Sharma and Singh (1971) observed that phospho-bacteria along with
bone meal application to soil increased the grain yield of rice and nitrogen
and phosphorus contents as compared to nitrogen in combination with bone
meal treatments.
Gaur (1972) studied the effect of phospho-microorganisms, viz
Pseudomonas striata (three strains), Aspergillus awamorii, and rock
phosphate, alone and in combination, on the yield and P2O5 uptake by wheat
crop with or without FYM. Significant effects of these cultures were recorded
for both. The best results in conjunction with organic manure was obtained
with P. striata and A. awamorii. In another experiment Bacillus polymyxa
among the other three cultures tested in combination with rock phosphate
proved more effective, and the response was comparable with superphosphate
treatment (Gaur et al. 1980).
Ahmad and Jha (1977) found that inoculation of Bengal gram seeds with
Bacillus megaterium and Bacillus circulans increased the yield and
phosphorus uptake in acid red loam soil. The effect was more pronounced
when FYM was also applied.
Kundu and Gaur (1980) observed beneficial effect of phosphate
solubilisers alone and in combination with Azotobacter chroococcum on
cotton in a field trial at Nagpur. Among the single cultures, Aspergillus
awamorii gave a significant increase in yield (62 per cent); the combined
inoculation of phosphate solubilisers and A. chroococcum gave the maximum
effect.
Kundu and Gaur (1980) found positive response of wheat crop to single
and combined inoculation with phospho-bacteria and
Azotobacter
chroococcum on the yield and nutrient uptake by wheat crop. The number of
organisms in mixed cultures remained quite high and for longer periods of
plant growth. Recently a review appeared on the role of soil microorganisms
on P availability to plants (Chhonkar 1979).
Microbial Inoculants in Composting
The role of cellulolytic microorganisms in composting of materials such as
straw and leaves rich in cellulosic materials was investigated. Some genera of
cellulolytic fungi, viz Aspergillus, Penicillium, Trichoderma, Trichurus and
Chaetomium were found to degrade cellulosic organic materials efficiently
(Gaur 1978, 1979). Gaur et al. (1981) reported that cellulolytic fungi when
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used as inoculant in composting of crop residues, the natural process of
composting was accelerated and composting time was reduced by 4-6 weeks.
The bulkiness of the compost was reduced and its quality was improved.
The recent experiments conducted at New Delhi have shown that the
quality of compost can be improved by application of 10-15 kg rock
phosphate per ton of raw material at the initial stage of filling the compost pit
and subsequent inoculation with Azotobacter chroococcum and phosphorus
solubilisers such as Aspergillus awamorii or Bacillus polymyxa (Gaur 1978,
1979).
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4
Soil Fertility
and Plant Nutrition

Nitrogen
RAJENDRA PRASAD AND J. THOMAS*

WITH the cultivation of high-yielding dwarf varieties of wheat and rice, and
the hybrids of maize, sorghum and millets, the nitrogen-use efficiency has been
the focus of attention in soil fertility research in the past two decades, and a
number of reviews on the subject are available (F.A.I. 1977; Meelu 1980;
Prasad 1966; Prasad et al. 1971; Prasad 1975; Prasad et al. 1980; Tandon
1974a, b; Tandon 1980). This paper summarises the soil fertility research on
N other than its transformations in soil.
FORMS OF N IN SOIL
Total N Content
Indian soils have low total nitrogen content because of the tropical and
subtropical climate prevailing in the country. In the western and central
plateaus, high temperatures and low rainfall limit N accumulation, while in
the eastern regions and western ghats high temperatures and heavy rainfall
cause rapid decomposition of soil organic matter. Nitrogen content is
relatively high in the hilly regions of north-east and north-west.
Total N content in cultivated Indian soils, other than those in the hilly
regions, varies from 0.02 to 0.1 per cent in Andhra Pradesh (Krishnamoorthy
and Govindarajan 1977), Bihar (Tiwari et al. 1968), Gujarat (Reddy and
Mehta 1970), Haryana (Agarwal et al. 1974; Ahuja et al. 1978), Karnataka
(Venkata Rao and Badigar 1977), Kerala (Padmanabhan et al. 1966; Verghese
et al. 1970), Madhya Pradesh (Gawande and Biswas 1967), Maharashtra
(Bhattacharjee et al. 1977; Gajbe et al. 1976), Punjab (Bhandari et al. 1968;
Mahajan and Kan war 1974; Aulakh and Dev 1976), Rajasthan (Gupta 1958),
Tamil Nadu (Menon and Mariakulandi et al. 1957a, b; Ramaswami 1966) and
Uttar Pradesh (Yadav et al. 1977). Total N in the soils of Andaman and
Nicobar Islands varies from 0.018 to 0.176 per cent (Tamhane et al.
1956).
Nitrogen content is higher in north-eastern regions of the country. Bora
and Mazumdar (1969) reported total N content of 0.115 per cent in alluvial,
0.95-1.28 per cent in laterite and lateritic and about 0.203 per cent in forest
soils of Assam. In the north-west in the tea-growing soils of Himachal
Pradesh, 85 per cent of the soils contain 0.1 to 0.15 per cent total N (Kanwar
and Takkar 1963) and in the apple-growing region total N varies from 0.04 to
0.112 per cent (Sharma and Rao 1957). In the citrus belt of Punjab, the total
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N content varies from 0.08 to 0.14 per cent (Dhingra et al. 1965). For the
Nilgiri hill soils of Tamil Nadu, the total N values reported by Manickam
(1965) varies from 0.01 to 0.319 per cent. Palaniappan (1978) reported values
as high as 2.77 per cent in some of the samples.
The values of total N in soils reported from different states are in
concurrence with the generalisation made by Jenny and Raychaudhari
(1960); they too had observed that rice-growing soils in general contained
more total N than other soils. This would be expected because rice is generally
grown on lower-lying heavier soils and also because the rate of mineralisation
of organic matter is slower under submerged conditions (Ghildayal 1976).
Though some workers (Sahasrabuddhe and Kanitkar 1932; Sahasrabuddhe
and Abhyankar 1935) reported seasonal changes in total nitrogen content in
soils, no systematic studies were undertaken afterwards.
In contrast with the low contents of total nitrogen in Indian soils, a wide
variation in C/N ratio has been reported. For some of the soils of Bihar, Sen
(1953) reported a C/N ratio range of 6.0 to 11.4 and for Kosi Barrage soils
in the same state Shukla and Raychaudhari (1966) reported a range of 7.1 to
26.7. A narrow range of 6.1 to 7.8 has been reported for Gujarat soils (Reddy
and Mehta 1970). In the hilly soils of Himachal Pradesh, C/N ratio ranged
from 4 to 21 (Dhir 1967; Sharma and Rao 1957). Sharma et al. (1956)
reported that C/N ratio upto an elevation of 1830 metres was about 10:1 but
became wider at higher altitudes because of slower rate of decomposition of
organic matter at very low temperatures. Dhir (1967) observed that C/N ratio
narrowed with depth along a profile. For Nilgiri soils, Manickam (1965)
reported a C/N ratio range of 9.2 to 33.3. Jenny and Raychaudhari (1960)
stated that C/N ratio became narrower as temperature increased, more so in
forests than in cultivated soils.
Distribution in Profile
In most soils total N content is high in the surface 0-25 cm layer, below
which it decreases considerably (Gawande and Biswas 1967; Jenny and
Raychaudhari 1960; Shankaracharya and Mehta 1967; Aulakh and Dev 1976;
Yadav et al. 1977), the only exception being the peat soils of Kerala
(Padmanabhan et al. 1966; Verghese et al. 1970) and some Vertisols
(Krishnamoorthy and Govindarajan 1977). In the peat soils of Kerala the total
N content was found to increase from 0.037 per cent in 0-20 cm layer to 0.063
per cent in 50-75 cm layer (Verghese et al. 1970). Similarly in a Vertisol of
Andhra Pradesh, Krishnamoorthy and Govindarajan (1977) found that the
organic C content increased from 0.39 per cent in 0-15 cm layer to 0.78 per
cent, in 122-137 cm layer but decreased to 0.16 per cent below 137 cm.
Factors Affecting Total N Content in Soil
The study by Jenny and Raychaudhari (1960) clearly showed that the
total N content in soils was dependent on temperature, rainfall and altitude.
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Mutatkar and Raychaudhari (1969) observed that in black soils total N
increased from 0.043 to 0.072 per cent as the rainfall increased from 24 to 100
cm. Nath and Deori (1976) found that the total N increased from 0.06-3.3 per
cent at altitudes of 180-360 metres to 1.46-4.12 per cent at 900-1000 metres.
Deforestation and cultivation lower the N content in soils (Jenny and
Raychaudhari 1960; Ghildyal et a/. 1962).
Many workers (Bavaskar and Zende 1973; Formoli and Prasad 1979;
Mandal and Pain 1965; Maurya and Ghosh 1972; Mishra et al. 1974; Puranik
et al. 1978; Sengupta 1965; Srivastava et al. 1970; Vig and Bhumbla 1970)
have reported an increase, although small, in total N content of soil under
continuous application of farmyard manure, compost and other organic
manures.
Cropping systems affect total N content in soils, and growing of legumes
particularly increases it. Acharya et al. (1953) showed that growing of berseem
with phosphate increased the total N by 40 per cent at the end of a 10 year
study; each crop of berseem increased it by 87 kg N/ha on an average. Nair
el al. (1973) reported a temporary improvement in N status of soils following
legumes. Rao and Sharma (1978) reported that, whereas maize-wheat rotation
showed a deficit of 53 kg/ha in total N in soil, maize-potato-green gram
rotation showed an average gain of 81 kg/ha. Sadanandan and Mahapatra
(1973) reported a decrease in total N content of soil due to multiple cropping
systems; the decrease was maximum in rice-rice-rice rotation and minimum in
potato-rice-rice and groundnut-jute-rice rotations. This was attributed to
organic manure applied to potato and nitrogen fixation by groundnut.
Ghildyal (1969) reported an increase in organic matter content in surface soil
from 0.372 per cent to 0.831 per cent by growing different grass-legume
covers.
Inorganic Forms
Ammonium nitrogen may be present in exchangeable or fixed form. In a
detailed study with surface (0-20 cm) samples of different soils of the country.
Sen et al. (1957) found exchangeable ammonium to vary from 10 to 50 ppm,
it was as high as 260 ppm in some soils from Rajasthan. Ammonium content
in soils was negatively correlated with soil pH. Bamji (1938) reported 17-59
ppm ammonium N in rice soils. Bhattacharya (1969) found it to vary from 33
to 152 ppm, the values were higher with aman than with aus paddy
(Chakravarti 1955). The ammonium N content of fish pond soils representing
Orissa and Andhra Pradesh was found to vary with soil reaction, being 662
ppm for acid, 85.6 ppm for neutral, and 39.5 ppm for alkali soils (Saha 1969).
Exchangeable ammonium was found to increase with clay content, C.E.C.
and water-holding capacity of soils (Sen 1954; Singh et al. 1968). Singh and
Singh (1969) found more ammonium N under legumes than under other
crops.
Native fixed ammonium in Indian soils ranged from 0.5 to 5.97 me 100 g
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soil (Grewal and Kanwar 1967; Kaushal and Verma 1967; Singh and Singh
1971; Tewari et al. 1969) and this accounted for up to 21.8 per cent of total
soil N (Prasad et al. 1970). Raju and Mukhopadhyay (1972) reported that in
the case of Haldia soils fixed ammonium was up to 56 per cent of total soil N.
Subsoils being richer than surface soils (Kaushal and Verma 1967; Singh and
Dixit 1972). Factors affecting fixed ammonium have been discussed by
Tandon (1974a). A part of the fixed ammonium becomes available to crop
plants (Bhattacharya 1969; Grewal and Kanwar 1967; Gupta 1973).
Nitrate N content of soils was found to vary from 11.2 to 36.0 ppm in
alluvial, 3.3 to 27.7 ppm in black and 1.2 to 28.7 ppm in red soils; it was about
13.5 ppm in hill and forest soils (Shukla and Singh 1968). Singh and Singh
(1969) reported a nitrate N content of 4.2 to 7.2 ppm in soils under grasses,
8.2 to 12.2 ppm in soils under non-legumes and 10.0 to 13.4 ppm in soils
under legumes. Nitrite N has been reported only in laboratory incubation
studies (Prasad and Rajale 1972; Reddy and Prasad 1975). Singh and Sekhon
(1976) found that nitrate content in soil profile down to 2.1 m depth in
Ludhiana and Hoshiarpur districts of Punjab correlated with that of well
waters in September, confirming that the nitrates tend to reach the water table
during the rainy season.
Organic Forms
About 18-30 per cent of the total N in most surface soils is in the form of
bound amino acids, 3-7 per cent as amino sugars and 18-43 per cent as nonhydrolysable N (Puranik et al. 1978; Ramamoorthy and Velayutham 1976).
Mali wal and Khangarot (1966) identified 13 amino acids in acid hydrolysates
of fulvic acids isolated from Rajasthan soils. Tewari et al. (1970) reported that
all the six soils of Punjab contained lysine, serine, glutamic acid, alanine and
leucine in both humic and fulvic fractions. The fulvic fraction of all the soils
studied contained proline; histidine was found only in humic fractions of
Hissar soils and threonine in humic fractions of Patiala soils. The amino
sugars identified were glucosamine and galactosamine (Singh and Bhandari
1962; Singh and Singh 1960). Soils growing rice after rice had lower
hexosamine content (Ramamoorthy and Velayutham 1976). Singh (1974)
reported that black gram-wheat crop rotation gave more hydrolysable
organic N in soil than millet-wheat and rice-wheat rotations.
Fertility Status
Several biological and chemical methods have been proposed from time
to time as indices of available N. They include incubation for 15 to 60 days
(Bajaj et al. 1967), Iowa nitrification method, alkaline permanganate and
mineralisable N (Subbiah and Asija 1956), Richardson's (1952) modification
of Olsen's method, Ca(OH)2 hydrolysable N (Prasad 1965), ammonia released
under water-logged conditions (Subbiah and Bajaj 1962) and organic carbon.
Several workers found alkaline permanganate mineralisable N to correlate
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significantly with yield or N uptake of crops (Bajaj et al. 1967; Bangwar et al.
1978; Mehta and Singh 1971; Rawat et al. 1972; Singh 1973; Singh and
Pasricha 1977). Since alkaline permanganate mineralisable N correlates well
with the organic carbon in soil (Adinarayana et al. 1976; Bhat and Mohapatra
1971; Srivastava 1975; Thakur e t al. 1976) the latter one will also serve
as equally efficient index of N availability to plants, besides being more
rapid and convenient (Bajaj and Hasan 1978; Kalbande 1964; Singh and Brar
1973; Verma et al. 1980); therefore it has been used as the standard procedure
for evaluating N fertility status of Indian soils. Some studies have been made
for comparing the different methods of organic C determination in soil.
Mohapatra et al. (1972) compared Walkley and Black (1934) and colorimetric
methods of Graham (1948) and of Datta et al. (1962) and found Graham's
method to be more handy and trouble-free. Sinha and Prasad (1970)
suggested a procedure involving 0.4N potassium dichromate.
Using organic carbon as the index of nitrogen availability, the first map of
N status of Indian soils was prepared by Ramamoorthy and Bajaj (1969) and
was later updated by Ghosh and Hasan (1980) on the basis of 9.2 million soil
test results provided by soil testing laboratories all over the country. Out of
365 districts from which the samples were collected and analysed, soils of only
18 districts (4.9 per cent of the total districts) in the hilly regions of northeastern India and Himachal Pradesh were found to be high in available N,
those of 228 districts (62.5 per cent of the total) were low, and the rest
medium in available N.
Quantitative fertiliser adjustment equations based on soil tests have been
formulated to calculate nutrient doses for a definite yield target (Singh and
Sharma 1978; Dev et al. 1978; Velayutham 1979). Procedures for calculation
of post-harvest status of nutrients have also been reported (Ramamoorthy et
al. 1971; Singh and Ramamoorthy 1974).
Use Efficiency
Data on the response of field crops to nitrogen are available from
thousands of field experiments on agricultural experiment stations and on
farmers' fields conducted under the All India Coordinated Agronomic
Research Project and several crop improvement projects of the Indian
Council of Agricultural Research (Kanwar et al. 1972, 1973; Prasad 1978;
Tandon 1980). Though it is found that the economics of N application to
cereals is fairly good (Singh et al. 1976; Dev and Dhillon 1979; FAI 1980;
Dev et al. 1980), the recovery of applied N from conventional fertilisers is
quite low: 10-50 per cent for rice (Basak 1962; Datta et al. 1971; Datta and
Venkateswarlu 1968; Lakhadive and Prasad 1971; Mehrotra et al. 1969;
Panda and Bhan 1966; Prasad et al. 1969; Prasad and De Datta
1979; Sharma and Prasad 1980; Sivappah et al. 1969; Rajale and
Prasad 1975; Upadhya and Datta 1973); 40-91 per cent for wheat (Khetawat
et al. 1972; Oza and Subbiah 1973; Sarkar et al. 1978; Sekhon et al. 1970;
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Singh I963; Singh et al. 1975; Singh and Anderson 1973; Walia et al. 1980;
Sharma and Prasad 1980; Sivappah et al. 1969); 25-88 per cent for maize
(Banga and Khanna 1970; Prasad and Turkhede 1971; Puntamkar et al. 1965);
25-32 per cent for sorghum (Sadaphal and Singh 1971; Srivastava 1969); 59
per cent for sugarcane (Pramanik et al. 1962); and 22-44 per cent for jute
(Dargan 1971). The bulk of the N recovery data are based on the difference
method, i.e. the difference between N uptake in treated and untreated
(control) plots being expressed as the percentage of applied N. Recent
experiments with 15N (Krishnappa and Shinde 1980; Oza and Subbiah 1973;
Sarkar et al. 1978) have, however, shown lower N recoveries than with
the difference method indicating that the recovery values determined by the
difference method may be inflated (Tandon 1980) because of the priming effect
of added N (Goswami and Datta 1961).
For upland crops most of the conventional N fertilisers are found to be
equally effective (Sarkar et al. 1978; Sandhu et al. 1978; Shukla and
Chaudhary 1976). For rice the ammonical fertilisers are reported to be
superior to nitrate-containing sources (Prasad et al. 1980). Lakhdive and
Prasad (1971) reported only 21.7 per cent recovery of applied nitrate N as
compared with 55.4 per cent with ammonium sulphate. A number of workers
(Datta et al. 1970; Ghosh 1969; Misra et al. 1972; Pathak et al. 1975; Paul and
Deshpande 1973; Prakasa Rao 1980) found ammonium sulphate and urea to
be superior to calcium ammonium nitrate (CAN). Ammonium containing or
ammonium producing (urea) fertilisers are generally considered equally
effective (Dixit and Singh 1977; Mahapatra 1970; Thakur and Saxena 1970);
but some workers found ammonium sulphate to be superior to urea (Mandal
and Sahu 1978; Patil and Deshpande 1973; Prakasa Rao 1980; Sarkar et al.
1978).
The causes of low N-recovery include losses due to volatilisation as
ammonia (Baligar and Patil 1968; Basdeo and Gangwar 1976; Das and Khan
1967; Gupta 1955; More and Varade 1978; Padmaja and Koshy 1978; Sarkar
and Verma 1973; Shankaracharya and Mehta 1969, 1971; Verma and Sarkar
1974; Jain et al. 1981); leaching (Daftardar 1973; De 1937; De and Digar
1954, 1955; Mehta 1971; Pande and Adak 1971; Prakasa Rao and Prasad
1980); denitrification under flooded conditions in rice fields (Daftardar 1973;
De and Digar 1954; Dhar and Sen 1965; Mandal 1971; Palaniappan and Raj
1973; Prasad and Lakhdive 1969; Prasad and Rajale 1972); run-off (Padmaja
and Koshy 1978); fixation as nonexchangeable ammonium (Grewal and
Kanwar 1966); and immobilisation by soil micro-organisms. In a recent
experiment with 15N in rice as much as 26 per cent of the applied N was
immobilised and very little of it became available to the next rice crop
(Krishnappa and Shinde 1980).
Nitrogen use efficiency depends not only on the source, rate, time and
method of nitrogen application but also on a large number of soil and crop
management factors such as proper land preparation, choice of variety, timely
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sowing/planting, optimum plant population, timely and proper weed control,
proper water management, need-based plant protection and suitable pre- and
post-harvest technology. A balanced supply of major and micronutrients is
also necessary. A large volume of data from agronomic experiments on the
interaction between nitrogen and the above mentioned factors is available in
the country. The information on the usefulness of some of the methods for
increasing the N-use efficiency is summarised below.
Split Application
This is the most common and widely accepted practice for almost all
crops and a large volume of data is available (Goswami and Sarkar 1974;
Singh and Singh 1974). The basic approach is to apply nitrogen in two or
more splits to coincide with the peak periods of N requirements of the crop.
Most rice workers suggest nitrogen application to medium and medium-long
rice varieties in three split doses, i.e. at transplanting, tillering and panicle
initiation (ten Have 1971; Katyal and Pillai 1975; Singh and Singh 1974). For
long-duration rice varieties Katyal and Pillai (1975) suggested four split
applications; for short-duration rice varieties only two split applications are
generally recommended. For maize hybrids three split doses at planting, kneehigh and tasselling stages are recommended (Singh 1966; A.I.CM,I.P. 1979)
and for sorghum only two split doses are suggested (Turkhede and Prasad
1978). Soil texture is an important factor in determining the need for split
application. For example, Singh and Singh (1974) observed that in the case of
irrigated wheat, best results were obtained on heavy black soils when the
entire dose of nitrogen was applied as a basal dose and on light soils in two
equal splits at sowing and at first irrigation.
Placement
Data on the advantages of placement are available mostly for the rice
crop, in which placement of N 5-8 cm below the surface has been found to be
significantly superior to surface application (Datta and Venkateswarlu 1968;
Prasad et al. 1970; ten Have 1971; Murthy and Narasinga Rao 1971).
Vachhani (1952) suggested application of pellets made by mixing
fertilisers N, especially urea, with soil. This technique has been found to give
higher N-use efficiency than surface application of urea (Pillai and Katyal
1976; Prasad et al. 1970). Another technique (Mahapatra 1970) is to incubate
urea with moist soil (1:6 proportion) for two or three days, so that the
ammonia formed as a result of hydrolysis of urea is adsorbed by soil colloids
and fertiliser N is prevented from being leached. The incubated urea is then
incorporated in soil.
Foliar Application
Application of a part of N through foliage as urea spray has been
recommended (De 1971) for higher N-use efficiency. However, Singh and
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Singh (1974), on reviewing the results of trials conducted under All India
Crop Improvement Projects and All India Coordinated Agronomic Research
Project, did not find any particular advantage with foliar application of urea
in the case of rice, rainfed wheat, barley, sorghum and potato. Foliar
application of urea may therefore have to be restricted to late application of N
in drylands, in submerged rice-fields where soil application is not possible, and
on sodic soils (Dargan et al. 1975) possibly to lower ammonia volatilisation
losses.
Nitrification Inhibitors
Since nitrates are easily leached and lost by denitrification, retardation of
nitrification of ammonium containing or ammonium-producing fertilisers has
been considered as one of the approaches for increasing N-use efficiency
(Prasad et al. 1971). A number of synthetic nitrification inhibitors, such as Nserve or Nitrapyrin (2-chloro-6-(trichloromethyl)-pyridine), AM (2-amino-4chloro-6-methyl-pyrimidine), ST (2-sulfanilamide thiazole), have been tested
(Prasad 1979) and found to be efficient (Lakhdive and Prasad 1970;
Prasad et al. 1970; Rajale and Prasad 1973, 1974, 1975; Reddy and Prasad
1977; Sharma and Prasad 1980). Higher N-use efficiency due to treatment
with Nitrapyrin has also been reported for maize (Prasad and Turkhede 1971),
cotton (Seshadri and Prasad 1979) and sugarcane (Prashar et al. 1979).
Besides these synthetic chemicals, some indigenous materials such as neem
{Azadirachta indicd) and karanj (Pongamia glabra) cakes have also been
found to retard nitrification (Reddy and Prasad 1975; Sahrawat et al. 1974).
Neem cake has been widely tested and found useful (Prasad 1979; Subbiah et
al. 1980) except on very light soils of Punjab (Meelu 1980). Recently Citrullus
colosynthis has also been reported to be possessing nitrification retardation
properties (Jain et al. 1980).
Slow-release N Fertilisers
These fertilisers can be broadly classified into two groups: (1) chemical
compounds with mainly urea-aldehyde condensation products, inherently
slow to extremely slow rates of dissolution, e.g. urea-form, oxamide,
isobutylidene diurea (IBDU) and (2) coated fertilisers, having a moisture barrier
on the prills/granules of urea or any other conventional fertilisers, e.g. sulphurcoated urea (SCU), lac-coated urea (Prasad et al. 1979). N losses due to
leaching and other mechanisms are definitely less with slow-release N
fertilisers (Prakasa Rao and Prasad 1980) and these fertilisers have been
found to be significantly superior to urea, particularly under lowland
conditions (Prasad 1974, 1979). In most of the field experiments with rice,
yields with SCU (all applied as basal) have been significantly more than the
best obtained with split-application (Kulkarni et al. 1975; Prasad 1970; Reddy
and Prasad 1977). Similar results were reported for IBDU (A.I.C.A.E.S. 1970;
Rajale and Prasad 1975). In the case of sugarcane, Parashar et al. (1979)
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found significantly higher sugar yield with SCU than with plain urea. In
another study SCU gave significantly more seed cotton yield and higher N-use
efficiency than did plain urea (Seshadri and Prasad 1979). Neem cake coating
of urea was found to increase the apparent recovery of urea from 28.0 per cent
to 47.4 per cent (Sharma and Prasad 1980); and it gave significantly more
residual effect on the succeeding wheat crop (Sharma and Prasad 1978).
Urea Super Granules and Briquettes
These materials represent the latest development in nitrogen fertiliser
technology for higher use efficiency. The value of urea super granules (USG)
or urea briquettes (UB) depends on handling quality and the extent to which
hygroscopicity is minimised (Parish and De Datta 1977). In an experiment
conducted at seven centres for three to five years, a significant increase in yield
with USG or SCU over urea was obtained in one to two years of study at each
centre (AICRIP 1979). Prasad and Prasad (1980) also reported significantly
higher rice yield with urea briquettes than with urea. Use of USG or UB
presents some difficulty but appears to be the better way of placing N in rice
fields and also reduces losses due to volatilisation as ammonia (Prakasa Rao
and Prasad 1980) associated with surface application of urea.
Summary
The total N content in cultivated Indian soils in the plains and on the
southern plateau varied from 0.02 to 0.1 per cent; it was higher (0.1 to 0.5 per
cent) in the hill regions of north-east, north-west and south. The C/N ratio
ranged from 4 to 33. In most soils nitrogen content was high in 0-24 cm layer,
below which it decreased considerably. Peat soils of Kerala were an exception
and showed an increase in total N content down the profile. The total N
content in soils was dependent on rainfall, temperature and altitude. It
decreased on deforestation and cultivation, and increased on continuous
addition of organic manures and growing legumes in crop rotation. Native
fixed ammonium in soils constituted up to 21.8 per cent of total N, and a
small fraction of total N was present as ammonium and nitrate N. About 1830 per cent of total soil N was present as bound amino acids, and 3-7 per cent
as amino sugars.
Nitrogen fertility status of soils, as determined by organic C estimation,
followed the same pattern as total N. Of the 365 districts, only 18 (in the hill
regions of north-east and north-west) were high in available N, and 228 were
low.
Recovery of applied fertiliser N was low, particularly in rice and other
kharif (rainy season) crops because of various pathways of N losses from the
soils, viz. volatilisation, denitrification, leaching and run-off. The methods
suggested for increasing N-use efficiency include split application, proper
placement and use of nitrification inhibitors, slow-release N fertilisers, and
urea briquettes or super granules.
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Phosphorus
S S . KHANNA', A.N. PATHAK 2 AND S.N. SAXENA 3

THE complexity of behaviour of phosphorus in Indian soils and the factors
influencing it have been reviewed from time to time (Tandon 1976; Roy and
Kanwar 1979; Indian Society of Soil Science Bulletin No. 12, 1979). This
paper presents a resume of the recent work relating to the behaviour of soil
and fertiliser phosphorus.
FORMS OF PHOSPHORUS
Phosphorus exists in soil as a constituent of organic matter. Inorganic P
occurs as fluorapatite, hydroxyapatite or chlorapatite, and as iron or
aluminium phosphates.
Total Phosphorus
The phosphorus content of Indian soils ranges from 0.006 to 0.5 per cent
(Chakravarty 1964). In potato-growing areas of Himachal Pradesh
representing brown hill acidic soils, total P varied from 850 to 1,800 ppm and
averaged 1,175 ppm (Sharma et al. 1979). In typical submontane soil, Tyagi
and Das (1969) reported the P content from 180 to 275 ppm. Singh and Arora
(1969) found that surface soil of Punjab contained 475 to 691 ppm total P.
Pareek and Mathur (1969), Chaudhary et al. (1974) and Talati et al. (1975)
reported that flooded plain, desert and sierozem soils of Rajasthan contained
812, 597 and 590 ppm total P, respectively.
Srivastava (1967), Singh and Pathak (1973) and Chandrabhan and Hari
Shanker (1973) reported the P content of soils in Uttar Pradesh to vary from
185 to 1,300 ppm with a mean value of 384 ppm. The soils of alluvial hangar,
tarai and hill regions were higher in total P than Bundelkhand and Vindhyan
soils and rakar and Aravali soils had the lowest content. In rice-growing soils
of West Bengal, total P ranged from 177 to 543 ppm with a mean value of 312
ppm (Khan and Mandal 1973).
Balasubramanian and Raj (1969), Jose (1973) and Kothandaraman and
Krishnamoorthy (1979) reported the P contents of Tamil Nadu and other
south-Indian soils as ranging from 152 to 1,304 ppm. High-altitudes laterite
soils of Ootacamund and Coonoor had the highest P. The mean values of
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total P for laterite, alluvial, black and red soils were 557, 418, 406 and 357
ppm, respectively.
Jafri and Srivastava (1975) reported the P content of sugarcane-growing
areas in different states as varying from 101 to 2,034 ppm P2O5. With some
exceptions, the soils were found to be rich in total P. Biddappa and Venkata
Rao (1973) determined the P status of coffee soils of south India and found
the P content to vary between 0.08 and 0.37 per cent with a mean value of
0.13 per cent.
The total P content showed a declining trend with increasing depth of soil
(Tyagi and Das 1969; Pareek and Mathur 1969; Chandrabhan and Hari
Shankar 1973; Talati et al. 1975).
Organic Phosphorus
Because of low organic matter content of Indian soils and the wide
average ratio of carbon to phosphorus (100:1), not much work has been done
on the forms of organic P in the soils. The amount of organic P in Indian soils
varies from 2.6 to 75 per cent of the total P (Ghani and Aleem 1942; Basu and
Kibe 1948) depending upon the amount of soil humus. Srivastava (1967)
noted that organic P constituted 13 per cent and 20 per cent of total P in
alluvial and Vindhyan soils, respectively. Singh et al. (1968) observed that
organic P constituted about 30 per cent of total P in Bihar soils. Bhandari and
Saxena (1968) and Joshi and Saxena (1972) studied the distribution of organic
P in Rajasthan soils by determining the organic P in different fractions of
humus isolated from different soils and observed that the average organic P
content of humic acid was 3 to 13 per cent, of fulvic acid 10 to 25 per cent, of
hymatomelanic acid 0.16 to 0.55 per cent, of humus 12 to 24 per cent, and of
non-humus fraction 30 to 80 per cent. Bhandari and Saxena (1970) analysed a
number of calcareous Rajasthan soils and reported that the contents of
nucleic acid and inositol P ranged from 0-18 and 7-140 ppm, respectively.
Palaniappan et al. (1979) noted that inositol hexaphosphate and
phospholipids constituted 16 per cent and 0.7 per cent of organic P,
respectively. Singh and Omanwar (1979) observed that phospholipids
constituted 1.9 to 4.7 per cent of total organic P. Inositol penta- and
hexaphosphates formed 10 to 29 per cent, whereas lower inositol P formed
only 2 to 9 per cent of total organic P.
Saxena (1979) reported that organic phosphorus was absent in some
grey-brown desert soils of river basin and radial soils of Rajasthan; it was
present in traces (0.3 ppm P) in some unidentified alluvium of Rajasthan.
It is apparent that the values of organic P in subtropical countries like
India are very variable and range from 0 to 395 ppm, i.e. much less than in
temperate countries.
Inorganic Phosphorus
Available P. Only two methods are in current use: (i) that of Olsen el al.
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(1954) for neutral, calcareous and alkaline soils, and (ii) that of Bray and
Kurtz (1945) for acid soils. The compilation made by Ghosh and Hasan (1979)
on 8.2 million tests made by about 250 soil testing laboratories during the
preceding seven years revealed that 46.3 per cent of the samples were low, 51.5
per cent medium and 2.2 per cent high with respect to available P status. This
means that more than half of the districts need fair levels of P applications.
Ramamoorthy and Bajaj (1969) had also indicated a similar position. The P
status of soil of various districts is summarised in Table 1.
Table 1. * Distribution of various States/Union Territories of India into
fertility classes according to status of available soil P
Fertility
class

Number of
districts

States/ Union Territories
(363 districts)

Low

17

Chandigarh, Delhi, Goa, Manipur, Meghalaya, Mizoram,
Nagaland, Pondicherry and Tripura.

Low and medium

275

Andhra Pradesh, Bihar, Haryana, Jammu and Kashmir,
Karnataka, Kerala, Madhya Pradesh, Maharashtra, Orissa,
Punjab, Tamil Nadu, Uttar Pradesh, West Bengal.

Medium

6

Dadra and Nagar Haveli, Arunachal Pradesh.

Mixed range of low
medium and high

65

Assam, Gujarat, Himachal Pradesh, Rajasthan.

*Ghosh and Hasan (1979)

Some efforts were made to make the soil tests better suited to Indian
conditions (Khanna 1968; Saxena 1971; Sacheti and Saxena 1974). Saxena
(1980) developed an equation which helped to quantify the contribution of
applied P and of soil P so as to determine the efficiency of applied
phosphates.
Iron, Aluminium and Calcium Phosphates. Bray and Kurtz (1945),
following the work of Dickman and Bray (1941), used ammonium
fluoride to remove absorbed phosphates. The same has been included as
aluminium phosphate by Chang and Jackson (1957) in the flow chart.
However, the degree of distribution, which can be made between the iron and
aluminium phosphates and the adsorbed phosphate is not entirely clear. Acid
soils contain most of the inorganic P in the form of Fe-Al-phosphate (Kar and
Chakravarti 1969; Kanwar and Tripathi 1977), whereas in alkaline soils,
calcium phosphate dominates (Kanwar and Grewal 1959; Goel and Aggarwal
1959; Khanna and Datta 1968; Khanna and Mahajan 1971; Srivastava and
Pathak 1972; Tripathi et al. 1970; Sacheti and Saxena 1973). Calcareous soils are
also rich in calcium phosphate (Singh et al. 1968; Khanna and Mahajan 1968;
Singh and Pathak 1973). Sodic soils are rich in calcium phosphate, but are very
poor in Fe- and Al-phosphates (Singh et al. 1979; Trivedi 1980). Khanna and
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Datta (1968) studied the distribution of different forms of P in some Indian soils
(Table 2).
Table 2. Distribution of different forms of P in some Indian soils
Place

Total P Saloid- Al-P
(ppm)
P

Fe-P

Ca-P

Org-P

Unextrac- P-fixing
ted-P
capacity
(occulud)

(Per cent of total P)
Ludhiana
Bangalore
Raiahmundry
Kanpur
Pusa
Agratala

435
322
609
539
583
299

1.26
2.39
0.15
0
0.50
0

3.68
10.50
3.78
1.52
0.70
7.19

4.57
15.78
3.10
1.13
0.31
7.85

33.77
3.29
45.16
37.93
59.81
3.47

8.74
7.14
6.90
13.54
21.44
33.11

47.98
60.93
40.91
45.88
17.24
48.38

11.20
11.67
70.00
60.00
30.90
47.84

The results reveal that Al-P, Fe-P and Ca-P are the most active forms; the last
dominates in alluvial soils of pH more than 7 and the first two are dominant
in acid and red soils.
Phosphorus Fixing Capacity and Factors Influencing it
The type and extent of reaction of added phosphate in soils is influenced
by a number of variables, such as pH, type and amount of clay, and redox
potential. Kanwar and Grewal (1960) reported that phosphate fixing capacity
of Punjab soils varied from, 3,122 to 18,500 ppm P2O5. Nad et al. (1975)
studied the factors influencing the phosphorus fixing capacity of thirty four
soils belonging to different major soil groups. They found that clay and free
iron oxide contents of the soils were the two most dominant factors
determining the P fixing capacity and these two factors together explained
nearly 77 per cent of the variation. Amongst the various soil groups, black,
red, laterite, mixed red and black, red and yellow and coastal alluvial soils
exhibited higher P fixation than alluvial, grey brown, desert and other soils.
Gupta (1965) observed that the maximum phosphate fixation in Bihar
soils varied from 25 to 90 per cent. The relationship of phosphate-fixing
capacity to added phosphate is given in Table 3, which reveals that the
maximum phosphate-fixing capacity is in the order: red soil > medium black
> heavy black > alluvium grey brown > alluvial soils. Khanna and Mahajan
(1971) studied the behaviour of added phosphates in soils of varying physical
properties—acid soil of Palampur (Himachal Pradesh), neutral soil of
Gurdaspur (Punjab), calcareous soil of Hansi (Haryana), and alkali soil of
Rajthal (Haryana). They observed that more than half of the conversion of
added phosphates was in the form of aluminium phosphate: 47-73 per cent at
pH 4.7 and 35-56 per cent at pH 6.6; followed by Fe-phosphate, 18-44 per cent
at pH 4.7 and 17-34 per cent at pH 6.6. In alkaline and calcareous soil, saloidbound P and Ca-P were much more than in acid soil.
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Table 3. Relationship of the P-fixation capacity to phosphate added in some
Indian soils
Location

Type of soil

P fixed added

Delhi (U.T.)
Bikramganj (Bihar)
Katihar (Bihar)
Kanke (Bihar)
Aduthurai (Tamil Nadu)
Coimbatore (Tamil Nadu)
Ludhiana (Punjab)
Pune (Maharashtra)
Ranaghat (W. Bengal)
Powarkheda (Madhya Pradesh)
Hyderabad (Andhra Pradesh)
Naihati (W. Bengal)

Alluvial soil
Old alluvium
New alluvium
Red loam
Alluvial soil
Black soil
Grey brown
Medium black
Alluvium
Heavy black
Medium black
Red soil

0.26
0.36
0.38
0.36
0.56
0.48
0.71

0.75
0.80
0.81
0.81
0.85

Srivastava and Pathak (1972) reported that added P in soil kept at field
capacity for three days was almost completely recovered as saloid-P, Al-P, FeP and Ca-P. Of the last three forms of P, Al-P was in abundance in all the
soils. Thakur el al. (1975) observed that Fe-P was the major part of nativeP in paddy soils. Mandal and Khan (1977) reported that 60-70 per cent of the
applied P remained fixed in the form of Al, Fe and Ca-P after the harvest of
paddy crop. The results indicated that the fixed-P could be made available to
the pool in the initial period of plant growth. Fixed Al-P did not change after
flooding, rewetting of the soil having high P-fixing capacity.
Response to Phosphatic Fertilisers
Information about the quantum of phosphatic fertilisers used for various
important crops shows that about two-thirds of the phosphatic fertilisers are
applied to cereal crops, 15 per cent to sugarcane, 10 per cent to oilseeds, 7 per
cent to cotton, and the remaining 5 per cent to all other crops. Several
important crops such as pearl millet, small millets, pulses and others receive
hardly any phosphatic fertiliser. The response of the crops to added P is given
below.
Rice. The results of fertiliser experiments conducted on the cultivators'
fields under the All-India Coordinated Agronomic Research Project
from 1974-75 to 1976-77 on rice and wheat indicate that when soils were
fertilised the maximum yield could be obtained by applying 120 kg N, and 60
kg P 2 O s /ha to kharif rice crop (Roy and Kanwar 1979). The beneficial effect
of phosphate was particularly marked on coastal alluvial, laterite, red and
yellow, and red loam soils, and the response ranged from 11.3 to 28.6 kg
grain/kg P2O5.
Wheat. Similarly, addition of 60 kg P2O5 and 120 kg N/ ha markedly boosted
the response, which varied from 10.5 to 16.3 kg per kg P2O5. It was further
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found that the efficiency of utilisation of nitrogen increased when it was
applied along with P2O5 (Roy and Kanwar 1979). Wheat varieties differ in
their ability to utilise added P. Kalyansona utilised the highest phosphorus
derived from fertiliser (42 per cent) when compared with other exotic varieties
(Mahajan and Khanna 1968; Oomman et al. 1972).
Dryland Farming Crops
The soils in dryland areas are not only thirsty but hungry too. Adequate
supply of plant nutrients is a vital requisite for increasing and stabilising the
production. Kanwar et al. (1973) analysed the data of simple fertiliser
experiments conducted on cultivators' fields under the ICAR's coordinated
research projects and reported that for both sorghum and pearl millet 60 kg
P20 5 /ha was better than 120 kg N/ha alone. Similarly, Saxena and Yadav
(1975) reported that phosphate application gave 20 per cent more yield when
40-67 kg P20s/ha was applied to rain-fed chickpea on alluvial soils of
northern India and 30-40 per cent in red and black soils. Mahapatra et al.
(1973) also found that response to phosphorus (P 60) applied over a basal
dose of nitrogen (N 30) was higher than when applied alone. They reported
similar results for horse gram (Dolichos biflorus).
Gujarat, Andhra Pradesh, Karnataka and Tamil Nadu are the important
groundnut-producing states. The results of a large number of field
experiments summarised by Kanwar (1978) reveal that there was significant
response to phosphorus when applied in combination of 30 kg N and 40 kg
P20s/ha, the yield was double that obtained with 30 kg N/ha.
Sources of Phosphorus
Sources of phosphorus of varying water solubility have been compared by
various scientists (Indian Society of Soil Science Bulletin No. 12, 1979). Sen
and Bains (1951) compared superphosphate, ammonium phosphate, basic slag
and bonemeal for three years from 1944-45 to 1946-47 in a field experiment on
Egyptian clover. They found out that ammonium phosphate was the most
efficient source of fertiliser phosphorus in terms of both direct effect and
residual effect on succeeding crops of maize or wheat. Rishi and Goswami
(1974) conducted glasshouse experiments with black, submontane acid,
calcareous alluvial, and non-calcareous alluvial soils and four nitrophosphates of 18, 43, 58 and 78 per cent water solubilities. The fertilisers were
tagged with 32P and applied to maize Ganga 101 @ 45, 90 and 135 kg
P20s/ha. The data on dry matter yield, phosphorus uptake, and per cent
utilisation of fertiliser phosphorus indicated the advantage of higher water
solubility. Rishi and Goswami (1977) repeated the study with wheat variety
Sharbati Sonora. The data suggested that nitrophosphates of 43 and 58 per
cent water solubility were 67-90 and 81-98 per cent as efficient as that of 78
per cent water solubility.
A long-term experiment at Hissar (Chaudhary el al. 1979) with five
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phosphatic fertilisers, to study the best source of P for wheat crop in a
calcareous sandy loam soil, revealed efficiency in the decreasing order of urea
ammonium phosphate (UAP) > DAP >superphosphate > nitrophosphate (30 per
cent WSP) > rock phosphate. Their findings, based on field experimentation,
indicate that, for neutral and calcareous soils a minimum of 60 per cent water
solubility of phosphatic fertiliser is required.
Phosphate management in soil crop system has been reviewed by
Goswami and Kamath (1980). The work done on rock phosphates for direct
application has been reviewed by Jaggi (1980) and Panda (1980). It is revealed
that the large resources of low-grade phosphate rock are not suitable for
manufacturing phosphatic fertilisers but can be effectively used for direct
application to acid soils for crop production.
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Potassium
G.S. SEKHON 1 AND A.B. GHOSH 2

NEXT to nitrogen and phosphorus, potassium is a limiting fertiliser element in
Indian soils. Research on potassium has lagged behind in the past because of
the general impression that most Indian soils other than laterites, are rather
well supplied with this element and that for most crops there is little need for
potassic fertilisers. However, owing to the intensification of agriculture in
recent years, a picture of fairly widespread responses to fertiliser potassium
has emerged. Agarwal (1960), Grewal and Kanwar (1976) and Roy et al.
(1978) reviewed the earlier work on various aspects of potassium in soil and
plant. The salient points emerging from the work done so far are described
here.
Forms in Soil
The bulk of the potassium in soil is known to be present in the mineral
form, as feldspars and micas. The most important of these are orthoclase and
microcline feldspar, biotite and muscovite mica, and micaceous clay or illite.
The feldspars occur almost entirely in the sand and silt fractions of soils but
are occasionally found in the coarse clay. Biotite and muscovite mica are
mainly present in the silt and sand particles. Chemically, the soil potassium is
usually divided into three categories, non-exchangeable, exchangeable and
water-soluble. The various forms are in some sort of equilibrium, the
magnitude of which is a function of the mineralogical make-up and is
somewhat difficult to quantify.
Most Indian studies (Mehta and Shah 1956a, 1956b; Agarwal 1960;
Misra and Shankar 1970; Chaudhari and Sharma 1971; Tiwari et al. 1974;
Sreedevi and Aiyer 1974; Ram and Singh 1975; Ali et al. 1976; Chahal et al.
1976; Kadrekar 1976; Kalbande and Swamynatha 1976; Nagrama Murty et al.
1976; Ramanathan 1977; Panda 1978; Dass and Sankhayan 1979; Negi et al.
1979) have categorised soil potassium as total, HCl-soluble, HN03-soluble,
exchangeable and water-soluble. The content of total potassium is generally
high in the Tarai (foothill) area of Uttar Pradesh, alluvial belt of Punjab, and
desert soils of Rajasthan, it is the least in acid soils of Kerala. The HC1 and
HNOj soluble fractions are more abundant in alluvial, Vindhyan and
Bundelkhand soils of Uttar Pradesh, in soils of Rajasthan desert and acid soils
of Himachal Pradesh, they are the least in low-level laterites and acid soils of

1. Potash Research Institute of India, 309, Pragati Tower, 26, Rajendra Place, New Delhi; 2. Division
of Soil Science and Agricultural Chemistry, Indian Agricultural Research Institute, New Delhi.
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Kerala, in red and laterite soils of peninsular India and are intermediate in
black soils. The exchangeable and water-soluble forms of potassium follow
roughly the same order.
Potassium Contents in Indian Soils
The content of potassium in soils is related to the parent material and the
degree of weathering, particle size and management practices. Since 1956
there have been a number of reports on the potassium status of soils in
various states. Mehta and Shah (1956b), Grewal and Kanwar (1966), Dhawan
et al. (1968) and Ghosh and Ghosh (1976) characterised the soils of Gujarat,
Punjab, Rajasthan, and Nagaland, respectively as rich in potassium. Tiwari
et al. (1967). Misra and Shankar (1970), Mehrotra and Singh (1970) and
Krishnamoorthy et al. (1976) reported sufficiënt potassium in soils of Bihar,
Uttar Pradesh and Tamil Nadu. Money (1959), Brito-Muthunayagam (1961)
and Ananthanarayana et al. (1974) found the soils of Kerala and Karnataka
to be low in available K.
There have been a few reports on the potassium status of individual
districts. In the state of Haryana, Khanna and Prakash (1970) found soils of
Hissar to be sufficient in potassium while Chahal et al. (1976) reported that 43
per cent soils of Gurgaon and 88 per cent of Ambala soils were deficient in
available K.
Gupta et al. (1970), Ekambram et al. 1975a, 1975b) and Kadrekar (1977)
have described the vertical distribution of potassium respectively in salinesodic soils of Chambal Command area of Madhya Pradesh; alluvial, black and
red soils of Tamil Nadu, and in a few scattered profiles of Maharashtra. In
alluvial and red soils, the exchangeable and non-exchangeable K tended to
decrease with depth but not in black soils.
Sreedevi and Aiyer (1974) and Doharey et al. (1974) described the
potassium status in (acid) rice soils of Kerala and jute-growing soils of West
Bengal. In Kerala, Kari, Karapadotn and Kayal soils of Kuttanad region,
because of their submergence in salt water from adjoining backwaters and
deposition of silt by floods, were higher in various forms of potassium than
Kole soils of Trichur and the low-level laterites. The soils of West Bengal
under jute cultivation were medium to low in exchangeable K but high in the
slowly available form (Doharey et al. 1974).
Based on the analysis of 1.4 million soil samples collected from 184
districts, Ramamoorthy and Bajaj (1969) observed that the available K was
low in 20 per cent districts, medium in 52 per cent and high in 28 per cent
districts. Seven years later, a similar study by Ghosh and Hasan (1976) on the
basis of analysis of 4.5 million samples collected from 310 districts in the
country during 1968-74, suggested that the available K in soil was low in 20
per cent, medium in 42 per cent and high in 38 per cent districts. Much of the
disparity in the two reports is probably due to the upward shift in the category
of potassium status of the soils in more than 40 districts of 10 states, which
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could be due to the representative character of the sampling and the number
of samples tested. While Thanjavur, Chinglepet and Coimbatore districts in
Tamil Nadu provided soil test data for 0.37, 0.29 and 0.18 million samples,
respectively, Junagadh (Gujarat), Sambalpur (Orissa), Karnat (Haryana),
Mandya (Karnataka), Bhandara (Maharashtra), Burdwan (West Bengal),
Kota (Rajasthan), Faridkot (Punjab), Mandi (Himachal Pradesh) and
Pondicherry could provide the data for 26,000 to 113,000 samples, for
other districts the number was still less. It may be mentioned that the
grouping of soils into fertility classes has been done according to the nutrient
index values calculated from soil test summaries of a district giving their
percentage distribution into low, medium and high categories (Muhr et al.
1965). The use of a fixed set of critical values uniformly for all soils and crops
needs to be carefully examined.
There have been some attempts to describe the potassium status in terms
of soil zone. Lodha and Seth (1970) observed that all forms of potassium were
more in undifferentiated alluvial and grey-brown soils. According to Kadrekar
and Kibe (1972), the lateritic and non-lateritic soils of heavy rainfall areas
happened to be generally poor in potassium content, whereas the soils of arid
to semi-arid regions were rich. The soils of the transitional zone occupied an
intermediate position. Godse and Gopalakrishnappa (1976) generalised that
potassium content of soil series under Vertisols and vertic soils was higher
than that of Alfisols and related soils.
The potassium content of soils has been found to be related to texture. In
general, a positive association between the amount of potassium and the clay
content has been observed (Kanwar and Grewal 1966; Lodha and Seth 1970;
Kadrekar and Kibe 1972; Mehrotra et al. 1973; Ram and Singh 1975).
Rajakannu et al. (1970) found that available K was significantly and
positively related to pH values in red and alluvial soils. Ram and Singh (1975)
observed a similar association in paddy soils of eastern Uttar Pradesh.
A considerable reduction in the amount of total and exchangeable K was
observed by Mitrachaly and Koshy (1967) in the surface layer of soils which
had been denuded of forest cover for 10-15 years, denudation had caused
appreciable leaching of potassium into lower horizons.
Laboratory Indices of Potassium Availability
When the soil testing service started in India in the fifties, neutral normal
ammonium acetate (Hanway and Heidel 1952) was chosen as the extractant
for estimating the available potassium. Sekhon and Velayutham (1978)
reviewed the subsequent studies (Mukherji et al. 1955; Mehtra and Shah
1956a, 1956b; Mitra et al. 1958; Tamhane et al. 1958; Tamhane and Subbiah
1960; Oomen 1962; Ramamoorthy and Paliwal 1965; Datta and Kalbande
1967; Ramamoorthy 1968; Arora and Kanwar 1969; Balasundaram 1971;
Kushwaha et al. 1971; Singh 1973; Dubey and Khera 1974; Pathak et al. 1975;
Venkatasubbiah et al. 1976; Ghosh and Ghosh 1976; ;Hunsigi and Srivastava
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1976; Maharana et al. 1976; Ramakrishnayya and Chatterjee 1976; Brar and
Sekhon 1977; Kameswara Rao et al. 1977; Ramanathan 1978) for determining
the most appropriate extractant for different soils and to standardise and
calibrate the procedure. Sekhon (1980a) has concluded that neutral normal
ammonium acetate extractable K is a fair index of available potassium in
several soils, while other extractants appear to work better in some other
situations. The divergence in the results mainly appears to be a consequence
of (a) the heterogeneity in the mineral-texture groups of soils which has a
bearing on capacity and intensity factors and (b) differences in respect of the
cation exchange capacity of crops and in the duration of their growth.
In view of what has been observed so far it would be very much desirable
to determine the critical limits for potassium availability for well-defined soil
series, encompassing mineral-texture groups, separately for various crops
raised on them. Though greenhouse work is useful to begin with, field testing
should be the ultimate criterion to judge the suitability of a critical limit.
It has been seen that continuous cropping without potassium application
appreciably decreased the content of available K in the soil (Singh and Brar
1977). Ghosh and Biswas (1978) reported that under intensive cropping, the
influence of potassium increased progressively in soils which initially did not
show any beneficial effect. Sekhon (1980b) has summed up these trends
indicating that the availability of K in the soil declined in the absence of
potassium fertilisation. Because of the complexity of soil and plant factors
governing changes in potassium availability, it appears advisable to identify a
large number of bench-mark soils which should be continuously monitored
for evolving appropriate strategies for efficient fertiliser use.
Potassium Fertilisers
Potassium chloride or muriate of potash is the most important fertiliser
accounting for nearly 99 per cent of the fertiliser K used in India. Potassium
sulphate which is often produced by reacting potassium chloride with sulphur
or sulphuric acid, is a costlier material than muriate of potash. It is imported
primarily for fertilisation of Virginia tobacoo because of its effect on quality.
Grewal and Sharma (1978) observed that the yield of dry matter and starch in
potato was higher when K was supplied as sulphate than as chloride.
Possibilities of manufacturing potassium schoenite (a double sulphate of
K and Mg) indigenously from bitterns of the sea or salt lake were examined
by Datar (1966) and Mehta et al. (1977). Natarajan et al. (1973), Mahalingam
et al. (1975), Varade and Ghosh (1976), Patro et al. (1977) and Helkiah et al.
(1978) have found schoenite to be as good a source of potassium as muriate of
potash for groundnut, banana, wheat and maize, rice and rice, respectively.
Manickam et al. (1965) suggested the use of cement kiln dust for supplying
potassium to crops. Ghosh (1976) discussed the beneficial effect of wood ash,
plant residues, distillery wastes and blast furnace dust, in addition to cement
kiln dust, as some possible alternative sources. Feasibility studies on the
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continued availability and use efficiency of such materials remain to be
undertaken.
Efficient Use of Fertiliser Potassium
The efficiency of potassium usage depends on the extent of deficiency of
the nutrient in the soil, plant characteristics, stress situations, disease
incidence, etc.
Soil. In 63 trials conducted on cultivators' fields in Kanpur (U.P.) on predetermined soil fertility classes, Tiwari et al. (1974) observed a clear
relationship between potassium status of the soil and response of wheat to its
application. There was an improvement in wheat yield due to application of
60 kg K^O/ha and the magnitude of the response increased with the extent of
K deficiency. As stated earlier, exchangeable and water-soluble K (the forms
which are considered to be readily available to plants) are in equilibrium with
the non-exchangeable and mineral potassium, the magnitude of which in
respect of yield response to K is a function of the mineralogical composition
of the soil, the amount of each constituent, moisture supply, and the nature
and intensity of plant cover. Therefore, soils at different locations tend to
behave differently. It was observed (Stilwell et al. 1975) that a dose of 30 kg
K^O/ha was adequate for Kalyansona wheat raised on several soils of
Punjab which were low in exchangeable K (Baddesha and Marok 1979).
Apparently, the release of native K from illitic minerals in these soils was able
to meet the rest of the potassium needs of the crop.
Some authors (Mann 1965; Prasad and Mahapatra 1970; Goswami et al.
1976) have pointed out the differences in the magnitude of crop response to
fertiliser potassium between various soil groups. Laterites, red, red and
yellow, and mixed red and black soils are generally the most responsive of all.
Laterites and lateritic soils are the poorest in potassium availability. Among
the alluvial soils, Agarwal (1965) rated the coastal alluvium to be poorer in
potassium than the Gangetic alluvium. Within a soil group, the upland soils
owing to more leaching and lighter texture, contain less potassium than the
lowland clayey soils having restricted drainage.
Crop. Crops differ in their responsiveness to applied potassium. Coconut,
tea, coffee, rubber, other plantation crops and potato are among the potashloving crops. Banana and papaya, on the nutrition of which some useful work
has been done in India (Subramaniam and Iyengar 1978), respond well to
potassium. Rice and wheat often show a better response to potassium than
sorghum and millets. Goswami et al. (1976) observed that rice tended to
respond to potassium more than wheat. Legumes appear to need more
potassium than non-legumes. Soybean and peas, in which bio-mass and grain
yields are relatively higher and the grain K content is also high, are most
responsive to potassium. Generally, short duration crops and crop varieties
which depend to a greater extent on the external supplies of nutrients in the
growth medium are more responsive to potassium than long-duration crops.
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Stress Situations. Under dry conditions, moisture films in the soil that
normally move potassium to plant roots are too thin to carry much of the
nutrient to the roots. Plants with adequate potassium lose less moisture
because of the reduced transpiration rate. When exposed to desiccating winds,
plants well supplied with potassium are able to close the stomata much more
quickly than potassium-deficient ones. Singh and Singh (1963) showed that
application of potassium in split doses increased the yield of both grain and
straw of drought affected rice. Alexander (1973) observed that grain
production of wheat was less affected under rainfed conditions when foliar
method of fertiliser application was adopted. Inclusion of K spray along with
urea was better than application of urea alone and 4 sprays of urea and 2 of
potassium were superior to half the number of sprays. The maintenance of
leaf area under conditions of moisture stress is an important requirement for
sustaining better yields. Sinha (1978) reported that potassium application
enlarged the leaf area in maize which was retained during moisture stress.
Application of potassium increased the leaf area, K concentration of leaves
and starch content of tubers in tapioca grown as a rainfed crop in Kerala
(Sinha and Nair 1971). Dhinsa et al. (1975) observed that extension growth of
cotton fibre was preceded by potassium uptake and build-up of its
concentration which suggested that under dry conditions the fibre length and
content in cotton could be controlled to some extent through foliar spray of
potassium at the time of boll development. The role of potassium in drought
tolerance can be better understood by defining its critical levels in droughtprone areas. These critical levels may be expected to be higher for such soils
than for neighbouring irrigated belts.
In wet soils, low content of oxygen brings down the respiration rate of
roots and hence their penetration. Higher potassium levels may ensure
adequate K absorption by the restricted root system under water-logged
conditions. This may be the reason why K application benefits rice more than
wheat (Goswami et al. 1976).
Higher levels of potassium ensure adequate crop uptake of K under
conditions of low soil temperature and reduce frost damage. Grewal and
Sharma (1978) recorded a marked effect of potassium in mitigating frost
injury to potato.
A crop variety can tolerate salinity better if it has a high K/Na ratio.
Janardhan et al. (1976) found it to be so in case of cotton. Rana et al. (1976)
regarded a high K/Na ratio as a suitable selection criterion for salt tolerance.
Whether addition of fertiliser potassium can render the susceptible crop
varieties tolerant to higher levels of salinity remains to be investigated.
Disease Incidence. Potassium has been reported to help in the control of
diseases by enabling the plant to develop leaves with strong epidermal walls
and thick cuticle, preventing the entry of germinating spores from the leaf
surface. It reduces moisture on leaf surface which is necessary for spore
germination, by checking transpiration and restricting the presence of soluble
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nutritional substances such as free aminoacids and reducing sugars in the
tissues. Among diseases and pests, potassium is known to effectively reduce,
are bacterial leaf blight (Padhit and Mishra 1975), sheath blight (Kannaiyan
and Prasad 1978) and bronzing (Kurup et al. 1979) of rice; black rust of wheat
(Agarwala et al. 1968), sugary disease of sorghum (Chinnadurai 1979), shoot
borer (Sithananthan and Daniel 1972) and eye-spot disease (Rabindra and
Kumaraswamy 1978) of sugarcane and Tikka (leaf spot) disease of groundnut
(Balasundaram et al. 1976). It appears pertinent to define the insufficiency of
potassium supply in soils at which its application will reduce disease
incidence.
Time of Application. Split dressing of potassium is expected to increase
its efficiency in situations where leaching losses are considerable, either
because of long duration of the crop or light texture of the soil. Srivastava
and Hunsigi (1978) observed split application to be more beneficial to
sugarcane than a single basal dose. In an experiment on laterite sandy soil of
Bhubaneswar split dressing of potassium was found to be significantly better
than basal application, the average increase in rice yield being of the order of
8 per cent (Dasef al. 1970). Split application of K, half of it as basal dressing
and of the remainder, one-half at active tillering and the other half before
heading proved superior to single dose at transplanting (Singh and Singh
1978). More work is needed to substantiate these observations and to qualify
them in terms of soil and plant characteristics.
Intensity of Farming. Vaidyanathan (1933) had compiled the results of
large number of manurial experiments in India conducted till 1930 to study
the crop response to fertiliser potassium, applied with or without nitrogen and
phosphorus. He observed that rice, wheat and maize had a negative response to
potassium; sugarcane and cotton showed a small but profitable effect whereas
potato and groundnut benefited substantially. More elaborate experiments
were conducted at various research stations from 1931 to 1950. Rege (1941),
Panse (1945), Stewart (1947), Sethi et al. (1953), and the Expert Committee on
Manures and Fertilisers (1953) which looked into the results found that
potassium application was, in general, not profitable.
After 1950, a large number of simple trials were carried out on cultivators'
fields in the state of Bihar. Mukherji et al. (1955) found that all soils showed a
positive response though the magnitude differed from district to district. From
the results of similar experiments in nine community project centres under the
Indo-U.S. Project on Soil Fertility and Fertiliser Use it was seen that
potassium application was profitable in Karnataka, Bihar, Kerala and
Madhya Pradesh. According to Raheja et al. (1958), potassium fertilisation
had proved beneficial to rice in Bihar, Andhra Pradesh, Tamil Nadu, Kerala
and Mysore, wheat in Bihar, Punjab, Delhi and Rajasthan, maize in Punjab,
more to hybrid than to local varieties, sugarcane and potato in Bihar and
Punjab, and to coconut and tapioca in southern India. Mann (1965), Prasad
and Mahapatra (1970) and Goswami et al. (1976) duly corroborated these
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observations. Other evidences point to the accentuation of nutrient deficiencies
with progressive intensification of agriculture, indicating greater need for
external supplies of potassium.
Epilogue
The intensification of agriculture would involve a complete package of
practices centred around increased supply of plant nutrients. The deficiencies
of potassium are likely to accentuate in areas which are now deficient or only
marginally sufficient. As we achieve yields much nearer to the maximum
potential of crops, we shall be realising the need to return to the soil all useful
wastes and to have more precise soil fertility maps for efficient utilisation of
available fertiliser materials. This will obviously necessitate more efficient soil
test procedures and yardsticks, and monitoring of changes in the availability
of plant nutrients, including potassium, on an adequate number of benchmark soils.
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Secondary Nutrients
G. DEV1 AND VINOD KUMAR 2

UNTIL recently, the importance of secondary nutrient elements (Ca, Mg, S) in
Indian agriculture had received little research effort. With the introduction of
high-yielding varieties, use of high analysis fertilisers, increase in irrigation
facility, and adoption of multiple cropping practice in potentially developed
areas, deficiencies of these nutrients have been increasingly reported. It was in
the beginning of the seventies that the need for systematic soil research on
these elements was realised.
CALCIUM
This nutrient element is of importance in acid and some alkali soils. Acid
soils extend to about 30 per cent of the total cultivable area in India. The
largest of the acid soils is covered by laterites and various latosolic soils, such
as ferruginous red and gravelly red soils, mixed red and black or red and
yellow soils. The podzolic group comprises podzols and many podzolised
Himalayan and sub-Himalayan forest soils. In addition, there are meadow,
peaty and alluvial acid soils (Mandal et al. 1975). The acid soils are deficient in
calcium, the degree of saturation of cation exchange capacity being usually 20
to 25 per cent only. The total CaO content of acid soils varies from less than
0.1 to about 1 per cent, though in soils with pH ranging from 5 to 6, it may
not exceed 0.5 per cent (Mandal 1954).
Crop Response
In the management of acid soils, liming has been tested for various crops
at different places with the primary object of increasing the production. Most
of the efforts to raise the yield of rice by liming acid soils (pH 5-6) have
resulted in little success. The obvious reason for this is the rise in pH of such
soils to near neutrality by submergence even in the absence of any liming.
In soils of very low pH (below 5), some response to lime in rice has
been obtained. The crops that have responded well to liming are essentially
legumes, followed by cotton, maize, sorghum, wheat, linseed, etc. Significant
response to applied lime has been reported in moong (Vigna radiata), jute and
mustard in Assam; jute in West Bengal; horse-gram in Orissa; rice and
groundnut in Mysore; rice and cotton in Tamil Nadu; wheat and maize in
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Himachal Pradesh, and rice in Kerala. Liming improved the yield of paddy
grain by 16 per cent in Orissa and by 25 per cent in Karnataka. On the basis
of the effect of lime application in acid soils of Bihar, Mandal et al. (1966)
classified upland crops into three broad groups, viz, (i) high responsive
(pigeon pea, soybean, cotton), (ii) medium (gram, lentil, pea, maize, sorghum),
and (iii) low responsive (rice, millets, mustard).
The response to fertilisers has been reported to increase considerably in
the presence of lime application to acid soils. Alexander and George (1968)
reported that on a red loam (pH 5.7), 80 kg/ha Ca applied with a basal
dressing of NPK significantly increased the number of bolls and yield of
cotton. Similar improvements in the yield of sorghum, rice, berseem
(Trifolium alexandrinum) and alfalfa were obtained by others (Kanwar et al.
1970; Ahlawat 1978). The results summarised by Mandal et al. (1975) have
conclusively shown that NPK becomes highly effective in increasing crop yield
in a limed acid soil when compared with an unlimed one.
In several studies different types of materials when applied on equivalent
lime basis have been found to be equally effective in improving the crop yield.
Application of 75 and 150 kg Ca/ha as CaCOi and gypsum raised the
groundnut yield with increasing level of Ca though gypsum gave higher yields
over CaC03 (Longanathan and Krishnamoorthy 1977).
Calcium Content in Plant
Application of calcium increased its concentration and uptake in wheat,
dhaincha {Sesbania sp.) and maize (Poonia and Jhorar 1974). Utilisation of
added Ca was 17 and 31 per cent in maize and dhaincha, respectively (Poonia
and Bhumbla 1972). Use of graded levels of Ca increased the concentration
and uptake of Ca in berseem (Chahal 1971; Ahlawat 1978) and moong (Nad
1979). In the case of alfalfa, 50 ppm Ca increased its concentration and uptake
and this effect was more pronounced when Ca was applied with different
levels of S (Aulakh and Dev 1978). Bhatla et al. (1978) reported that peak
period for Ca absorption in three groundnut varieties was between the
flowering and pegging stages with accumulation ranging between 37.2 and
41.4 per cent.
Distribution of applied Ca through rooting in leaves, stems, gynophores
and pods was reported to the extent of 66, 17, 3 and 14 per cent, respectively,
of the total Ca uptake (Chahal and Virmani 1973). The concentration of Ca in
different parts of the groundnut plant has been in the decreasing order of
leaves, stem, shell and seeds (Chahal and Singh 1979).
Interaction with other Nutrients
The beneficial role of lime in acid soils has been ascribed to the greater
availability of other nutrients besides Ca. Applied Ca has been found to
increase the availability of N and its higher uptake resulting from greater
microbial activity in the soil (Jha 1965; Abichandani and Patnaik 1961;
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Banerjee and Sinha 1966; Tamboli and Tulsi 1967). Incorporation of CaS04
increased the nitrification rates of NH4C1 and NH4NO3 and enhanced the
uptake of N (Seetharaman and Sen 1962). Sankaran et al. (1977) reported that
CaS0 4 increased the uptake of N in groundnut.
Increased availability of P in soil with liming was reported by Rai et al.
(1963), Mandal et al. (1966) and Patnaik et al. (1968). Ramakrishnan and Jain
(1965) observed that in non-calcareous soils application of Ca enhanced the P
uptake while it was the reverse in calcareous soils. Ahlawat (1978) found that
application of 50 ppm Ca decreased N and P concentration in berseem.
The antagonistic behaviour of Ca with Mg and K in respect of
concentration and uptake of the latter two nutrients in various crops has been
reported (Mandal and Sinha 1968; Kansal and Sekhon 1973, 1974; Gopal
1975; Ahlawat 1978; Nad 1979).
Studies on the availability of micronutrients as a result of liming have not
been very extensive. It has been shown that liming increases the availability of
Mo (Verma and Jha 1969). Prakash and Subbiah (1965) reported that the
absorption of applied 45Ca in lemon seedlings was hampered in Cu and B
deficient plants but the uptake was fairly high under Fe deficiency. In case of
Mn deficiency, the accumulation was restricted to older tissues. Synergistic
relationship between Ca and B uptake in groundnut has been shown by
Sankaran et al. (1977).
On a soil with low exchangeable Ca, Mistry and Bhujbal (1973) observed
that uptake of 89Sr and 226Rb was significantly reduced by applied Ca and the
addition of organic matter depressed the uptake of these elements by maize.
The work of Poonia and Bhumbla (1972) and Poonia and Jhorar (1974)
showed that Ca and Na were antagonistic, and application of one decreased
the concentration of the other in dhaincha, maize and wheat.
MAGNESIUM
This nutrient is also of considerable significance in acid soils. The MgO
content in acid soils of India is low, varying from less than 0.1 to 1 per cent,
the average being 0.3 to 0.6 per cent except in the soils having Mg-bearing
minerals like hornblende, e.g. acid soils of Ranchi in Bihar. A characteristic
feature in some soils of Assam and Madhya Pradesh is that the exchangeable
Mg is generally higher than exchangeable Ca. In the acid soils of Bihar,
exchangeable Mg varies from 0.61 to 7.44 me/100 g soil (Tiwari 1970).
Crop Response
Crop responses to applied Mg have been reported either on acid soils (pH
less than 6) or on sandy soils which have low amounts of exchangeable Mg.
Tajuddin (1971) applied 250 and 500 kg/ha MgCOi to groundnut in acid soils
of Kerala and found increased nodulation and yield but decreased oil content.
According to Agarwala and Mehrotra (1979), Coimbatore local variety was
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the most resistant and Pusa yellow and Ahmednagar were highly susceptible
to Mg deficiency. Kumar et al. (1981) found that application of 30 ppm Mg
alone or 15 ppm along with low level of Zn significantly increased the dry
matter yield of wheat on a sandy soil of Hissar. Nad (1979) recorded extra
yield of legume and oilseed crops when Mg was superimposed over S levels
than due to applied S alone. Thomas and Koshy (1979) obtained 3.54 t/ha of
paddy grain with application of NPK + Mg as compared with 3.08 t/ha
without Mg. Similar beneficial results with applied Mg in maize were reported
by Gautam et al. (1964), Solankey et al. (1973), and Bedi and Sekhon (1977).
As regards the efficiency of sources of Mg, Kurup and Ramankutty (1969)
reported that with application of Mg silicate or MgCOs there was no effect on
paddy grain yield but when Mg silicate was added at higher rates, the straw
yield increased. For rice grown on a clay loam, Nayar and Koshy (1966)
found the efficiency of Mg sources in the decreasing order of MgO, MgSÜ4
and MgCOi.
Magnesium Content in Plant
Increase in both concentration and uptake of Mg due to applied
magnesium has been reported for various crops (Tiwari and Mandal 1972;
Kansal and Sekhon 1974; Aulakh and Pasricha 1978; Nad 1979). Kumar et al.
(1981) found that increasing the level of Mg up to 30 ppm significantly
enhanced the uptake of Mg in wheat at 60 days growth though Mg
concentration continued to increase up to 60 ppm dose.
In groundnut, maximum accumulation of Mg was between the grand
growth period and the flowering stage in C-501 and exotic-5 varieties and
between the flowering and pegging stages in Faizpur 1-5 and HG-8 varieties
(Bhatla et al. 1978). Chahal and Singh (1979) found maximum accumulation
of Mg in groundnut within a period of 40 to 60 days. The concentration of
Mg in different parts was in the order: leaves > shell > seed.
Interaction with Other Nutrients
Magnesium increased the uptake of both N and P in groundnut
(Subramanian et al. 1975), but depressed concentration of N in two cuttings
of berseem (Ahlawat 1978). In wheat, 30 ppm Mg significantly increased P
and K concentration, while concentration of N and Ca were not affected, but
the uptake of N, P and K increased (Kumar et al. 1981). The antagonistic
relationship between Mg and K (Tiwari and Mandal 1970; Ahlawat 1978) and
the synergistic effect between Mg and S (Aulakh and Pasricha 1978; Nad
1979) as reflected in their concentrations in plants have been well documented.
The interaction of Mg with micronutrients has not been studied
adequately. Addition of 60 ppm Mg decreased the concentration of Zn and
increased that of Fe, Cu and Mn and their uptake in wheat (Kumar et al.
1981). On the contrary, Anantha Narayana and Rao (1979) reported that
application of Mg increased the concentration of Zn in groundnut and rice.
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Magnesium increased the Mo content and decreased the Mn concentration in
soybean plants (Mandal and Tiwari 1970).
SULPHUR
The content of available S in soils of India varies widely and it is
especially deficient either in light-textured soils or in those areas which are
intensively cultivated and are under multiple cropping. According to a study
carried out by Naik and Das (1964) a large number of laterite, red, and
alluvial soils contained less than 10 ppm available S; black and coastal alluvial
soils were richer; and saline and alkali soils had very high amounts of
available S. In acidic, saline and alkaline soils, S content was relatively high
(Sudhakara Reddy and Mehta 1970; Tiwari and Ram 1973; Joshi et al. 1973;
Singh el al. 1976; Lande et al. 1977; Kumar and Singh 1979).
It was supported by Kanwar (1963), Kanwar and Mohan (1964), Dalai
et al. (1963), Singh and Singh (1974), Chahal and Rathee (1975), Sharma and
Dev (1973, 1976), and Aulakh and Dev (1976a) that light-textured soils of
Punjab, Haryana and parts of Himachal Pradesh happened to be deficient in
available S, more so in the areas growing legumes and oilseeds including
groundnut.
Using Aspergillus niger method, Ahmad and Jha (1969) found that soils
of Bihar had 577 ppm total S and 92.6, 14.8, 15.4, 3.6 and 5.4 ppm organic,
water soluble, NaHC0 3 soluble, sulphide and available S, respectively. The
sulphur status of soils of Madhya Pradesh was examined by Patel and
Sawarkar (1973) and a few pockets of S deficiency identified.
A few studies carried out on profile distribution of sulphur have indicated
that, in general, both total and organic S decrease with depth, a major part of
S being in organic form. In some instances there was accumulation of
sulphate S at lower depths which normally constitutes a very small fraction of
total S in soils (Kanwar and Takkar 1964; Bhardwaj and Pathak 1969;
Karwasra 1968; Shukla and Gheyi 1971; Somani and Saxena 1976; Ruhal and
Paliwal 1978; Palaskar 1979). In well-defined soils of Patiala and Sangrur in
Punjab, various forms of S showed different patterns of distribution (Sharma
and Dev 1976; Aulakh and Dev 1976a, b). Virmani and Kanwar (1971)
observed that total and non-sulphate S decreased with depth in soils of north
India. More than 50 per cent was as non-sulphate S while sulphate form
constituted a small fraction of the total. Venkateswarlu et al. (1969) reported
that total S in 0-15 cm layer was 112 to 275 ppm and it decreased with depth.
The sulphate S was inconsistently distributed in these soils.
In his study on forms of S in soils, Ruhal (1975) found that sulphate and
adsorbed S were closely related while total S showed no such relationship
with the various forms. Ruhal and Paliwal (1980) reported that finer fractions
(clay and silt) and pH of soil influenced to a great extent the sulphur
supplying power in calcareous soils having low organic matter content.
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Similar relationships were also worked out by Kanwar and Mohan (1964),
Karwasra (1968), Shukla and Gheyi (1971), and Bhan and Tripathi (1973). In
some soils of Punjab organic S was positively correlated with the content of
organic matter and with heat-soluble S while sulphate S showed significantly
negative correlation with pH (Aulakh and Dev 1976a).
Crop Response
A majority of the reports on crop responses to applied S are based on pot
experiments, but some work has also been conducted in the fields for
individual crops by various workers as well as for crops in sequence (Aulakh
el al. 1977; Nad 1979; Ghosh 1980) for direct and residual studies.
Soybean. A level of 60 ppm S was reported to be the optimum for
getting high dry matter yield of soybean (Pasricha and Randhawa 1973).
Similar observations were made by Subbiah and Singh (1970), Saggar and
Dev (1974), and Dhillon and Dev (1978).
Groundnut. According to the results obtained by Rathee and Chahal
(1977), 40 ppm S produced significantly higher dry matter and kernel yield of
groundnut in soils with low available S but 20 ppm S was sufficient for soils
with medium to high status. Singh and Singh (1974) suggested 100 ppm S for
obtaining high yields of groundnut in S deficient soils. Significant response to
applied S in greenhouse tests has been reported by Dube and Mishra (1970),
Singh (1970), Chahal and Virmani (1973), Bhatla el al. (1977) and Shukla and
Prashad (1979).
Response to sulphur has also been studied under field conditions (Dalai
el al. 1963; Sanjeevaiah 1969; Pathak and Pathak 1972; Verma et al. 1973).
Ruhal (1975) found that a dose of 120 kg S/ha produced the highest yield of
groundnut while Aulakh et al. (1977) reported the optimum dose of S for
groundnut as 32 kg/ha.
Moong (Green Gram) and Lentil. Application of 40 ppm S gave
significantly high yields of dry matter and seed (Aulakh and Pasricha 1977).
Aulakh et al. (1977) found that in the field summer moong sown after lentil
responded to residual S and that lentil gave 127 per cent increase in grain
yield on application of 40 kg S/ha. An appreciable residual effect of S on
moong grown after cowpea and mustard was observed by Nad (1979).
Gram and Pea. The effect of S application in increasing the dry matter
and grain yield of pea and gram was seen by Dube and Mishra (1970) and
Gupta and Gupta (1972). Aulakh et al. (1977) obtained 147 per cent increase
in gram yield with application of 40 kg S/ha. Singh (1970) reported that 250
kg S/ha doubled the grain production of pea.
Mustard. The beneficial effect of applied S on BSH-1 and Pusa Kalyani
varieties of mustard in soils of Haryana was seen only in the presence of N
and these varieties responded to S applied up to 30 ppm (Kumar et al.
1980). By applying 60 kg S/ha, Aulakh et al. (1977) obtained 84.5 kg/ha of
additional grain. Singh and Singh (1978) recommended a dose of 250 kg/ha
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of elemental S for successful cultivation of mustard. Ruhal (1975) and Nad
(1979) found the maximum response in mustard with 90 kg S/ha.
Rara (Brasska juncea). According to Pasricha and Randhawa (1973) 25
ppm S was sufficient for rara. Singh and Singh (1977) and Dixit (1979)
observed a linear response in grain yield with a dose up to 60 ppm S. On a
loamy sand deficient in N and S, maximum grain yield was obtained with
application of 30 kg S/ha as gypsum along with 120 kg N/ha (Aulakh et al.
1977). It was also found that 20 kg S/ha gave 155, 167 and 180 per cent
response in the yield of RL-18, RLM-198 and RLM-5I4 varieties of raya,
respectively (Pasricha et al. 1977). However, Singh and Moolani (1970) did
not observe any marked response to sulphur in soils having medium available
S status.
Wheat. In a S deficient soil, Joshi and Seth (1975) found that 50 kg S/ha
was optimum for wheat but with a higher dose of phosphorus application
(100 kg P/ha) 75 kg S/ha was needed. Ruhal (1975) obtained the highest
yield with 80 kg S/ha. Aulakh et al. (1977) reported that 25 kg S/ha
increased the grain yield by 480, 553 and 888 kg/ha in K 227, PV 18 and S
308 varieties of wheat, respectively. Das and Datta (1973) observed no
response of wheat to sulphur in maize-wheat rotation until the sixth crop on
sandy clay loam soil.
Maize. Application of 90 kg S/ha significantly raised the yield of maize
in S deficient soils of Rajasthan (Ruhal 1975). Pasricha et al. (1977) obtained
higher dry matter production of six varieties of maize at 42 days' growth with
25 ppm S. Dev et al. (1979) reported that application of S up to 20 ppm
raised the dry matter yield of maize plants. With higher doses of 40 and 80
ppm, Palaskar (1979) did not observe any further increase in yield.
Alfalfa. Aulakh and Dev (1979) recorded significant response up to 20
ppm S in a soil having 6 ppm of CaCb-extractable S. In some soils of
Madhya Pradesh, Bansal et al. (1979) also found increased dry matter
production in alfalfa with a dose of 50 ppm S. Sharma (1974) reported that
increasing levels of S up to 240 kg S/ha along with N, P and K were effective
in raising the dry matter yield.
Berseem. Pathak and Bhardwaj (1968) reported significant response of
berseem fodder to S application at the rate of 27 ppm. Response of S was
also observed by Singh (1976) and Singh et al. (1977). Sisodia et al. (1975)
reported significant increase in dry matter production with increasing levels of
S but Palaskar (1979) did not find any significant effect of sulphur beyond 20
ppm S on some alluvial soils. Pasricha et al. (1977) recorded significant rise in
dry-matter yield up to 100 ppm S in combination with 50 ppm P.
Potato, Cotton and Sugarcane. Application of 25 kg S/ha to potato
raised the tuber yield by 128 per cent, and in variety Kufrichandermukhi the
yield increased with higher levels up to 50 kg S/ha (Aulakh et al. 1977).
Kumar and Singh (1977) reported a linear response in dry matter yield of
cotton up to 60 ppm S, beyond which (80 and 120 ppm S) there was a
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significant reduction. Soraha and Singh (1979) found that use of 500 kg S/ha
on an alkaline calcareous clay loam significantly raised the yield of sugarcane.
Sources of Sulphur
The efficiency of different sources of sulphur was studied by Subbiah and
Singh (1970) and Singh et al. (1970). Gypsum proved to be highly effective as
compared to ammonium sulphate and sodium sulphate on groundnut and
mustard. Similar observations were reported by Pathak and Pathak (1972)
and Pasricha et al. (1977). Singh and Singh (1978) obtained the efficiency of
different S sources for pod yields in the decreasing order of single superphosphate, ammonium sulphate, monocalcium phosphate, and calcium
sulphate. Nad (1979) found ammonium sulphate to be a relatively better
source of S and potassium schoenite almost at par for their direct effect on
cowpea, mustard and moong but residual effect of calcium sulphate was
better particularly on moong.
For tea, ammonium sulphate proved superior to superphosphate, CaSÜ4
and Na 2 S0 4 (Kanwar and Takkar 1966). Aulakh et al. (1977) obtained
additional groundnut (pod) yield of 13, 14 and 15 per cent with 32 kg S/ha
supplied through ammonium sulphate, single superphosphate, and gypsum,
respectively. Soroha and Singh (1979) reported the efficiency of different
sulphur containing fertilisers for the quality of sugarcane juice in the order,
elemental S > ferrous sulphate > gypsum.
In soils treated with various sources of sulphur, Dhillon and Dev (1976)
found that extractability of S was in the decreasing order of ( N H ^ S O ^
NaiSO-i, CaSC>4 and elemental S. Similar results were obtained from the
values of availability coefficient ratio pertaining to plant attributes of soybean
(Dhillon et al. 1978; Dhillon and Dev 1980). By using tracer technique.
Aulakh and Dev (1977, 1978) showed that superphosphate was a better
source for the supply of S to alfalfa than gypsum. After 5 annual cycles of
multiple cropping, Swarup and Ghosh (1980) observed that continuous
application of single superphosphate significantly increased the sulphate S in
soil as compared to the treatments in which diammonium phosphate was
used as the source of P.
Time and Method of Application of Sulphur
Dutt (1962) recommended foliar application and Soroha and Singh
(1979) suggested band placement in sugarcane to increase the total S uptake
and sugar recovery. Dungarwal et al. (1974) found that broadcasting of
elemental S up to a dose of 250 ppm at sowing or spraying of 0.1 per cent
H2SO4 at 4-5 leaf stage and 20 days later in maize was beneficial in calcareous
soils. Chahal and Virmani (1973) in their studies on the efficiency of applied S
through superphosphate at different growth stages in groundnut found that
application of 75 per cent of the dose at sowing and the rest at flowering gave
the highest pod yield.
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Soil-Test Crop Response Correlation Studies on Sulphur
Various extractants have been evaluated from time to time and it has been
seen that the suitability of a particular method depends upon a number of
factors, the most important being soil type, pH, and the test crop. Chopra and
Kanwar (1966) proposed 0.IN CaCb extractable S after heating the soil to
100°C as a satisfactoy index for estimating available S in soils of Punjab.
They observed a high correlation with S uptake by groundnut (r = 0.97) and
berseem (r = 0.96).
Venkateswarlu and Subbiah (1969) found 'A' value assayed with 35S as the
best index for determining available S in rice soils. As regards the chemical
methods tested, total organic S, 0.5M NaHC03 and 500 ppm P as
Ca(H2PC»4)2 extractable and isotopically exchangeable S were on par.
Sudhakara Reddy and Mehta (1970) found heat-soluble S to be highly
correlated with S uptake by plant ( r = 0.81). Virmani (1971) reported that
extraction with dilute CaCb, Morgan's reagent, 500 ppm P as Ca(H2P04)2
and 0.5M NaHCOi provided a good index of S availability for cluster beans
in soils of Punjab. Sulphur extracted with Morgan's reagent gave the highest
correlation with S uptake (r = 0.83) and percentage yield (r = 0.59) on black
soils of Madhya Pradesh (Pal and Motiramani 1971). The values obtained by
extraction with other reagents namely, Ca(H2PO,))2, KH2PO4, NaCl, water,
0.00IN HC1, 0.5N ammonium acetate + 0.25N acetic acid, citric acid and 0.15
per cent CaCh also gave significant correlations with S uptake in plant and
percentage yield. Extraction with 0.5M NaHCCh, 10 per cent NaCl and
ammonium acetate-acetic acid was found satisfactory for oats in brown soils
of Punjab (Arora and Sekhon 1977). The suitability of 500 ppm P as
Ca(H2PC»4)2 was reported by Bansal et al. (1979) using lucerne as the test crop.
Out of several chemical extractants tried on some alluvial soils of northern
India, Palaskar (1979) rated 0.15 per cent CaCb, 500 ppm P as monocalcium
phosphate, IN magnesium acetate and ammonium acetate + acetic acid as
relatively more efficient than the rest in predicting S availability to barseem,
cowpea and maize.
In proposing a critical limit of available S in soils, Virmani (1971)
recorded a threshold value of 10 ppm heat-soluble S for arid and tropical arid
brown soils. In grey-brown podzolic soils, 10 ppm of S extracted with 500
ppm P as Ca(H2P04)2 was considered adequate for cluster bean (Virmani
1971) and 9.3 ppm for lucerne (Bansal et al. 1979). Arora and Sekhon (1977)
suggested critical limits of available S with 0.5M NaHCC>3, 1 per cent NaCl,
ammonium acetate-acetic acid and 'A' value for oats in reddish-brown soils of
Punjab as 22, 11, 10 and 24 ppm, respectively. In evaluating S availability to
sunflower, Marok and Dev (1979) proposed the critical level of'A' value and
CaCb-extractable S as 30 and 19, respectively.
Sulphur Content in Plants
Sulphur application increased its concentration in berseem, alfalfa, wheat,
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maize, groundnut, soybean and several oilseed crops (Sudharka Reddy and
Mehta 1970; Acharya and Subbiah 1971; Gupta and Gupta 1972; Sharma and
Dev 1973; Saggar and Dev 1974; Sharma 1974; Joshi and Seth 1975; Motta
and Sawarkar 1975; Sisodia et al. 1975; Gangwar and Rai 1976; Aulakh et al.
1977; Bhatla et al. 1977; Bansal et al. 1979; Dev et al. 1979; Nad 1979; Kumar
and Singh 1980; Dhillon and Dev 1980).
Addition of S significantly increased the concentration and uptake of S in
raya (Dixit 1979). The concentration of S in different parts of soybean plants
increased with S applied up to 120 ppm while the uptake increased up to 80
ppm dose (Kumar and Singh 1980). Beneficial effect of applied S on its
concentration in other plants was shown by Ruhal (1975), Singh and Singh
(1977), Pasricha et al. (1977) and Dhillon and Dev (1978).
Studies involving the use of S revealed that in general 8 to 25 per cent of
added S was utilized by various crops, depending upon their nature, the type
of soil, the amount of S applied, and the S status of the soil. Saggar and Dev
(1974) showed that soybean plants removed more S from the soil than from
applied fertilizer. Working on four well-defined soil series of Punjab, Sharma
and Dev (1973) reported that the availability of fertiliser S to wheat plant was
dependent upon the sulphur supplying power of the soil.
According to Pasricha et al. (1977) the efficiency of native S source for
maize was high and that applied S further increased the utilisation of native S.
Singh and Singh (1977) found that per cent utilisation of added S in raya at
135 days' growth was 21.2 and 9.4 when applied at levels of 15 and 120 ppm,
respectively. Kumar and Singh (1980) observed 14.1 and 7.5 per cent
utilisation of S by soybean with 40 and 120 ppm S, respectively. With 75 ppm
S added as gypsum, Subbiah and Singh (1970) reported 26 per cent utilisation
by soybean. Similar findings in respect of mustard, soybean and maize were
made by Kataria and Sriniwas (1976), Dhillon and Dev (1978), Dev et al.
(1979), and Dixit (1979). By using the tracer technique to determine the per
cent utilisation of added S, Dhillon and Dev (1975) showed that the soil
tagging was rather unsatisfactory when compared with the fertiliser tagging
method.
While studying the translocation of S in various plant parts, Kumar and
Singh (1980) observed that in soybean the extent of distribution of fertiliser S
was 29, 33, 17 and 20 per cent in grain, leaves, stems and pod husk,
respectively. It was found by Chahal and Virmani (1974) that when S was
applied in the rooting zone in groundnut its distribution was 30.0, 27.1, 7.1
and 35.8 per cent in leaves, stem, pegs and pods, respectively. The pattern of
distribution was different when S was applied through foliage.
Crop Quality
The results on the effect of sulphur application on protein content and
some other qualities in plants have been rather inconsistent. While Chopra
and Kanwar (1966) reported a decrease in protein content Motta and
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Sawarkar (1975) did not find any beneficial effect due to application of S with
and without N. Increase in protein content due to applied S has been observed
by Singh et al. (1970), Gupta and Gupta (1972), Verma et al. (1973), Ruhal
(1975), Aulakh and Pasricha (1977) and Kumar et al. (1981). It was seen by
Aulakh et al. (1976) that applied S increased protein S content but decreased
non-protein S in alfalfa. With higher levels of sulphur application, both nonprotein organic S and SOvS in alfalfa plants increased (Dhillon and Dev
1974). However, in soybean increasing levels of S raised the contents of
protein S and SO4-S, but had no significant effect on non-protein organic S
(Dhillon and Dev 1978).
Sulphur is an integral constituent of cystine, cysteine and methionine and
the amounts of three amino acids have been found to go up with S application
in grains of soybean, mustard, moong and pea (Chopra and Kanwar 1966;
Arora and Luthra 1971; Gupta and Gupta 1972; Kumar et al. 1981). Singh
and Singh (1978) reported that application of 60 ppm S significantly increased
free and bound cystine, cysteine and methionine in raya grain. It has been
further observed by Kumar et al. (1981) that in soybean crop receiving
sulphur dressing there was a significant correlation between the concentration
of S in leaves and of S-containing amino acids in grain.
The N:S ratio in plant was successfully used to predict S deficiency.
Aulakh et al. (1976) found that in alfalfa, for every 11 to 12 parts of N, 1 part
of S was required for production of proteins. Bansal and Singh (1979)
reported a ratio of 16:1 in the first and of 17:1 in the second cutting of alfalfa.
Dev and Saggar (1974) in their study with 12 soybean cultivars observed that
sulphur application at varying levels lowered the total N:total S ratio and
widened the protein N:protein S ratio, and 12 to 16 parts of N were required
for 1 part of S in different varieties of the,crop. Similar results were reported
by Aulakh and Dev (1977), and Dev et al. (1979). Ruhal (1975) reported N:S
ratios of 15.6, 3.1, 14.8 and 7.0 at maximum response to sulphur in grains of
maize, mustard, groundnut and wheat, respectively.
Sulphur fertilisation improved the oil content in mustard groundnut and
soybean (Chopra and Kanwar 1966; Singh and Moolani 1970; Verma et al.
1973; Kumar 1978; Dixit 1979). Its application increased the oil content in
mustard by 12 per cent (Pasricha and Randhawa 1973). Kumar et al. (1980)
reported that a dose of 40 ppm S raised the content of oil in soybean grain,
and that with successive S levels there was no effect. In groundnut and
mustard, the percentage of oil increased with S applied either as gypsum or
ammonium sulphate (Singh et al. 1970).
Sulphur application also affects some other quality characteristics of
crops. Ruhal (1975) found that the treatment of 80 kg S/ha decreased the
water-soluble carbohydrates in groundnut but increased them in wheat.
Soroha and Singh (1979) reported that 50 kg S/ha applied to sugarcane
increased the sugar content by 5.6 per cent, the recovery of sugar by 5.8 per
cent and the purity of juice by 0.8 per cent. The dose of 80 ppm S to soybean
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increased the content of reducing, non-reducing and total sugars in the grain;
but when 120 ppm S was applied with 80 ppm P, an increase in total sugar
was recorded (Kumar et al. 1981). Singh and Singh (1978) reported that 90
ppm S significantly raised the percentage content of allyl-isothiocynate in raya
grain but with higher levels of S there was no further increase. Singh and
Moolani (1970), and Dixit (1979) reported similar results.
Sulphur Transformation in Soil
According to the findings of Singh and Kumar (1980), the rate of
oxidation of added elemental S was dependent on the soil texture; it was more
in sandy soil than in sandy loam and loam. Chopra and Kanwar (1968) had
observed that incorporation of elemental S at higher levels delayed the
oxidation, and the rate at which the concentration decreased was directly
proportional to the initial concentration.
Level of S in soils, native or added, affects its mineralisation. Karwasra
(1968) found that mineralisation of native S was more in soils having wider
C:S ratio and it was arrested with the addition of sulphate at a little over 4
ppm while at higher levels there was immobilisation.
Studying the effect of time on mineralisation, Kumar (1978) observed that
the rate of oxidation of elemental S was fast up to 28 days and slowed down
afterwards. Most of the applied S was oxidised in 42 days (Singh and Kumar
1980) and the recovery after 56 days' incubation was 74 per cent in sandy
and 63 per cent in sandy loam soil. A major portion of the added elemental S
in calcareous soils of Rajasthan was oxidised in 20 to 60 days (Ruhal 1975).
Das (1971) and Singh et al. (1977) made similar observations in other soils.
The rate of transformation of applied elemental S depends directly on
temperature and the chemical reaction involved is of a pseudo-unimolecular
type. The activation energy of S as calculated from Ki and K2 at 25° C and
35° C was reported as 17,500 calories/mole (Chopra and Kanwar 1968). The
mineralisation of organic S at 32, 50 and 100°C at different time intervals in
soils from Haryana, Punjab and Himachal Pradesh was studied by Karwasra
(1968) who found that the mineralisation increased with rise in temperature.
A number of soil properties e.g. pH, CaCCh content, and organic matter
status and other conditions such as moisture content and wetting and drying
affect the mineralisation of native and applied sulphur. With a rise in pH from
7.4 to 8.2 in Sirsa loam, mineralisation of organic S increased from 5.6 to 7.7
per cent; the corresponding increase in Manali loam was 1.7 to 3.1 per cent
at 6.1 and 9.1 pH, respectively (Karwasra 1968). Chopra and Kanwar (1968)
had observed that there was less oxidation of added S in a soil from Palampur
(H.P.) because of its low pH value.
The mineralisation of elemental S in some soils of Rajasthan was
enhanced with the addition of CaC0 3 (Ruhal 1975). Singh and Kumar (1980)
observed that the rate of mineralisation of native S in different soils of
Haryana was affected only when CaCOj content was 6 per cent or more. They
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also found that increase in soil organic matter accelerated the mineralisation
of both native and added S. Mineralisation of S increased with the addition of
berseem fodder while there was immobilisation due to the incorporation of
wheat straw (Karwasra 1968).
Mineralisation of native S was enhanced when the moisture content in
two soils differing in texture increased from 10 to 20 per cent. Further increase
in soil moisture (30 and 40%) had a depressing effect because of partially
anaerobic conditions (Singh and Kumar 1980). Das (1971) studied the
transformation of added S under anaerobic conditions and found that with
advancement of time there was increase in heat-soluble, sulphate and organic
S as well as in reducible and carbon-bonded S.
Under waterlogged conditions the maximum accumulation of sulphides
was in the first 14 days and it declined drastically afterwards. Kundu (1978)
also reported that increasing levels of iron and organic matter promoted
sulphide.
Wetting and drying cycles resulted in enhanced mineralisation of native S
in different soils of Haryana (Singh and Kumar 1980). With three soils of
different physicochemical properties which were either continuously incubated
at room temperature or periodically wetted and then dried at 50 to 105° C,
Karwasra (1968) found that alternate wetting and drying resulted in higher
production of sulphate.
Interactions with Other Nutrients
Since N and S are both closely linked in protein metabolism, the
relationship between N and S in plants is of great importance. The interaction
between N and S is reported to be synergistic; these two nutrients are said to
increase the concentration and uptake of each other in the plant (Singh 1971;
Jaggi et al. 1977; Dey el al. 1979; Singh and Singh 1980). Application of S in
the absence of N decreased the N concentration in mustard plants but when N
was added with S the effect was synergistic (Kumar et al. 1980). Similar results
were reported for interaction between amide N and S in sunflower (Sharma
and Dev 1980). Sen and Lehri (1960) found that the uptake of N was
considerably reduced under S deficiency in sesame.
The results on S X P interaction are rather conflicting. According to the
results reported by Singh (1971) and Dungarwal et al. (1974) application of S
had no effect on concentration of P in rice and mustard crops. Joshi et al.
(1973), Shukla and Pathak (1973), Singh (1976), Aulakh et al. (1977), and
Aulakh and Pasricha (1977) observed antagonistic relationship between S and
P in respect of concentration and uptake of these nutrients in different crops.
The possible explanation could be that S and P are absorbed in anionic forms
and may therefore compete with each other at the root absorbing site. A
negative interaction between S and P in berseem was observed by Marok and
Dev (1980), who also proposed a critical S:P ratio as 0.65. Pathak and
Bhardwaj (1968), Acharya and Subbiah (1971), Virmani and Gulati (1971),
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Venkateswarlu (1971), Rathee and Chahal (1977), Kumar and Singh (1980),
and Marok and Dev (1980) reported a significant positive interaction between
S and P for their content and uptake in cotton, berseem, soybean, rice and
wheat. This was probably due to better root development of the crops.
Application of S was found to increase the concentration of K in rice,
mustard and groundnut (Singh 1971; Rathee and Chahal 1977; Kumar ff a/.
1980). A significant positive interaction between S and K in rapeseed was
reported by Aulakh and Pasricha (1978). Addition of elemental S was found
to have no effect on concentration of K in groundnut (Dungarwal et al. 1974).
Pathak and Bhardwaj (1968), Singh (1971) and Sharma (1974) did not
find any effect of application of sulphur on Ca and Mg concentration of
berseem, alfalfa and rice. Aulakh and Pasricha (1978) observed a significantly
antagonistic interaction between S and Mg in rapeseed, and Pillai and Singh
(1974) on rice. Aulakh and Dev (1978) found a positive interaction between S
and Ca for total S removal, N content and utilisation of fertiliser and native
S, indicating the significance of such interaction in calcareous soils.
Some studies have been carried out on interaction of sulphur with
micronutrients. It was observed (Aulakh and Dev 1978) that S increased Zn
and Cu, depressed B and had practically no effect on Fe and Mn contents in
lucerne. Dixit (1979) and Shukla and Prashad (1979) reported S and Zn were
antagonistic to each other in their effect on the concentration in the plant,
indicating interaction occurring at the absorption sites. Application of low
doses of S increased the concentration of Zn in soybean plants but at higher
levels there was an antagonistic relationship (Kumar and Singh 1979). Kumar
and Singh (1981) further reported that low amounts of S had a synergistic role
on Fe concentration in soybean while at higher doses the effect was
antagonistic. An increase in the Fe concentration in berseem due to S
application was observed by Gupta and Mehta (1980).
Venkateswarlu (1964) found that S applied with N increased the Mn
content in rice grown on different soils. A synergistic effect of S on the
concentration of Cu and Mn in berseem has been evidenced by Gupta and
Mehta (1980). Singh (1971) found little or no effect of applied S on Mn and B
concentration in rice but Dixit (1979) reported a synergistic role of S on B
content in raya plants at 50 days growth; this was, however, absent at
maturity.
The interaction between S and Mo was found to be antagonistic in
berseem, soybean, mustard (Pasricha and Randhawa 1972; Sisodia et al. 1975;
Pasricha el al. 1977; Gupta and Mehta 1980). Application of sulphur
significantly depressed the uptake of Mo in soybean plants but the effect was
largely offset by P treatment (Shukla and Pathak 1973; Singh and Kumar
1979). Similarly, the interaction of S and Se was antagonistic (Mishra and
Tripathi 1973; Singh and Singh 1979; Singh el al. 1979). The detrimental
effect of 10 ppm Se on yield and on concentration and uptake of S in raya
could be corrected by the application of 60 ppm S (Singh and Singh 1980).
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Patel and Mehta (1970) had also reported similar results on the antagonistic
relationship between these two elements.
Epilogue
The strategic role of secondary nutrients in the development of an
intensive system of agriculture in the country on a sound footing has been
highlighted. The need for ensuring their adequate supply in the soil through
external supplementation, wherever necessary, is also stressed. No doubt, the
age-old practice of liming of acid soil takes immediate care of the deficiency of
calcium but the actual experience has shown widely variable response to lime
application under different crop and soil situations, an aspect that requires
further critical examination. It is equally of importance to investigate the
inter-relationship of calcium with other essential plant nutrients in the soil
system. Magnesium has received relatively less attention though the results of
some research investigations in India have clearly brought out its importance
to several economic crops particularly legumes, oilseeds and cereal. Certain
interesting indications have been recorded on the direct and residual effect of
calcium and magnesium on the soil and the crop environments which need indepth study for improving soil productivity as well as safeguarding against
any excessive application.
The deficiency of sulphur in soil in widespread areas in the country has
been documented, duly established from the significant response to its
application to a large number of field crops, especially oil-bearing and pulse
legumes, forages and the Brassica family. Some very useful observations have
been made on the significant role of sulphur in improving the oil content and
other quality characteristics of crops. Studies on critical levels of sulphur in
soil and plant, evaluation of indices for determining availability of S in soils,
transformation of S in soils and its interaction with other soil nutrients,
including micronutrients, have revealed valuable information on the sulphur
nutrition of crops. In view of the high priority being laid on the much needed
breakthrough in pulses and oilseeds, systematic and well planned research on
sulphur in its varied aspects deserves greater attention from a wider group of
workers in the different regions of the country.
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Micronutrients—
Forms, Contents, Distribution in Profile,
Indices of Availability
and Soil Test Methods
P.N. TAKKAR*

ACCOUNTS of micronutrient research in India have been published by Kanwar
and Randhawa (1974), Takkar and Randhawa (1978) and Katyal and Sharma
(1979). This paper reviews the information available up to 1980 for all the
essential micronutrients, their forms, content, distribution in soil profile,
indices of availability, and soil test methods.

BORON
Total B
In Surface Soils. Total B content in Indian soils was shown to range
between 3.8 and 630 ppm (Table 1), in most soils between 15 and 65 ppm.
Some alluvial, black and red soils contained as high as 630 ppm and some as
low as 9.4 ppm B (Anon. 1963, 1964a; Venkateswarlu and Subba Rao 1979).
The lowest content noted was in the desert soils (4.1 ppm), followed by the
sierozem (7.5 ppm) and unclassified soils of Bihar (8.5 ppm). The consistently
high content of total B in red foothill soils was attributed to the predominance
of illitic type of clay minerals (Lai and Biswas 1973). Calcareous, saline,
saline-sodic soils and the soils of arid and semi-arid regions were generally
higher in total B than the non-calcareous, normal soils and the soils of humid
regions (Soni et al. 1961; Kanwar 1972; Singh and Randhawa 1977).
In Soil Profiles. The distribution of total B with depth in soil profiles
showed different patterns in different soils. It increased with depth in some
soils of Punjab and Haryana, non-calcareous profiles of Maharashtra,
irrigated soils of Rajasthan, Bhabhar and Bundelkhand soils of Uttar
Pradesh. It decreased with depth in sugarcane soils of Bihar, unirrigated soils
of Rajasthan, and highly leached Vindhyan soils of Uttar Pradesh (Soni et al.
1961; Anon. 1963; Mathur et al. 1964; Singh 1969; Singh and Tomar 1969).
However, no definite distribution pattern was noticed in citrus soils of Punjab
(Singh and Randhawa 1969; Kanwar and Randhawa 1974).
Factors Affecting Total B. Total B content decreases with the age of the
rocks; alluvium, trap, Cuddapah system, Delhi system and ancient crystalline
geological system contained 42, 38, 39, 29 and 22 ppm B, respectively
*Department of Soils, Punjab Agricultural University, Ludhiana, Punjab.
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Table 1. Total and available boron (ppm) in different soils of India
Soil group
I

Total boron Available
boron

ALLUVIAL
General

3.8-630

Tr.-6.5

Normal

9.4

0.1-34.7

12.4

0.58-1.6

Alkali

References

Kanwar and Randhawa (1974); Venkateswarlu and
Subba Rao (1979)
Singh and Jain (1971); Kanwar and Randhawa
(1974); Talati and Aggarwal (1974); Singh and
Randhawa (1977)
Singh and Jain (1971); Kanwar and Randhawa
(1974); Singh and Randhawa (1977)
Panda (1969); Kanwar and Randhawa (1974); Singh
and Randhawa (1977)
Singh and Randhawa (1974); Singh et al. (1977)
Kanwar and Randhawa (1974)

Saline-alkali 14.0-46.0

0.46-11.8

Calcareous
Saline

—

Tr.-6.5
3.0-3.5

18.0-630

0.03-2.10

—

0.96-2.10

58-467

1.5

Lai and Biswas (1973); Venkateswarlu and Subba
Rao (1979).

0.10-2.0
0.17-4.46
0.17-10.24

Venkateswarlu and Subba Rao (1979)
Venkateswarlu and Subba Rao (1979)
Lai and Biswas (1973); Kanwar and Randhawa
(1974); Talati and Agarwal (1974)

0.02-1.40

Kanwar and Randhawa (1974); Kapur and Dev
(1977); GvAztiet al. (1979)

11 BLACK
Surface
Soil profile
III RED

14.0-81.0

IV LA TER1TE 13.8-38.9
V SIEROZEM
7.5-4.0
VI DESERT
4.1-41.2
VII OTHERS

7.5-57.5

Kanwar and Randhawa (1974);
and Subba Rao (1979)
Kanwar and Randhawa (1974)

Venkateswarlu

(Ramamoorthy and Viswanath 1946). Tourmaline is the primary source of B
in soils (Dakshinamurti et al. 1955; Sinha and Singh 1966; Singh and
Randhawa 1977). Soils derived from sedimentary alluvium have high content
of total B (Lai and Biswas 1973, 1974).
The contention that total B in soils is mainly concentrated in the coarse
fraction (Soni et al. 1961) is not always found to be true, for it was reported to
be significantly related with clay and silt fraction (Mandal 1969). Recently,
Singh and Randhawa (1977) showed that 29 to 50 per cent of the total B
resided in the sand-plus-silt fraction of saline sodic soils of Punjab. Total B
content of soils did not show significant correlation with soil pH, organic
matter. CaCOi, clay and sand. The few significant correlations of B with
CaCOi (r = 0.49) in unirrigated soils of Rajasthan (Mathur et al. 1964) and
clay (r = 0.20) in saline sodic soils of Punjab (Singh and Randhawa 1977)
were, however, too poor to explain large variations in B content of the
investigated soils. The management practices, particularly the quality and
quantity of irrigation water, fertilisers, and amendments used for crop
production are the major factors influencing both total and available B
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content of soils (Ramamoorthy and Viswanath 1946; Sastry and Viswanath
1946; Kanwar and Singh 1961, 1962; Mathur et al. 1964; Singh 1973). The use
of irrigation waters having even a meagre quantity of B can appreciably raise
its content in soils (Kanwar and Singh 1962; Mathur et al. 1964). Significant
positive correlation between the B content of irrigated soils and that of irrigation
water (r = 0.50) has also been recorded (Singh 1973).
Available B
In Surface Soils. The water-soluble B varied from traces in alluvial soils
to 12 ppm in saline alkali alluvial soils. In a majority of the soils its range
was 0.2 to 3 ppm (Table 1). Saline, sodic, saline-alkali and calcareous soils,
and the soils of the arid regions in general contained more of available B than
acid and normal soils and soils of the humid regions. Some salt-affected soils
had B even in the toxic range for plant growth. Ghabdan soil, in advanced
stages of deterioration, contained water-soluble and leachable B as high as 21
to 24 per cent of total B (Singh and Randhawa 1977). Available boron was
moderately above the permissible limits for normal crop growth in Rajasthan
soils (Talati and Agarwal 1974).
In Soil Profile. Generally speaking, available B increased with depth in
well-drained soils of Punjab (Dhawan and Dhand 1950), Gujarat (Gandhi and
Mehta 1958a), irrigated soils of Rajasthan and saline soils of western Bihar
(Satyanarayan 1958; Mathur et al. 1964; Singh and Singh 1972); it decreased
with depth in alkali soils of Punjab (Kanwar and Singh 1961; Singh 1969;
Grewal et al. 1969a), saline soils of Saurashtra (Gandhi and Mehta 1958a) and
unirrigated soils of Rajasthan (Mathur et al. 1964).
Factors Affecting Availability. Total B regulated the available B status of
Punjab soils (Singh and Singh 1967). Available B increased with increase
in soil pH, SAR and salt content (Ahuja 1968; Singh and Randhawa
1977; Mathur et al. 1964; Singh and Bhandari 1971; Singh and Singh
1972). The coefficient of correlation of available B with pH, ESP and
salt content varied greatly in divergent soils. It was 0.35 in normal (Kanwar
and Singh 1961), 0.85 in saline-alkali (Singh and Kanwar 1963), 0.66 to 0.93
in arid soils of Rajasthan (Moghe and Mathur 1966; Paliwal and Anjaneyulu
1967) and 0.35 in bhuna soil of Haryana (Sharma and Shukla 1972). But there
was no such correlation in many soils of Bengal (Ghani and Haque 1945;
Bhattacharjee 1956), Gujarat (Gandhi and Mehta 1958 a, b), Uttar Pradesh
(Agarwala et al. 1964a), Rajasthan (Nathani et al. 1969) and Punjab (Grewal
et al. 1969a). Both positive relationship (r = 0.412; Sharma and Shukla 1972;
Singh and Randhawa 1977a) and negative relationship (r = —0.63; Talati and
Agarwala 1974; Takkar and Randhawa 1978) between water-soluble B and
CaCOj contents were observed.
Available B significantly increased with increase in organic matter content
of arid soils of western Rajasthan and bhuna soils of Haryana (Satyanarayan
1958; Sharma and Shukla 1972). But such relationships were either non-
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significant in Mewar soils (Baser and Saxena 1967) or did not exist in Chota
Nagpur soils of Bihar (Ghani and Haque 1945), Rajasthan (Nathani et al.
1969) and Tamil Nadu (Balasundaram et al. 1972). Nevertheless, negative
relationship between organic matter and available B also existed in some
saline alkali soils of Punjab and Uttar Pradesh (Singh and Singh 1967;
Rathore et al. 1973; Singh and Randhawa 1977a). Fine-textured soils
generally have more water-soluble B than coarse-textured soils (Moghe
and Mathur 1966; Baser and Saxena 1967; Paliwal and Anjaneyulu
1967; Harigopal and Rao 1968; Singh 1969; Singh and Sinha 1976). Although
significant correlation of water-soluble B with water saturation percentage of
soil (Singh and Kanwar 1963), clay (r = 0.316, Singh and Randhawa 1977)
and silt (r = 0.426, Singh and Randhawa 1977) was observed, yet significant
and negative relationship also existed between the two in soils of Rajasthan.
Some workers even failed to obtain any relationship between the two (Gandhi
and Mehta 1958a; Nathani et al. 1969).
The effect of management practices on water-soluble B is similar to that
of total B. Water-soluble B also increased significantly with an increase in the
salt content of soils.
COPPER
Total Cu

Total Cu in Indian soils ranged from 1.9 ppm in upland alluvial soils of
Uttar Pradesh (Anon. 1963, 1964a) to 960 ppm in deep black soils of Gujarat
(Rajani 1965). In most of the soils it was between 20 and 100 ppm (Table 2).
The black cotton soils of Gujarat (Rajani 1965) in comparison with other
similar soils of Madhya Pradesh (Tamboli 1965) and Maharashtra, had very
high reserves of total Cu (Ranadive et al. 1964; Malewar and Randhawa
1977b). Black soils and red foothill soils in comparison with desert, grey
brown and old alluvial soils of Rajasthan were rich in Cu by virtue of their
higher clay and CEC (Lai and Biswas 1973). The coastal soils of Maharashtra,
some alkali and acid hill soils of Gujarat and sierozem soils of Haryana were
high in total Cu. However, the following order of Cu content was reported in
different soil types of Madhya Pradesh: shallow red > medium black > red
yellow black > mixed red and black soils (Rai and Mishra 1967) and black >
red > alkali soils of Uttar Pradesh (Misra and Mishra 1969).
The type of parent material strongly affects the Cu content of soil. The
average total Cu content in shale, limestone and igneous rocks was 192, 20
and 70 ppm, respectively (Raychaudhuri and Datta Biswas 1964). Significant
relationship of clay or both clay and silt with total Cu was observed in
Punjab, Gujarat and Madhya Pradesh soils (Neelkantan and Mehta 1961a;
Randhawa and Kanwar 1964; Singh et al 1971). Soil CaCCh and organic
matter were also positively correlated with total Cu in black and brown soils
of Madhya Pradesh (Singh and Jain 1971).
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Table 2. Forms of copper (ppm) in different soils of India
Soil group
I

ALLUVIAL
General

Alkali
Saline
Saline-alkali

Exchangeable

Weakly Strongly Total
adsorbed adsorbed

0.25-6.0

1.2-3.9

Tr.-0.70

1.8-5.9

—
Tr.-3.3

5.0-168.0 Subba Rao (1971); Lai and
Biswas (1973); Kanwar and
Randhawa (1974); Venkateswarlu and Subba Rao (1979)
9-100
Kanwar and Randhawa (1974)
Kanwar and Randhawa (1974)
55-112
10Lai (1968); Kanwar and Randhawa (1974)
10-100
Kanwar and Randhawa (1974)

Tr.-1.5

4.4-7.2

2.0-172

17-960

Subba Rao (1971); Kanwar
and Randhawa (1974); Venkateswarlu and Subba Rao
(1979)

Tr.-2.1

2.8-6.7

2.5-6.8

12-125

Panda (1969); Kanwar and
Randhawa (1974); Venkateswarlu and Subba Rao (1979)

12.6

65-84

Kanwar and Randhawa
Venkateswarlu and
Rao (1979)
Kanwar and Randhawa
Venkateswarlu and
Rao (1979)

0.7-1.7
10-16

Calcareous
II BLACK

III RED AND
YELLOW
IV

LATERITE

V

SIEROZEM

2.6-2.7

20-246

VI DESERT
VII OTHERS

0.1-16.2

References

Tr.-12.0

0.98-5.9

(1969);
Subba
(1974);
Subba

—

IX

Lai and Biswas (1973)

Tr.-7.0

4.4-446

Kanwar and Randhawa (1974)

Available Cu
In Surface Soils. Very few studies have been made to fractionate different
pools of Cu in soils. Exchangeable and strongly adsorbed (0.1N HC1extractable) Cu has largely been investigated. Exchangeable Cu varied from
traces to 12 ppm. Its content in a majority of the soils was less than 2 ppm.
The values were high in normal than in saline-alkali soils of Punjab (Bhumbla
and Dhingra 1964). Weakly adsorbed Cu (extractable by chelating solutions
alone or with neutral salts) ranged between 0.98 and 7.2 ppm. Black soils and
red soils were somewhat richer than other soils in this form of Cu (Table 2).
However, it was higher in acid soils than in alkali soils (Lal et al. 1959; Lai
1968; Grewal et al. 1969b). Strongly adsorbed Cu (0.1N HCl-extractable)
ranged from traces in calcareous citrus soils (Singh and Randhawa 1969) to
16.5 ppm in coastal alluvial soils of Maharashtra (Ranadive et al. 1964).
Saline and coastal alluvial, non-calcic red, and black soils, and some
unclassified alluvial soils were generally rich in 0.1 N-extractable Cu.
The mean DTPA-available Cu in different states of India varied from 0.7
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to 4.6 ppm. Out of the investigated soil samples, about 66 per cent from
Delhi, 40 per cent from Tamil Nadu, 24 per cent from Kerala, 20 per cent
from Karnataka, and less than 10 per cent in other states were deficient in Cu.
In Soil Profile. Maximum accumulation of available Cu in the surface
layers and its decrease with depth were observed in Vidarbha soils
(Kavimandan et al. 1964) and in goradu and black soils of Saurashtra, and of
total Cu in soils of Surat (Neelkantan and Mehta 1962; Mehta et al. 1964).
Available and chelated copper decreased with depth, but HCl-soluble and
total Cu did not show any trend with depth in the Punjab soils. Total Cu in
black soils and available Cu in black and alluvial soil profiles followed a
similar trend (Subba Rao 1971). Different patterns of distribution of total Cu
in various soil types of Rajasthan were reported. It was uniformly distributed
in desert, old alluvial, and red foothill soils, and irregularly in grey-brown,
yellowish brown, and deep black soils, and showed accumulation in shallow
black and deep black (calcareous) soils (Lai and Biswas 1974).
Factors Affecting Availability. A linear correlation between total Cu and
available Cu in six soil types of Madhya Pradesh soils (Agarwal and
Motiramani 1966) and non-significant relationships between the two in
Madhya Pradesh and Punjab soils (Rai and Mishra 1967; Lai 1968) were
recorded. Significant negative relationships of pH with available Cu in
different soils of Gujarat, Madhya Pradesh, Punjab were observed
(Neelkantan and Mehta 1961a; Agarwal and Motiramani 1968; Anon. 1969b;
Grewal et al. 1969; Lai 1968; Singh and Jain 1971; Singh et al. 1971; Jalali
1975; Mann et al. 1977). Some reports mentioned a positive relationship
between these two factors, probably owing to predominant influence of the
soil factors (Anon. 1964; Kavimandan et al. 1964; Eswarappa et al. 1969).
Fixation of Cu in soils was associated with formation of organometallic
complexes (Kanwar 1954). Long-term application of FYM or wheat straw
decreased the availability of Cu in rice soils (Bandyopadhaya and Adhikari
1975). Negative correlations of organic matter with Cu content of virgin
grassland soils (Iyer 1959) and decrease in exchangeable Cu with addition of
organic matter (Jha 1970) were reported. On the contrary, positive, and in
many cases significant, relationships of organic matter with available Cu were
shown in many soils (Kavimandan et al. 1964; Rai and Mishra 1967; Lai 1968;
Grewal et al. 1969a; Mann et al. 1977). However, many workers did not find
any relationship between these two factors (Neelkantan and Mehta 1961a,
1962; Kavimandan et al. 1964).
A decrease in available Cu with increase in CaC03 (Lai 1968; Grewal
et al. 1969; Mandal and Jha 1970) as well as increase in available Cu with
increase in CaCOi (Kavimandan et al. 1964; Singh and Jain 1971; Mann et al.
1977) were recorded. Addition of lime and dolomite to rice soils did not affect
the available Cu content (Bandyopadhaya and Adhikari 1975a). The
relationship between available Cu and CaCOj was also reported to be nonsignificant (Neelkantan and Mehta 1962; Kavimandan et al. 1964).
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Increase in available Cu with increase in clay or silt content of soils was
observed (Neelkantan and Mehta 1961a; Kavimandan et al. 1964; Rai and
Mishra 1967; Lai 1968; Mandal and Jha 1970; Randhawa and Kanwar 1964).
On the contrary, low availability of Cu to plants in black soils of Madhya
Pradesh was attributed to the high content of clay and to the large proportion
of smectite minerals (Chatterjee and Rathore 1974).
IRON AND MANGANESE
Total Fe and Mn
In divergent soils, total Fe ranged from 0.27 to 19.1 per cent and total Mn
from 37 to 11,500 ppm (Biswas 1953; Biswas and Gawane 1964; Kanwar
and Randhawa 1974; Takkar and Randhawa 1978). In most of the soils Fe
was 1.0 to 4.0 per cent and Mn 200 to 2,000 ppm (Tables 3 and 4).
Both Fe and Mn were higher in hill soils and acid soils than in noncalcareous and coarse-textured desert soils from the plains of Punjab (Takkar
1978). These differences were attributed to the nature of the parent material,
these elements being more in the acid hill than in the inherited parent material
in the plains having undergone a number of weathering cycles before its
deposition (Takkar 1966, 1970, 1978; Takkar and Bhumbla 1968a, b; Takkar
et al. 1969). Grey-brown, yellowish brown, red foothill and black soils
generally have much higher contents of Mn and Fe than other major soil
groups of Rajasthan.
The soils of Bihar were relatively rich in total Fe; this element was higher
in sedentary soil than in alluvial soil (Dubey 1967). The amount of total Fe in
soils of Uttar Pradesh was: black soils > red soils > alkali soils > alluvial soils
> bhat soils (Misra and Tripathi 1970). In Tamil Nadu, the total Fe was high
in laterite followed by red, alluvial and black soils. Total Mn was also high in
laterite soils but followed by black, alluvial and red soils. Both these elements
were closely associated with clay content and organic carbon (Arunachalam
and Mosi 1973). In general, there was more total Mn in non-calcareous than
in calcareous black soils of Marathwada (Malewar and Randhawa 1977a).
In Surface Soils. Fe and Mn behaved alike in all the soil groups o f
Punjab, Haryana and Himachal Pradesh; this suggested similar pattern of
their distribution in the profile (Takkar 1966, 1970). Generally, increase in
their content with depth was observed. This was the result of illuviation of fine
fractions of soil with which Fe and Mn are associated (Takkar 1966, 1970;
Gupta and Shukla 1975). Highly significant positive relationship between total
Fe and total Mn indicated that these elements are functions of the same
pedological factors and exist in a definite ratio in the divergent soils (Takkar
1966, 1970; Takkar et al. 1969; Takkar and Bhumbla 1968a, b). Out of Fe,
Mn, Cu, Co, Na and Zn, the concentration of Mn was maximum in soil
concretions (Sidhu et al. 1976).
Profile distribution of both Fe and Mn was found to be fairly uniform in
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Table 3. Forms of iron in different soils of India
Soil group

ALLUVIAL
General

Water
soluble/
available
(ppm)

Exchange- Reduciable/
ble
available (ppm)
(ppm)

0.5-77

0.8-77

Normal
Alkali
Saline-alkali

Calcareous

Upland
Paddy
Sedentary

1.6

II

BLACK
(General)

0.6-19.0

III

RED
Foothill

Free
(%)

Total
Fe(%)

References

0.8-1165 0.0540-0.975 0.28-7.91 Subba Rao (1971);
Kanwar and Randhawa
(1974); Venkateswarlu
and Subba Rao (1979)
0.11-17.3 1.0-928 0.050-0.576 0.63-4.00 Kanwar and Randhawa
(1974); Takkar (1978)
0.4716.2 2.0^(32 0.054-0.298 1.45-3.89 Takkar (1978)
2.9-4.0
1.02
Lai and Biswas (1973);
Kanwar and Randhawa
(1974)
5.6-21.4 1.0-550
0.32-19.11 Kanwar and Randhawa
(1974); Jadhav et al
(1978)
0.6-21.7 —
0.63-1.66 Kanwar and Randhawa
(1974)
0.32-11700 15-676
0.109-0.279 1.47-6.16 Kanwar and Randhawa
(1974); Takkar (1978)
7
37-140
1.02-4.38 Lai and Biswas (1973);
Kanwar and Randhawa
(1974)
0.6-6.6

0.86-6.45 Subba Rao (1971); Lai
and Biswas (1973);
Kanwar and Randhawa
(1974); Venkateswarlu
and Subba Rao (1979)

3.4

0.40-3.46 Lai and Biswas (1973);
Venkateswarlu
and
Subba Rao (1979)

IV LATE RITE

1.2-7.9

3.1-5.0

2.45

Kanwar and Randhawa
(1974); Venkateswarlu
and Subba Rao (1979)

V

S1EROZEM

0.3-107

Tr.-107.2 0.2-1214

0.63-315

Shukla and Singh (1973);
Kanwar and Randhawa
(1974)

VI

DESERT

2.2

VII OTHERS

—

1.04-1.53 Lai and Biswas (1973)
46-150

2.3-16.42 Lai and Biswas (1973);
Kanwar and Randhawa
(1974)
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Table 4. rorms of manganese (ppm) in different soils of India
Soil group

I

Water
soluble

Exchangeable

Reducible

Active

Total

ALLUVIAL
General
Tr.2.4

1.2-62.0

40-352

69-217

37-2710

Normal

Tr.-40.6

23-365

26-366

Tr.-0.56

Saline-alkali -

Tr.-1.20

Alkali

0.1-9.4

7-140

Calcareous

Tr.-l.O

—

Upland

0.10-0.30 -

Sone

Tr.-3.1

Tr.-12

61-356

Rice

Tr.-3.4

9.2-34.6

39.3-22.6 29.8-29.1

References

Subba Rao (1971); Misra
and Tripathi (1972);
Randhawa (1974); Venkateswarlu and Subba
Rao (1979)
90-922 Kanwar and Randhawa
(1974); Takkar (1978)
Kanwar and Randhawa
(1974)
205-460 Kanwar and Randhawa
(1974); Takkar (1978)
150-460 Kanwar and Randhawa
(1974); Takkar (1978)
191-1613 Kanwar and Randhawa
(1974)
201-2710 Kanwar and Randhawa
(1974)

Old
II

BLACK

III

RED AND
YELLOW

IV

SIEROZEM

IV

DESERT

VI

OTHERS

Tr.-l.O

Tr.-4.8

17.5

30.2

1.5-93.0

42-750

4.2-170

7.0-778.5

4.0-16.9

47.6

0.9-126

6.0-1780

421
227-738

2.0-175

Kanwar and Randhawa
(1974)
Lai and Biswas (1973)

484-1656 Lai and Biswas (1973);
Kanwar and Randhawa
, (1974)
1998
Lai and Biswas (1973);
Kanwar and Randhawa
(1974)
234-1704 Venkateswarlu and
Subba Rao (1979)
521-569 Lai and Biswas (1973);
Venkateswarlu and
Subba Rao (1979)
140-1580 Kanwar and Randhawa
(1974)

desert, old alluvial, grey brown (except Fe), and deep black soils of Rajasthan
(Lai and Biswas 1974), and of Mn in calcareous soils of arid region (Biswas
1953; Iyer and Satyanarayan 1958) and in clay soils in which leaching was
restricted (Khanna et al. 1954; Biswas 1955a). The distribution patterns of
these elements were found to be associated either with clay content and or
with CaC0 3 /pH (Hoon and Dhawan 1943; Biswas 1953, 1955a; Khanna et al.
1954, 1956; Biswas and Gawande 1964; Mehta and Patel 1967; Misra and
Mishra 1969; Rai et al. 1971; Agarwal and Reddy 1972; Lai and Biswas 1974).
Inconsistent pattern of the distribution of Mn in soil profiles was also
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reported (Zende and Pharande 1964; Singh 1966; Shukla and Singh 1969).
This was also the case with Fe in sierozem soils of Haryana (Singh 1969).
Active and Free Fe and Mn
Free Fe, consisting of bulk iron oxides and organic Fe, varied from 0.054
to 0.975 per cent in surface soils and 0.050 to 0.576 per cent in profile
samples (Table 3). Free Mn ranged from 15 to 475 ppm in the surface
soil layers and from 15 to 662 ppm in the profiles (Takkar 1966, 1970;
Anon. 1966). The active Mn fraction varied from 2 to 738 ppm in the
surface soil (Table 4) but in most of the soils it was from 50 to 300 ppm.
Higher amounts of both free and active forms of Fe and Mn were found in
acid hill soils and lower amounts in coarse-textured desert soils of the plain.
Free Fe constituted 4.6 per cent of total Fe in saline-alkali soils and 11.5 per
cent in reddish chestnut soils, whereas free Mn formed 31 per cent of total Mn
in calcareous soils and 55 per cent in hill soils. Most of the black soils of
Madhya Pradesh (Biswas 1955b; Biswas and Gawande 1964), certain soils of
Maharashtra (Zende and Pharande 1964) and acid hill soils of Himachal
Pradesh (Takkar 1966) contained considerably higher amounts of active Mn
than did other soils.
Significant positive relationships between total Fe and free Fe, total Mn
and free Mn, free Fe and free Mn, active Mn and free Mn point out that the
solubility and precipitation of the compounds of Fe and Mn in soils of
Punjab, Haryana and Himachal Pradesh are governed by the same factors.
Further, the rate of weathering of these elements in the soils was at a fairly
constant ratio and accumulation of any one was accompanied by
accumulation of the other (Takkar 1969, 1970, 1978; Takkar and Bhumbla
1968a; Takkar et al. 1969; Gupta and Shukla 1975). Similar relationships
between total Mn and active Mn in certain soils of Gujarat, Uttar Pradesh and
Haryana were reported (Mehta and Patel 1967; Mishra and Tripathi 1972;
Gupta and Shukla 1975).
Reducible and Exchangeable Fe and Mn
Since reducible Mn forms the bulk of the active Mn form, its distribution in
different soils generally follows the same pattern as that of active Mn. However,
its content in different soils of India ranged between 2 and 779 ppm Mn (Table 4).
Calcareous and non-calcareous soils of the plains were generally low in reducible
Mn than the acid hill soils. Many calcareous, old alluvial, rice, and unclassified
soils were considerably low in reducible Mn; some of them particularly the
calcareous and red-yellow soils, contained Mn even less than 15 ppm, which is
the critical level, for deficiency.
The reducible Fe ranged from 0.2 ppm in sierozem soils to 1,780 ppm in
hill soils. Nevertheless, in most of the investigated soils it ranged from 20 to
200 ppm. It was too low in certain alluvial and sierozem soils to meet the
nutritional requirement of rice. Both reducible Fe and Mn decreased with
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increasing soil depth (Biswas 1953; Yadav and Kalra 1964; Mehta and Patel
1967; Takkar 1966, 1970; Lai and Biswas 1974).
Exchangeable Fe generally ranged between 5 and 100 ppm depending
upon the extractant used (Table 3), but it was exceptionally high in rice soils
(Dhamija et al. 1956) and low in saline-alkali soils of Madhya Pradesh
(Bansal et al. 1969). However, some upland alluvial soils, deep black
(calcareous) soils, and sierozem soils contained even less than 2 ppm Fe,
which is the critical level for its deficiency in crops.
Exchangeable Mn varied from traces to 126 ppm; yet in most of the soils
it was from 2 to 30 ppm. Non-calcareous soils have higher exchangeable Mn
than calcareous soils (Khanna et al. 1954; Randhawa et al. 1961; Sharma and
Motiramani 1964; Yadav and Kalra 1964; Bhatnagar et al. 1966; Tambhare
and Rai 1967). Sierozem soils of Haryana (Shukla and Anand 1969) and a few
areas of Gujarat (Mehta and Patel 1967; Anon. 1968b) were low in
exchangeable Mn and needed Mn application.
While exchangeable Mn decreased and Fe increased with depth of soil as
well as with increase in CaCCh in some of the soil groups, in others there was
no definite pattern of distribution (Takkar 1966, 1978; Gupta and Shukla
1975). Generally, higher amounts of these forms of Fe and Mn were found in
surface and deeper horizons and resulted largely from high soil organic
matter, reducing conditions, low pH and the nature of iron oxides in different
horizons (Takkar 1966, 1970; Lai and Biswas 1974).
The mean DTPA-available Fe and Mn in various states ranged from 2 to
64 and from 4 to 68 ppm, respectively (Fig. 1). Of the investigated soil
samples, about 28 per cent in Madhya Pradesh, 26 per cent in Delhi, 16 per
cent in Tamil Nadu, 15 per cent in Kerala, 13 per cent in Haryana, and less
than 8 per cent in other states were deficient in Mn. The samples deficient in
Fe were 60 per cent in Delhi, 19 per cent in Haryana and Tamil Nadu, 18 per
cent in Punjab, 15 per cent in Uttar Pradesh, 12 per cent in Kerala, 11 per
cent in Gujarat, and less than 8 per cent in other states. Recently, extensive
Mn deficiency in wheat and berseem following rice on relatively coarsetextured soils and alkaline soils testing even less than 2 ppm DTPA-available
Mn, was discovered for the first time on field scale in Punjab (Takkar and
Nayyar 1981).
Toxic amounts of Mn in certain parts of Bihar and of Fe in Orissa were
observed, especially in higher impeded low-lying areas (Anon. 1958-1962;
Venkateswarlu and Subba Rao 1979). Available Mn in areas affected by Kosi
floods in north Bihar approached the toxic levels (Jha 1964).
Factors Affecting Fe and Mn Availability. The amounts of various plantavailable forms of Fe and Mn in Indian soils have been shown to be governed
by several soil, environmental, management and cultural practices. The
availability of Fe and Mn decreased with increase in soil pH (Biswas 1953;
Dhamija et al. 1956; Zende et al. 1959; Randhawa et al. 1961; Hoshiar Singh
1964; Anon. 1964b, 1966; Gupta et al. 1969; Bhumbla 1968a; Biswas and
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Fig. 1. Range of DTPA-available Zn, Cu, Fe and Mn in Indian soils. Shaded portion in the
histogram represent the mean values in different states of India

Ga wande 1964; Anon. 1969b; Bansal et al. 1969; Takkar et al. 1969; Takkar
and Bhumbla 1968a; Badhe and Naphade 1970; Patel et al. 1972; Singh and
Sinha 1977). However, significant negative relationship of pH and/or
exchangeable sodium percentage with available Fe and/or exchangeable Fe
(Gupta et al. 1969; Anon. 1964a; Misra and Pande 1975), water soluble Mn
(Sharma and Motiramani 1969; Anon. 1969b; Bansal et al. 1969; Badhe and
Naphade 1970), exchangeable Mn (Randhawa et al. 1961; Takkar and
Bhumbla 1968a, b; Zende et al. 1959; Sharma and Motiramani 1964; Anon.
1969b; Bansal et al. 1969; Badhe and Naphade 1970), active Mn (Randhawa et
al. 1961; Takkar and Bhumbla 1968a; Singh et al. 1977), and free Mn (Takkar
and Bhumbla 1968a) have been reported.
But only a few workers observed significant negative correlation of
CaCCh with reducible Fe in vineyard and sierozem soil profiles (Singh 1968,
1969), and with exchangeable Mn (Singh 1968; Singh and Randhawa 1969;
Sharma and Shinde 1968; Anon. 1969b; Grewal et al. 1967; Misra and Pande
1975) and reducible Mn (Takkar et al. 1969; Misra and Pande 1975).
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Decrease in available forms of Fe and Mn with increase in soil CaCCb
was recorded (Khanna et al. 1954; Randhawa et al. 1961; Yadav and Kalra
1964; Bhatnagar et al. 1966; Tambhare and Rai 1967; Sharma and
Motiramani 1969; Singh 1968. 1969; Sharma and Shinde 1968; Takkar et al.
1969; Grewal et al. 1969a; Bandyopadhaya and Adhikari 1975a; Singh and
Dahiya 1975). Nevertheless, significant positive correlations of CaCOi with
exchangeable Fe (r = 0.64) and extractable Fe(r=0.67) werefound in calcareous
soils of Punjab. These relationships indicated that factors affecting solubility and
precipitation of CaCCh and Fe are the same (Takkar et al. 1969).
Soil organic matter was shown to exert significant influence on the
contents of available or potentially available pools of Fe and Mn in most of
the soils (Randhawa et al. 1961; Shinde and Datta 1964; Singh 1966; Takkar
1966, 1969, 1979; Tambhare and Rai 1967; Sharma and Shinde 1968; Grewal
et al. 1969b; Badhe and Naphade 1970; Balaguru and Mosi 1972; Patel et al.
1972; Agarwal and Reddy 1972; Lai and Biswas 1974; Gupta and Shukla
1975). It was significantly related with free and active Fe and Mn in acidic
soils (r = 0.43 to 0.82), free Fe in calcareous soils ( r = 0.61) and free Mn in
reddish chestnut soils (r— 0.62) (Takkar 1966; Takkar and Bhumbla 1968a;
Takkar et al. 1969; Misra and Pande 1975). Exchangeable Mn increased with
increase in organic matter up to 3 per cent, beyond this it decreased in forest
soils (Yadav and Kalra 1964). Major part of the Mn in acidic and neutral soils
of Himachal Pradesh and Madhya Pradesh existed as stable metal-organic
complexes (Takkar and Bhumbla 1968a; Anon. 1969b).
Exchangeable Mn increased progressively with increase in clay content up
to 40 per cent; beyond this it had a marked negative effect (Yadav and Kalra
1964; Patel et al. 1972). In otherwise similar soils, exchangeable Mn was more
than double in sandy loam than in clay loam soils (Anjaneyulu 1964).
Significant relation of clay content with total reducible and available Mn in
red, black and alluvial soils of Tamil Nadu was recorded (Balaguru and Mosi
1972). Free Fe and free Mn were associated with clay plus silt content
(Khanna et al. 1954; Takkar 1966).
Soil submergence or reducing conditions led to the accumulation and/or
mobilisation of exchangeable Fe and Mn (Yadav 1964; Takkar 1966, 1978;
Singh 1969; Rangaswamy et al. 1974). A consistent increase in the
concentration of water-soluble Fe and Mn as well as reducible Mn with
periods of soil submergence was recorded (Takkar 1969; Sharma 1969; Jalali
1975; Sadana 1981). Under submerged conditions, marked increase in Fe was
observed with increasing rates of added organic matter and with time.
However, active Mn decreased with increasing rates of added organic matter
in all soils, but both Mn and Fe increased with periods of soil submergence
and temperature (Takkar 1969; Parik and Dhua 1974; Mahapatra et al. 1975;
Subramanyam and Mehta 1975).
The availability of both Fe and Mn decreased with increase in monthly
rainfall and relative humidity (Sen and Samad 1975). Exchangeable Mn
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increased 3.3 to 9.3 times when four soils from Mewar, Rajasthan, were airdried and stored for two months.
ZINC
Total Zn

In Surface Soils. Total Zn content generally ranged between 25 and 285
ppm with the exception of a few alluvial soils in which it was either very low,
2 ppm, or very high, 1,019 ppm (Table 5). These large variations were expected
because of the diverse nature of the soil parent materials, particularly
assemblage of Zn-bearing minerals and sesquioxides, and the geochemical and
pedological process to which they are subjected (Lai and Biswas 1973).
Generally speaking, the less weathered alluvial soils of the north contained a
greater amount of total Zn than the more weathered red and laterite soils
derived from granites in the south. Total Zn content in forest soils of
Kashmir was higher (71-120 ppm) than in foothill and Karewa soils (50-78 ppm)
(Jalali 1975).
Table 5. Total zinc content in various soils of India (ppm)
State

Black
Medium Deep
shallow

Red,
Laterite AUuyellowvial*
ish
brownb,
grey
brown

Madhya
Pradesh

58

41-42*

72

65

Maharashtra
Orissa

39-60
60

35-65"

Tamil Nadu
Rajasthan
40s

59
84h

32-41*

38'

80-90"

18-32

64
24-30
(150)c
73

40-43
60

Desert

References

Sharma and Motiramani (1969);. Kanwar
and Randhawa (1974)
Ranadive et al. (1964)
Lai el al. (1959)

—

37J

40d, 65e Lai and Biswas (1973)
86|

•60-1019 in Bihar (Prasad and Sinha 1969), 4-41 in Delhi (Dakshinamurti el al. 1965; Datta
Biswas and Dakshinamurti 1958).
2-95 in Gujarat (Nair and Mehta 1959; Satyanarayan 1958); 18-110 in Punjab (Singh and
Sekhon 1975; Takkar 1978; Saroa 1980).
2-285 in Uttar Pradesh (Randhawa and Takkar 1975).
b = alluvial calcareous and mixed; c = acid laterites; d = aeolian gypsifer; e = aeolian
calcareous; f = aeolian red; g = alluvial shale and limestone; h = alluvium calcareous; i =
alluvium argillaceous; j = old alluvium.

The soil parent material and the extent of its weathering have been shown
to influence the total Zn content. Of 10 soil groups of Rajasthan one of the
important factors for higher content of Zn in desert soils, despite very low
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clay content, was the higher proportion of easily weatherable minerals like
augite and hornblende (Lai and Biswas 1973). Soils CaCCh was also a factor
governing the total Zn in an alluvial and basaltic soils, and organic matter and
CaCCh in forest foothill and plain valley soils of Kashmir (Jalali
1975).
Even within a soil group, particularly the alluvial, wide variations have
resulted from the relative proportion of finer soil fraction because Zn tends to
concentrate in them (Randhawa and Kanwar 1964; Meelu and Randhawa
1973; Jalali 1975; Saroa 1980).
Available Zn
Water-soluble, exchangeable, and adsorbed (including complexed or
chelated) Zn pools, generally classed as plant-available forms, in some Indian
soils are given in Table 6. The adsorbed soils constituted the bulk of the
potentially available content in soils (Chandi 1980; Saroa 1980) and invariably
gave better prediction of the response of crops to Zn fertilisation (Rai el al.
1971, 1976; Takkar and Mann 1975; Bansal el al. 1980). Therefore, from early
seventies to date, most of the soils were analysed either with DTPA or EDTA
extractants, which largely extract the adsorbed/complexed Zn.
The analysis of more than 50,000 soil samples performed at eight centres
of the ICAR Coordinated Scheme on Micronutrients in Soils and Plants
located in different regions of the country and at other institutes showed that
the mean content of Zn in various districts of the states generally ranged
between 0.25 and 2.58 ppm. However, extreme values, from traces to more
than 90 ppm, were recorded only at a few places. The per cent samples
deficient in Zn ranged between 22 and 77. More than half the soils were
deficient in Zn in the states of Haryana, Punjab, Uttar Pradesh, Madhya
Pradesh and Andhra Pradesh. Available Zn has a tendency to accumulate in
the surface layers of soils on account of its regular turnover through crop
residues (Randhawa and Kanwar 1964; Singh 1973; Singh and Sekhon 1975;
Jalali 1975).
In Soil Profiles. The distribution of Zn in most soil profiles was fairly
uniform. In some profiles it increased with depth, whereas in others it
decreased. Singh and Randhawa (1969) did not find any relationship of Zn
distribution with depth of citrus orchard soils of Bhatinda district. Singh and
Sekhon (1975) observed erratic patterns of distribution of Zn in different soil
associations.
Factors Affecting Availability. The wide range of available Zn is due to
the influence of soils and environmental factors, soil types, crop associations,
cultural and management practices (Lai and Biswas 1973; Kanwar and
Randhawa 1974; Randhawa and Takkar 1975; Takkar and Randhawa 1978;
Chandi 1980; Saroa 1980). The availability of Zn decreased with increase in
soil pH and CaCO? and with decrease in soil organic matter and clay content
(Dakshinamurti et al. 1955; Nair and Mehta 1959; Bhumbla and Dhingra
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Table 6. Various forms of available zinc in different soils of India
State/soil group

Category/ series
region

Water-soluble Exchangeable (1 N
NH„OAcor
neutral salt)

Weakly ad- Strongly
sorbed com- adsorbed
plexed (dithi • (0.1N
zone, EDTA . HCI)
DTPA)

Bihar (Alluvial)

North
South

—

0.8-5.3
2.9-5.9

0.5-6.7
0.8-5.5

1.3-4.6
1.3-20.9

Punjab (Alluvial)

i) lsri-Langrian
(calcareous sodic)
ii) Balewal-Khanpur
(calcareous
alkaline)
iii) Fatehpur-Bhanra
(non-calcareous
alkaline)

0.08-0.44
(0.29)
0.04-0.56
(0.23)

0.24-1.84
(0.73)
0.16-1.68
(0.87)

0.8-2.2
(1.3)*
0.5-3.6
(2.0)

1.4-4.2
(2.5)*
2.8-10.4
(4.8)

0.16-0.40
(0.23)

0.06-2.24
(0.85)

0.5-6.8
(1.9)

3.6-11.6
(4.3)

—

0.01-0.35
(0.07)

0.10-1.83
(0.48)

0.90-12.6
(2.8)

Himachal Pradesh Brown hill
Maharashtra

Tr.-0.3

0.4-3.4

0.20-14.3

0.3-9.7

Jammu & Kashmir Lower belt (plain
(Alluvial)
valley)
Karewa (foot hills)

Tr.-O.l
(0.07)
0.02-0.1
(0.04)
0.02-0.24
(0.11)

0.5-0.55
(0.24)
0.05-0.35
(0.15)
0.10-0.55
(0.24)

0.25-5.4
(1.12)
0.20-1.14
(0.68)
0.40-U
(1.15)

—

Red

—

Laterite

—

0.30-1.38
(0.81)
0.25-0.95
(0.44)

0.43-2.53
(1.50)
0.60-2.61
(1.23)

1.9-7.0
(4.3)
2.2-7.3
(3.8)

Forest

Karnataka

—

Source: Takkar and Randhawa (1980).

1964; Randhawa and Kanwar 1965; Meelu and Randhawa 1973; Singh 1973;
Kanwar and Randhawa 1974; Rajagopal et al. 1974; Thind 1974:
Bandyopadhaya and Adhikari 1975a; Gangwar and Chandra 1975; Jalah
1975; Randhawa and Takkar 1975; Sharma and Meelu 1975; Misra and
Pandey 1976; Misra et al. 1976; Anon. 1977-1980; Mann et al. 1977, 1978;
Takkar and Randhawa 1978).
Submergence of alkaline soils depressed the availability of native and
applied Zn (Takkar and Sidhu 1979). Addition of farmyard manure enhanced
the rate of decrease of native Zn in acid and neutral soils (Jalali 1975). But in
saline sodic soil added pressmud and organic manures caused an increase in
the extractable Zn and helped in retaining the applied Zn in available form
(Milap Chand et al. 1980). However, under upland conditions, addition of
manures invariably enhanced the availability of Zn (Sharma and Meelu 1975;
Mann et al. 1978; Chandi 1980). Nevertheless, severe deficiency of Zn in soils
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and flood plain 'bet' or wet soils of India is largely ascribed to fall in watersoluble and or available Zn (Brar and Sekhon 1976; Takkar and Singh 1978;
Anon. 1979-1980).
Continuous cultivation for six and half years of rice-wheat, maize-wheat,
bajra-gram and gwor-potato rotations with high analysis NPK fertilisers
caused a remarkable decrease in all the Zn pools, particularly that of weakly
adsorbed Zn. Bajra-gram followed by ^war-potato depleted the adsorbed
pools, the most, whereas rice-wheat caused an appreciable decrease in the Zn
pools associated with soil organic matter. The effect of all the crop rotations
was more prominent in the 0-15 cm layer and gradually decreased with an
increase in depth (Chandi 1980; Takkar and Randhawa 1980).
MOLYBDENUM
The two forms, total and available Mo (acid ammonium oxalateextractable), were investigated in a wide variety of soils.
Total Mo
Total Mo in a majority of the surface soils ranged between 0.013 and 2.50
ppm. Nevertheless, values up to 18.1 ppm in a few Bihar soils and between 4.5
and 11.6 ppm in some black, laterite, alluvial arid-brown (Ludhiana), noncalcic brown (Gurdaspur) and tropical arid-brown (Ambala) soils were also
recorded (Table 7). The lowest content, less than 0.1 ppm Mo, was found in
certain Bundelkhand, Bhabar, Vindhyan and alluvial soils of Uttar Pradesh
(Anon. 1963, 1964a). The acid soils of Himachal Pradesh contained less Mo
than neutral to alkaline soils of Punjab and Haryana (Takkar 1978). Black
soils of Tamil Nadu contained larger amounts of total Mo than red and
alluvial soils. Total Mo was shown to be significantly related positively with
finer fractions of Tamil Nadu soils (Balaguru and Mosi 1973). However, it
was also found to be concentrated in the sand fractions of the soil (Verma and
Jha 1970). Distribution of Mo in soil profiles is scarcely reported.
Available Mo
The available Mo in a majority of the Indian soils ranged between 0.10
and 0.75 ppm. But a few laterite, medium and deep black, alluvial and hilly
soils of Gujarat, and saline-alkali soils of Uttar Pradesh contained fairly high
Mo (1.2 to 1.60 ppm). Available Mo was more in alluvial than in red and
black soils of Tamil Nadu (Balaguru and Mosi 1973), but in all soils it was
within the satisfactory range. Some of these soils, as well as sandy soils of
Gujarat and grey-brown podzolic soils of Uttar Pradesh, were deficient and
contained less than 0.05 ppm Mo. Response of crops to Mo application in
Gujarat (Reddy 1964) confirmed this. Available Mo constitutes 29 to 65 per
cent of total Mo in alkali soils as compared with 17 to 50 per cent in adjoining
normal soils of Uttar Pradesh (Singh and Singh 1966). It was generally higher
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Table 7. Total and available molybdenum (ppm) in different soils of India

I

Soil group

Total Mo

Available Mo References

ALLUVIAL
General

0.013-5.6

0.004-1.30

Normal
Alkali
Saline-alkali

1.8-6.0
0.87-3.0

—
0.012-0.720

0.60-11.6

TY.-2.0

III RED

0.013-5.3

0.004-1.66

IV

LATERITE

1.34-10.0

0.32-1.60

V

SIEROZEM

II

VI
VII

BLACK

DESERT
OTHERS

Tr.-0.55
1.37
0.013-18.1

0.21
Tr.-1.2

Subba Rao (1971): Lai and Biswas (1973);
Kanwar and R a n d h a w a (1974);
Venkateswarlu and Subba Rao (1979)
Kanwar and Randhawa (1974)
Misra and Misra (1972)
Kanwar and Randhawa (1974)
Subba Rao (1971); Misra and Mishra
(1972); Kanwar and Randhawa (1974);
Venkateswarlu and Subba Rao (1979)
Misra and Mishra (1972); Lai and Biswas
(1973): Venkateswarlu and Subba Rao
(1979)
Kanwar and Randhawa (1974);
Venkateswarlu and Subba Rao (1979)
K a n w a r and Randh'awa (1974);
Venkateswarlu and Subba Rao (1979)
Lai and Biswas (1973)
Kanwar and Randhawa (1974)

in the subsurface than in surface horizons of the recently reclaimed sodic soils
of Punjab (Pasricha and Randhawa 1971). Nearly 97 per cent soil samples
from calcareous flood plains contained Mo more than the critical level
(Nayyar et al. 1971) and berseem grown on 13.4 per cent of these soils and on
sodic soils of Punjab had Mo concentration in the toxic range for livestock
(Nayyar 1972; Nayyar et al. 1978).
Factors Affecting Availability. Available Mo was significantly correlated
with total Mo (Misra and Misra 1972). The available Mo content was shown
to increase with increase in pH and/or ESP (Kavimandan et al. 1964; Singh
and Singh 1966; Pathak et al. 1968; Grewal et al. 1969a; Nayyar 1972). But
such relationships were not observed in certain Gujarat soils and usar soils of
Uttar Pradesh (Anon. 1964a). Liming of acid soils also increased their
available Mo content (Kavimandan et al. 1964; Nayyar 1972). The decrease in
Mo at higher rates of liming appears to be due to its adsorption by CaCOi
itself.
While available Mo significantly increased with increase in soil organic
matter in Vidarbha soils (Iyer 1959; Kavimandan et al. 1964); in red, black
and alluvial soils of Tamil Nadu, it tends to decrease from 0.48 to 0.34 ppm
with increase of soil organic matter content from 0.5 to 1.0 per cent (Pathak
et al. 1968; Balaguru and Mosi 1973). But no relationship was observed in
Gujarat soils (Mehta et al. 1964). Available Mo increased significantly with
increase in silt plus clay content of alkali soils of Uttar Pradesh (Singh and
Singh 1966); yet it increased non-significantly with increase in clay content of
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Vidarbha soils (Kavimandan et al. 1964). Nayyar (1972) showed a maximum
increase in available Mo at field capacity moisture conditions followed by 50
per cent field capacity and saturation moisture condition.
The complementary ions on the soil exchange complex were shown to
influence the Mo availability. The amount of Mo adsorbed followed the
order: Fe-soil > Al-soil > Ca-soil > original soil > K-soil = NFL-soil (Pasricha
and Randhawa 1977). Saturation of Bhawat loam and Kanpur silty loam with
H+, NHJ, K+, Ca2+ or Mg + increased the sorption of Mo, and it was greater in
the former than in the latter soil (Lal et al. 1974).
INDICES OF MICRONUTRIENT AVAILABILITY
A timely and precise appraisal of micronutrient deficiencies is necessary
for taking prompt and apporpriate corrective measures to obtain the best crop
yields. The methods used for detecting micronutrient deficiencies in soils are
described below.
1. Deficiency Symptoms
The deficiencies of micronutrients in soils can be easily recognised from
the symptoms, which are characteristic for each element and appear on
specific parts of different crop plants. Micronutrient deficiency symptoms in
important crop plants were induced and photographed in controlled sand
culture in the glasshouse and were recently published in the book
"Recognising Micronutrient Disorders of Crop Plants on the Basis of Visible
Symptoms and Plant Analysis" (Agarwala and Sharma 1979). Symptoms of
micronutrient deficiencies in plants under dynamic field conditions were also
characterised and recorded (Takkar et al. 1971). These are briefly described
below.
Zinc. In general, the symptoms in most of the crops appeared on the
second or third fully mature leaves from the top of the plants except rice in
which it appeared on the older leaves. Deficiency symptoms of zinc were
recorded in maize, wheat (Agarwala and Sharma 1979; Takkar et al. 1973),
rice (Nene 1966; Nene and Gairota 1964; Nene et al. 1965; Takkar et al. 1973;
Kanwar and Randhawa 1974), citrus (Randhawa 1970), bajra (pearl millet),
mash (black gram), ray a and groundnut (Takkar et al. 1973), barley, sorghum,
green gram, black gram and soybean (Agarwala and Sharma 1979)
Copper. Copper deficiency in field crops occurred largely on soils with very
high organic matter and carbonate content. Symptoms of Cu deficiency
usually appear in younger leaves. Specific symptoms generally depend upon
plant stages; copper deficient plants show only reduced growth without any
specific symptoms. From moderate to acute stages, terminal growth and
leaves show die-back; the leaves may not exhibit chlorosis or other symptoms
and abnormalities. Symptoms of copper deficiency were reported in maize,
wheat (Anon. 1968a, 1969a), citrus (Randhawa 1970), rice, barley, gram,

380

REVIEW OF SOIL RESEARCH IN INDIA

sorghum, green gram, berseem, black gram, mustard, groundnut, sesame
and soybean (Agarwala and Sharma 1979).
Iron. Iron deficiency occurred very frequently on calcareous and coarsetextured soils, in rice nursery and in the main crops. The following symptoms
have been recorded in wheat, rice, maize, barley, sorghum, green gram, black
gram, groundnut and fruit crops. In moderate Fe deficiency, typical
interveinal chlorosis developed on young leaves and later the veins also turned
yellow. In moderately severe deficiency, chlorosis of larger veins developed
and was followed by the loss of the green colour in the finer veins. The entire
leaf — even the emerging leaf — lost the green colour or became bleached. In
most severe deficiency, plants became white and eventually died (Takkar and
Randhawa 1978; Agarwala and Sharma 1979; Takkar 1979, 1980; Takkar and
Nayyar 1979).
Manganese. Manganese deficiency in crops occurred on soils which
usually are calcareous or sandy or high in organic matter content. The
deficiency symptoms were: chlorosis between the veins of older leaves,
followed by the appearance of chlorotic and grey to reddish-brown or buff
specks or spots in the interveinal areas. Manganese deficiency symptoms in
oats, wheat, rice, gram, spinach, sugarcane, berseem, maize, sorghum, barley,
green gram, black gram, mustard, groundnut, sesame and soybean were
recorded (Aiyar 1946; Ramamoorthy and Desai 1946; Joshi and Joshi 1957;
Singh 1962; Murthy and Patwardhan 1964; Anon. 1968a, 1969a; Agarwala
and Sharma 1979; Takkar and Nayyar 1981).
Boron. Boron deficiency is widespread in vegetables, legumes and fruit
crops. Depending upon the stage of plant growth and severity of deficiency,
plants exhibited many different symptoms; abnormal colouring of foliage,
seedling death, defective inflorescence, seed stripping, multiple branching and
terminal die-back. Deficiency symptoms of boron were recorded in wheat,
maize, rice, barley, sorghum, groundnut, sesame (Anon. 1964a, 1968a;
Agarwala and Sharma 1979).
Molybdenum. Molybdenum deficiency symptoms were recorded in wheat,
barley, rice, citrus and mustard (Takkar and Randhawa 1978; Anon. 1968a,
1969a; Agarwala and Sharma 1979).
2. Foliar Analysis
Foliar analysis is an effective and rapid method of diagnosing both
apparent and hidden micronutrient deficiencies in soils and plants. Plant
analysis reveals how much of the nutrient present in soil is taken up by
plant at a particular gowth stage for it integrates the nutrient-supplying
capacity of the soil in terms of climate and growth needs of the crop.
Accordingly, studies were undertaken for evaluation of the threshold values of
micronutrients for important crop varieties; most of these are in use for
correct prediction of micronutrient deficiencies in soils (Takkar and
Randhawa 1980).
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The threshold limits of deficiency of zinc at which plants exhibit
symptoms were observed to depend upon the extent of the deficiency, status
of other interacting elements, plant age and parts sampled, genotype and
environmental conditions. Varietal differences in zinc requirement of gram
were observed (Anon. 1964a). At nine weeks' growth, the threshold values of
zinc deficiency in varieties N 59 and H 208 was about 30 ppm, whereas in
variety G 130 it was about 40 ppm.
Zinc concentration in plants generally decreases with age and is invariably
higher in older than in younger leaves. Hence, variable critical zinc levels are
expected if leaves are sampled from different parts or at different ages of the
plants (Anon. 1964a, 1968a; Pathak el al. 1968).
On the basis of analyses of plants exhibiting different degrees of Zn
deficiency symptoms and relationship of Zn concentration with yield, critical
limits for various levels of production were proposed for wheat (Pathak el al.
1968) and rice (Ganjir et al. 1973).
Total Fe concentration in plant was not associated with the occurrence of
chlorosis (Patnaik and Bhadrachalam 1965; Katyal and Sharma 1980). Green
rice plants always contained more Fe"+ than chlorotic plants (Anon. 1978).
3. Biochemical Methods
A proper understanding of the functions of micronutrients in
intermediary metabolism and activities of enzyme systems should help to
improve the prediction of highly empirical tissue testing methods, for these
activities are intimately connected with the most active fraction of the
micronutrients rather than with their total amounts, the larger part of which
may be non-functional in the metabolic system of the plant. The total amount
of iron is not a dependable measure of the amount of iron which is
biologically available (Mandokhot and Mukherjee 1966). Peroxidase activity
in plants predicted better Fe deficiency than total Fe (Anon. 1978-1979).
Recent studies have shown that enzyme activity, for example the ribonuclease
activity (Dwivedi and Randhawa 1974) or the carbonic anhydrase activity
(Dwivedi and Randhawa 1974) can be used as an index for more precise
prediction of hidden hunger in crops. This can be quite helpful in detecting
the deficiency in the early stages and its immediate correction by foliar spray
or soil application to reduce the margin of subsequent depression in yield.
4. Soil Analysis
Plant and soil analyses are complementary to each other. Plant analysis
monitors the micronutrient-supplying capacity of a soil, but it is generally
performed when the crop has already suffered considerably from the
deficiency. Since the deficiency appears early in the growing season, it is
important to have reliable information about the micronutrient requirements
of crops before sowing. Despite some demerits soil analysis is most extensively
used to provide this information. Several methods used for extracting
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available micronutrients and determining their critical values in divergent soils
for various field crops have been evaluated. Of the extractants tested (water,
neutral salt solutions, inorganic acids, and chelating agents and
buffered to various pH levels), solutions of the chelating agents proved invariably
reliable in predicting response of crops to applied micronutrients on different
soils (Rai et al. 1971; Kanwar and Randhawa 1974; Gangwar and Chandra
1975; Jalali 1975; Randhawa and Takkar 1975; Takkar and Mann 1975;
Iyengar and Deb 1976; Takkar and Randhawa 1978, 1980; Jalali and Takkar
1979; Bansal et al. 1980).
SOIL TEST METHODS
So far very little work has been done on standardisation and development
of methods for estimation of available micronutrients other than zinc. A brief
account of these methods is given below:
Zinc
Water-soluble Zn, NH 4 OAc, 2N MgCl2, 0.1N HC1, 0.05N HC1 + 0.025N
(NH 4 ):S0 4 , O.IN HC1, 0.01 per cent dithizone in CCL, + IN NH 4 OAc, 0.05M
EDTA, 0.01 M EDTA have been compared for assessing the available Zn in
divergent soils of India for various crops. The efficient methods and their
critical values are given in Table 8. The results indicate that the critical level of
Zn in a soil for a crop changes with the extractant (Bansal et al. 1980).
Further, its values as determined by a particular method differed markedly in
different soils for the same crop (Anon. 1971; Thind 1974) and also for
different crops grown on the same soil (Sharma and Motiramani 1969; Rai et
al. 1971, 1976). Although soil analysis may indicate adequate zinc content in
soil, yet there is no assurance that the plant can absorb it in sufficient
quantities. Most of the soil test methods fail to integrate the influence of
factors such as soil pH, carbonates, salinity, clay, organic matter, moisture,
microorganisms, status of interacting nutrient element, which strongly
influence zinc absorption and utilisation by plants. Therefore these factors,
besides crops and their varieties, influence the critical limits of zinc in soils for
a crop. Takkar et al. (1976) reported that the critical levels of zinc in both soil
and maize plant were affected by their phosphorus status. Verma (1978) has
also obtained the influence of soil texture, and applied phosphorus rates on
the critical levels of DTPA and EDTA-(NH4)2C03 extractable zinc using
maize as the test crop. Soil test value of zinc will, therefore, be more
meaningful if factors affecting its uptake by plants are taken into account.
Copper
Exchangeable Cu extractable by IN neutral ammonium acetate
(NH4OAc) was found to give maximum predictability for Cu uptake by jowar
in Gujarat soils (Neelkantan and Mehta 1961b). The value of 0.6 ppm Cu by
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Table 8. Critical limits of zinc (ppm) for crops in divergent soils of India
(1965-1979)*
State

Soil type

Method

Andhra
Pradesh

Coarse-textured
Fine-textured
Red sandy

Dithizone-NELOAc —
Dithizone-NHUOAc —
Dithizone-NH4OAc —
DTPA
—
2N MgCh
—
DTPA
0.45-0.52

Test crop
Wheat

Maize

Rice

Bajra

—

1.00

—
—

:.o!

0.75
0.74
0.60
0.65-0.83 0.6-1.0
0.38
—
0.75- 1.40 0.52-0.92

Bihar

Yellow; reddish
yellow

Gujarat

—

DTPA

Haryana
Madhya
Pradesh

Sierozem
Black
Alluvial

DTPA
0.67
1.0
Dithizone-NH4OAc 0.65-1.0 0.50
DTPA
0.40-0.65 —

Punjab

Tropical arid
brown
Calcareous
alkaline

DTPA
Dithizone
DTPA
Na-EDTA
EDTA-NH 4 OAc
DTPA-NHiOAc
EDTA

0.50-0.60 0.50

0.90
0.56

—

—

0.45-0.60

—
0.60-0.70 0.60
0.55-0.60 0.43-0.90 0.68
0.71
0.60
0.80-1.0
0.60-1.50 —
—
2.0
—
—
I.I
1.4-1.8

—
—
—
—
—

•Takkar and Randhawa (1980)

this method distinguished the deficient soils of Punjab from the non-deficient
(Grewal et al. 1967). The efficiency of different extractants for predicting the
response of wheat and maize to Cu on Punjab soils decreased in the order:
neutral NH 4 OAc, 0.02M EDTA, 0.2N sodium pyrophosphate, 0.1N HC1.
Other extractants, such as Morgan's reagent, IN HC1, 0.5N HNO3 and IN
HNO3 were not efficient (Grewal et al. 1969b). Neutral NH4OAc was also
suitable for wheat on different soil series of Jhalewar in Rajasthan (Vijay et al.
1973) and on Kanpur soils of Uttar Pradesh (Dwivedi and Harishankar 1974),
while ammonium oxalate was better for black and red soils (Mishra et al.
1973). NH4OAC was three times as efficient as BaCh and NaCl solution in
extracting Cu retained by compost, and IN HC1 was the most efficient (Misra
and Tiwari 1964). Although the NH4OAc method gave higher predictability for
Cu uptake by jowar, maize and wheat (Neelkantan and Mehta 1961; Grewal
et al. 1969b), yet information about critical levels of copper in soils is lacking.
Significant correlations among sodium pyrophosphate, EDTA, and HCIO4
were also observed (Ranadive et al. 1964).
Wheat on calcareous sandy loam soils of Bihar having 0.35 ppm DTPAextractable Cu and Jabalpur soils of Madhya Pradesh having less than 3.4
ppm DTPA-extractable Cu responded significantly to Cu application (Anon.
1978c; Anon. 1978b).
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Iron

Coarse-textured soils of Punjab testing less than 15 ppm IN NH4OAC (pH
3.0) Fe are likely to evoke response to its application (Anon. 1967). Rice on
such soils testing less than 4.5 ppm DTPA-extractable Fe showed Fe-chlorosis
and responded to Fe application (Anon. 1978-1979). Out of eight chemical
extractants and several biological methods for evaluating Fe status of soils,
Morgan's reagent gave significant correlation with Neubauer's method (Singh
1968).
But NH4OAc (pH 3.0, 3.7, 4.8) and 0.2M EDTA-extractable Fe were nonsignificantly related with Fe uptake in jo war on Madhya Pradesh soils (Anon.
1970). Maize on north and middle Gujarat soils having less than 2 ppm
NH^OAc-Fe gave significant response to its application (Anon. 1978a). The
increasing order of efficiency in extracting Fe shown by the extractants was
NH 4 OAc (pH 7) + 0.1 per cent hydroquinone, NH 4 OAc (pH 3.3), NaOAc (pH
4.8), NH 4 OAc (pH 4.8), NH 4 OAc (pH 7).
Lately, the DTPA method has been used widely and found to predict the
response of maize on medium black soils of south Saurashtra testing less than
4.5 ppm Fe and of wheat on north Gujarat soils containing less than 1.1 ppm
Fe (Anon. 1979a). Rice on calcareous sandy loam soils testing 6.6 ppm Fe
responded significantly to its application (Anon. 1979c). Rice and sorghum on
red loam soils of Tamil Nadu with 0.2 and 0.4 ppm DTPA-extractable Fe
gave about 44 per cent and 31 per cent response to its application, but
groundnut gave non-significant response on such soils (Anon. 1977, 1978b).
Manganese
Among the various pools of Mn (exchangeable, easily reducible, active
and free) the reducible Mn was better related with Mn uptake by gram (r =
0.96; Saxena and Baser 1964) and oats (r = 0.79) on deep black soils of
Madhya Pradesh (Anon. 1969b). They also gave comparable results with 0.1N
H1PO4, 1M NH4H2PO4 and Morgan's reagent. Exchangeable Mn was also
significantly related with its uptake by rice (Venkateswarlu 1964). This gave a
significant, positive correlation with plant uptake on black (calcareous) soils
of Indore (Sharma and Shinde 1968). Manganese extracted by NH4OAc was
significantly correlated with uptake by plants (Dikshit and Verma 1968). 1M
NH 4 H : P0 4 -extractable Mn also gave the highest correlation with uptake by
plants (Mehta and Patel 1969). Wheat on sierozem soils of Haryana testing
less than 4 ppm DTPA-Mn responded significantly to its application (Anon.
1977-1980). Soybean and wheat on soils of Jabalpur having less than 8 and 6
ppm DTPA-Mn, respectively, gave good response to Mn (Anon. 1979b).
Molybdenum

Ammonium oxalate (pH 3.3) extractable (i.e. available) Mo was better
related with yield. Mo concentration and its uptake by plants. The correlation
of available Mo with yield of maize (r = 0.64) and cauliflower (r = 0.59) on
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alluvial upland and Bundelkhand series of Uttar Pradesh was significant. The
relationship between available Mo and its concentration in rice plant was also
significant (Anon. 1963, 1964a). Significant multiple correlation (r = 0.687)
was also recorded of yield and available Mo (0-15 cm and 15-30 cm depth),
Mo concentration in berseem and soil pH, which ranged from 8.1 to 9.4
(Pasricha and Randhawa 1971). Among the other methods, viz, Aspergillus
niger, hot-water-soluble and total Mo, Aspergillus niger gave the best
relationship with uptake of Mo by soybean (r = 0.77) and groundnut (r =
0.69) on Bihar soils (Verma 1964). Available Mo was significantly correlated
with Mo concentration of groundnut only. However, a significant correlation
of available Mo with water-soluble and Mo concentration of alfalfa was
recorded (Pathak et al. 1969).
Boron
Although responses to B application of field, fruit and vegetable crops on
some soils of India have been recorded, very meagre information is available
about the best method and the critical values on different soils. The biological
method predicted the response of potato and lettuce to B application in some
Delhi soils (Ghosh et al. 1964).
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Crop Responses
to Applied Micronutrients
N.S. RANDHAWA' AND V.K. NAYYAR2

DURING the past 15 years micronutrients have come to occupy an important
position in Indian agriculture, and many elements have become indispensable
to the health and productivity of plants and animals. Soil and foliar tests have
revealed widespread deficiency of zinc and marginal deficiencies of other
micronutrients. In many parts of India zinc as a plant nutrient now stands
third in importance, next to nitrogen and phosphorus (Takkar and Randhawa
1980).
The emergence of micronutrient deficiencies is largely attributed to
nutrient imbalance caused by decreased soil fertility from intensive
cultivation, introduction of high-yielding varieties having higher requirements
for micronutrients, manifold increase in the use of chemically pure and
micronutrient-free fertilisers, decreased recycling of crop residues and animal
manures, cultivation of marginal and problem soils, and nutrient interactions.
In the recent past, the subject was reviewed by Kanwar and Randhawa (1974),
Takkar and Randhawa (1978) and Katyal and Sharma (1979). In this paper
an attempt is made to summarise the information available to date and to
bring out clearly the extent of response of crops on different soil groups to
application of micronutrients, the factors governing the response, and the
amelioration techniques.
Responses to the application of micronutrients can be predicted from the
typical deficiency symptoms and soil and plant analysis. The diagnosis based
on symptoms, however, becomes difficult when there is a deficiency of more
than one nutrient. Further, the deficiency symptoms are modified by climate,
plant species and soil characteristics. At times a plant may not show deficiency
symptoms but its growth may be retarded (Dwivedi and Takkar 1974; Sekhon
et al. 1978; Arora and Brar 1979). Such incipient deficiencies can be diagnosed
by plant analysis and response studies. Detection of micronutrient deficiencies
from soil tests becomes especially difficult when the content of a particular
micronutrient is marginal; plant requirements for these elements are small and
natural changes in environment may either correct or induce deficiencies
under certain conditions. Moreover, the response of crops to micronutrients
application helps not only to confirm the deficiencies of micronutrients as
indicated by soil and plant analysis but also to find out the optimum level of
their application.
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Extent of Micronutrient Deficiencies
Analysis of more than 45,000 soil samples at eight centres of the ICAR
Coordinated Scheme of Micronutrients in Soils and Plants located in different
regions of the country and at other institutes revealed that irrespective of the
district or state the deficiency of Zn among all the micronutrients is the most
widespread (Table 1). More than half the soils were deficient in Zn in the
states of Haryana, Punjab, Uttar Pradesh, Madhya Pradesh and Andhra
Pradesh (Takkar and Randhawa 1980). Iron deficiency was recorded in 52 per
cent of arid brown soils of Haryana (Anon. 1975b). About half the surface
samples of sierozem soils of Haryana were classed as critical in Mn supply
(Shukla and Singh 1978). The deficiency of boron was detected in 50 per cent
of the soils in Purnea district of Bihar (Singh and Sinha 1976). Analysis of
about 35,000 soil samples from the various states indicated average values of
16, 8 and 5 per cent for deficiencies of Fe, Mn and Cu, respectively (Katyal and
Sharma 1979).
Table 1. Available zinc contents and magnitude of zinc deficiency in various
states —1970-1979*

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

State/Union
Territory

No. of
samples
analysed

Zinc (ppm)
Range
(a)
(b)

Mean

% samples
deficient

Andhra Pradesh
Bihar
Delhi
Gujarat
Haryana
Karnataka
Jammu & Kashmir
Kerala
Madhya Pradesh
Punjab**
Rajasthan
Tamil Nadu
Uttar Pradesh

2619
6314
210
7072
7511
1730
93
114
4537
8706
185
4255
4488

0.12- 7.84
0.04-19.40
0.20- 6.00
0.04-36.02
0.01-25.00
Tr-39.00
0.30- 5.40
Tr-94.00
0.02- 7.49
0.02-18.00
0.07- 2.00
Tr-49.30
0.04- 6.12

0.92
1.90
1.49
1.05
0.68
1.48
0.99
5.07
0.62
0.72
0.77
1.37
0.63

54
42
20
29
77
14
18
24
58
55
21
32
67

0.45- 1.90
0.42- 8.70
1.20-1.90
0.67- 1.74
0.35- 1.15
0.49- 2.31

—
1.37-20.50
0.26- 1.46
0.49- 0.98
0.60- 0.87

—
0.62- 2.58

* Takkar and Randhawa (1980)
** Values up to 1980 are included
Data compiled from the Annual Progress Reports of the various centres of the ICAR
Coordinated Scheme on Micronutrient in Soils and Plants
a = range of the individual samples
b = range of mean values of various districts/regions within a state
Tr = traces

Responses of Crops to Micronutrients
Before 1966 when low-yielding and less fertiliser-responsive varieties of
crops were cultivated, only low to moderate responses of some crops to
application of micronutrients were recorded on a few soils. Responses of

394

REVIEW OF SOIL RESEARCH IN INDIA

crops to application of micronutrients up to 1966 were summarised by Takkar
and Randhawa (1978) and need not be mentioned again. Owing to the
technological developments and the shift from traditional agriculture to the
present-day agriculture of high-yield management, widespread deficiencies of
micronutrients in soils and crops have been observed, and responses of crops
to their application have been remarkable in most of the states.
Zinc. Cases are on record where application or non-application of zinc
decides the success or failure of the crop. The results of about 3,000 field
experiments in the various states showed average response of cereals, millets,
pulses and oilseed crops ranging from 1.0 to 6.7 q/ha to varying levels of Zn
(Table 2). Singh et al. (1979) compiled the results of about 14,000 field
experiments conducted from 1967 to 1977, and reported striking increases in
the yield of wheat, maize, rice, bajra and raya with Zn application in 75 out of
82 districts. Significant increase in grain yield of crops was observed in more
than half the tests. This further corroborates the extensive Zn deficiency
revealed by soil and plant analysis data.
Table 2. Response of crops to zinc application (1967-1980)*
Crop

No. of
experiments

(a)

Range of response (q/ha)
(b)

Average
response
(q/ha)

CEREALS
Wheat
Paddy
Maize
Barley

1555
799
170
9

0.0-47.5
0.0-54.7
0.1-30.9
1.1-11.8

3.3-14.8
2.9-13.0
2.5- 8.0
6.2- 8.7

3.7
6.3
5.2
6.7

MILLETS
Bajra
Sorghum
Ragi

207
134
38

0.0- 6.7
0.4-13.5
0.2-12.5

1.7- 1.8
1.8- 5.2
3.6- 6.0

1.5
3.4
3.7

PULSES
Gram
Other crops

12
13

1.0- 8.7
0.5- 3.9

2.3- 5.6

—

3.1
2.4

OILSEEDS
Groundnut
Other crops

61
13

0.5-12.1
0.1- 6.9

—

4 1
2.6

VEGETABLES
Potato and peas

5

1.8- 7.1

—

4.3

FODDER
Guar

.1

1.5- 3.0

—

2.1

CASH CROPS
Cotton
Sugarcane

66
2

•Takkar and Randhawa (1980)

0.01- 7.8
98.0-246.0

1.8- 4.7

0.2- 2.4

1.7
172.0
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The response of crops to other micronutrients was observed only on a few
soils, as is evident from the number of experiments and the magnitude of
responses given in Table 3. Although soil and plant analyses have indicated
deficiencies of Cu, Fe and Mn besides that of Zn (Anon. 1979b), yet crop
responses under field conditions to their application have not been reported to
the extent indicated by both soil and plants analyses. This shows that either
too few attempts have been made to evaluate responses of crops to Cu, Fe and
Mn or the critical limits of these micronutrients on the basis of which their
deficiencies are reported have low predictability. If the latter is true, then the
critical levels need to be re-evaluated (Takkar and Randhawa 1978).
Responses to application of these micronutrients are generally observed under
specific situations.
Table 3. Response of crops to micronutrients
Element

Crop

No. of
experiments

Range of
response
(q/ha)

Average
response
(q/ha)

Fe

Wheat
Paddy
Groundnut
Other crops
Wheat
Paddy
Other crops
Wheat
Paddy
Other crops
Wheat
Paddy
Other crops
Wheat
Other crops

14
11
23
4
68
88
10
41
85
10
42
85
8
4
6

1.8-19.7
3.1-39.0
1.2- 3.4
1.6- 5.3
0.0-15.0
0.0-19.8
0.6- 7.8
0.2-14.0
0.0-17.8
0.1- 4.9
0.0-11.9
0.0-16.7
1.2- 9.3

5.8
14.4
2.4
3.1
4.3
3.6
4.5
3.8
5.3
2.2
5.2
3.4
5.0

3.6- 6.0
1.6- 7.8

4.4
3.1

Iron. Next to Zn, deficiency of Fe is becoming a serious impediment to
crop production. Marked responses of rice to both soil and foliar application
of Fe were recorded in acid soils of Palampur (Anon. 1970) and alkaline
alluvial soils of Ludhiana and Varanasi (Grewal et al. 1969; Mahapatra et al.
1970). More recently, iron chlorosis of rice was observed on coarse-textured
soils where water could not be impounded for a longer period. Marked and
significant responses of rice to Fe application were observed on these soils
(Takkar and Nayyar 1979). Three foliar applications of unneutralised 3 per
cent FeSCh solution gave the best yield. The response ranged from 54 per cent
to 234 per cent depending on soil conditions (Fig. 1). Singh et al. (1979)
compiled the results of 124 experiments conducted at 47 centres. Significant
response of paddy of foliar application of Fe was observed only at Titabar,
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Fig. I Response of rice (unhusked) to soil and foliar application of iron

Chiplima, Bagatisheroo and Nandyal centres. Appreciable increase in rice
yield from soil application of Fe was reported in calcareous sandy loam soil of
Bihar (Anon. I979d) and in red loam soil of Tamil Nadu (Anon. 1979c).
The results of 87 experiments conducted at 38 centres under the All India
Coordinated Agronomic Research Project indicated significant response of
wheat to foliar application of Fe only at seven centres; it ranged from 3.4 to
11.9 q/ha (Singh et al. 1979). In alluvial sandy soils of Gujarat, significant and
marked increase in wheat yield was observed at two out of three places (Anon
1979a). The application of Fe was reported to increase the yield of sugarcane,
sorghum, groundnut and moth (Jain 1972; Gill and Abichandani 1972; Anon.
1975a; De and Chatterjee 1976; Anon. 1970-1980; Savithri and Sreeramulu
1980).
Manganese. In the 124 experiments on rice under the All India
Coordinated Agronomic Research Project, significant increase in yield due to
foliar spray of Mn was observed at Varanasi, Nandyal, Kathulia Farm,
Tirupati, Chiplima and Bagatisheroo. The results were consistent only at
Kathulia Farm where responses ranging between 3.7 and 10.9 q/ha were
obtained in three years (Singh et al. 1979). Responses of rice to 50 kg
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MnS04/ha in 63 experiments conducted in 1976 and 1977 on different soil
associations of Bihar varied from nil to 19.8 q/ha with a mean value of 5.3
q/ha. The responses were significant in about 75 per cent of the soils in each
soil association (Anon. 1975-1979).
The response of wheat to 50 kg MnSO^/ha on similar soil associations
ranged between nil and 11.1 q/ha with a mean value of 4.9 q/ha (Anon. 19751979). Foliar application of Mn significantly increased the yield of wheat only
at Varanasi, Powerkheda, Jagudan, Kathulia Farm, Karjat and Chiplima
centres. The mean responses at these centres varied from 4 to 10 q/ha (Singh
et al. 1979). In alluvial soils of Madhya Pradesh the response of wheat to 25
kg MnSC^/ha varied from 1.9 to 6.4 q/ha with a mean value of 3.4 q/ha; it
was significant in 8 out of 10 experiments (Anon. 1976). Increase in yield with
MnSC>4 application was reported for maize, sorghum, oats, groundnut, linseed
and berseem (Gupta and Ram 1967; Verma 1968; Shekhawat et al. 1971;
Srivastava and Mathur 1972; De and Chatterjee 1976; Singh et al. 1979).
Copper. Singh et al. (1979) summarised the results of 124 experiments
conducted under the All India Coordinated Agronomic Research Project.
Significant response of rice to foliar application of Cu was observed in one
year at Varanasi and Nandyal and in two years at Chiplima. At Chiplima the
response in Padma variety was 16 q/ha and in Ratna variety it was only 7
q/ha. Responses of rice to 25 kg CuSO-t/ha application were studied in
different soil associations of Bihar in 1976 and 1977; the mean responses
varied from nil to 10.3 q/ha with a mean value of 4.5 q/ha (Anon. 1975-1979).
The response of wheat to 25 kg CuSC^/ha application in 35 experiments
on different soil associations of Bihar ranged between 0.2 and 14.0 q, ha with a
mean value of 3.5 q/ha. About 60 per cent of the soils significantly responded
to Cu application (Anon. 1975-1979). In 87 experiments conducted at 38
centres significant responses of wheat to foliar application of Cu were
observed only at Basudeopur, Powerkheda, Karjat, Chiplima and Kathulia
Farm, and ranged between 2.5 and 9.8 q/ha (Singh et al. 1979). Additional
yield from 1.3 to 3.3 q/ha due to application of Cu was reported for maize,
bajra, ragi and groundnut (Grewal et al. 1968; Lai et al. 1971; Shekhawat et
al. 1972; De and Chatterjee 1976; Savithri and Sreeramulu 1980).
Boron. Rice responded significantly to foliar application of boron at
Varanasi, Nandyal, Karamana, Kathulia Farm, Bhavanisagar and Chiplima
centres; the responses ranged between 4.5 and 16.1 q/ha (Singh et al. 1979).
The mean response of rice to 15 kg borax/ha in different soil associations of
Bihar varied from 1.7 to 4.1 q/ha with a mean value of 3.0 q/ha (Anon. 19751979).
Responses of wheat to foliar application of boron were significant at
Powerkheda, Umrala, Karjat, Chiplima and Hissar in one year and at
Kathulia Farm in two years; the responses ranged between 3.2 and 9.8 q/ha
(Singh et al. 1979). The response of wheat to 15 kg borax/ha in 35
experiments conducted on different soil associations of Bihar varied from 0.4
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to 6.6 q/ha with a mean value of 2.8 q/ha. The response was significant in
more than half the experiments (Anon. 1975-79). Application of B was also
reported to increase the yield of maize, bajra, groundnut, lentil and sunflower
(Shekhawat et al. 1972; Muthuswamy and Sundararajan 1973; De and
Chatterjee 1976; Anon. 1975-79; Anon. 1979c; Singh et al. 1979).
Molybdenum. The response of rice to soil application of Mo was
observed for one year at Anantharajupet, Varanasi and Chiplima; for three
years at Tirupati; and for five years at Nandyal. The responses at these centres
varied from 2.4 to 10.1 q/ha (Singh et al. 1979). The residual effect of Mo on
wheat was 8 q/ha at Kharagpur in rice-wheat sequence and 6.1 q/ha at Indore
in y'owar-wheat sequence (Singh et al. 1979). Grewal et al. (1967) reported a
significant increase in the yield of wheat with spray application of Mo when
soils contained 0.1 ppm of acid oxalate-extractable Mo. Gupta and Manglik
(1967) reported that under high water-stress condition, application of Mo led
to better utilisation of NPK by wheat. Dubey et al. (1969) studied the effect of
Mn, Zn, Cu, B and Mo alone and in combination with basal doses of NPK on
the yield of wheat. The highest grain yields were observed with Mo
application alone in both seasons. The yields of sorghum, bajra, groundnut,
moth and peas were also reported to increase with the application of Mo (Gill
and Abichandani 1972; Gupta and Gupta 1972; Jain 1972; Shekhawat et al.
1972; De and Chatterjee 1976).
Factors Affecting Responses of Crops to Micronutrients
The degree of response to applied micronutrients is conditioned by several
factors, e.g. sensitivity of crops and their cultivars, soil environment, cultural
practices, nutrient interactions (Kanwar and Randhawa 1974; Takkar and
Randhawa 1978; Agarwala and Sharma 1979; Takkar 1979).
Crops and their Cultivars
Crops vary in their micronutrient requirements. Among cereals, rice and
barley responded to Zn more than wheat and maize. Pulses and oilseed crops,
such as lentil, arhar, gram, soybean and raya gave better response to Zn than
did mash, moong and sesame (Anon. 1970-1980). In general, kharif (summer)
crops, especially maize, rice and sorghum, respond more to Zn than do rabi
(winter) crops such as wheat and gram (Takkar and Randhawa 1978). Even
varieties of the same crop vary in their micronutrient requirements. Fairly
wide differences in response have been recorded with cultivars of wheat,
barley, rice, maize, gram, etc. (Kanwar and Randhawa 1974; Randhawa and
Takkar 1975; Randhawa and Takkar 1976; Agarwala and Sharma 1979;
Anon. 1980). Cultivars WG 377, L 212, UP 301 of wheat are more tolerant of
Zn deficiency than PV 18, Hira, Kalyansona, Safed Lerma. Similarly, the
varieties Sabarmati, Krishna, Annapurna, Cauvery (IET 355), CR 10-113, of
rice are less responsive to Zn than are Pankaj, Jagannath, IR 8, etc. (Brar
et al. 1974, 1978; Kanwar and Randhawa 1974; Shukla and Hans Raj 1974,
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1976; Randhawa and Takkar 1976; Anon. 1970-1980; Agarwala and Sharma
1979; Anon. 1980).
Soil and Other Environmental Conditions
Submergence of soils has been shown to depress the availability of native
and applied Zn (Takkar and Randhawa 1978; Takkar and Sidhu 1979;
Sadana 1981); the response of rice to Zn is, therefore, greater under flooded
than under non-flooded soil conditions (Gangwar and Mann 1972; Sidhu
1975; Gangwar and Chandra 1975; Brar and Sekhon 1976c). The increased
solubility of Fe on flooding a soil may benefit rice because of its higher
apparent iron requirement than that of other crops. In acid latosolic soils,
high in organic matter and active Fe, reduction of Fe in the early phase of
submergence may cause Fe toxicity to rice. In flooded calcareous and sodic
soils, rice may suffer from Fe deficiency, possibly because much of the Fe2+ is
oxidised and precipitated on and around the oxygenated rice roots
(Randhawa et al. 1978).
Crop response to micronutrient application is modified to a large extent
by the environment. It is a common observation that micronutrient
deficiencies in crops are acute in cold weather and mild or absent in warm
weather. Sharma et al. (1969) reported that the response of rice to Zn
application decreased with increase in the soil temperature.
Cultural Practices
Land shaping for gravity irrigation of crops exposes the subsoil, which is
generally deficient or poor in available Zn; and Zn deficiency is a serious
limiting factor in crop production on recently levelled lands. Addition of
farmyard manure enhanced the rate of decrease of native Zn in acid and
neutral soils (Jalali 1975). But in saline sodic soil added pressmud and organic
manures caused an increase in the extractable Zn and helped to retain the
applied Zn in available form (Milap Chand et al. 1980). Puddling of lighttextured soils improved the iron nutrition of rice (Takkar and Nayyar 1979).
Soil Properties and Soil Groups
The availability of micronutrients, which has a direct bearing on crop
response, is determined by several interacting factors such as pH, clay and
organic matter content, salinity, alkalinity and quality of irrigation water.
Zinc deficiency was reported to increase with increase in pH and CaCC>3 and
to decrease with increase in organic carbon and fineness of soil texture (Table
4) (Anon. 1970-80). Higher responses of maize and wheat to equivalent rates
of zinc sulphate application were recorded on coarse than on fine-textured
soils (Pathak et al. 1975; Singh 1976). The response of rice to Zn on flood
plain 'bet' (39 q/ha) and alkali soils (22 q/ha) was far more than on coarsetextured soils (8.5 q/ha), indicating that Zn deficiency was more acute in the
former than in the latter soils (Takkar 1979).
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Table 4. Soil characteristics and their association with the occurrence of zinc
deficiency*
Soil
characteristics

TEXTURAL CLASS
Loamy sand
Sandy loam
Loam
Clay loam
ORGANIC
<0.25
0.25-0.40
>0.40

CARBON

Deficient

% Samples
Marginal

Sufficient

1710
1588
1316
117

47
52
56
21

34
34
47
64

19
14
17
15

1472
1699
1525

56
44
37

32
41
41

12
15
22

935
2035
1734

35
41
54

41
4.1
32

24
16
14

795
455
343

38
48
54

41
31
30

21
21
16

0.6

0.61-1.2

1.20

No. of
samples in
the indicated
category

(%)

PH

< 8.0
8.0-8.5
> 8.5
CaCO, (%)
< 0.5
0.5-1.0
> 1.0
Critical level Zn (ppm)
•Anonymous (1970-1980)

Significant decrease in dry matter yield and in Zn concentration and its
uptake by rice with increasing rates of EC and ESP was reported (Sadana
1981). Application of Zn, with and without gypsum and farmyard manure,
increased the rice yield on a sodic soil by 18 to 22 q/ha (Bhumbla 1972; Abrol
et al. 1973). On moderately alkaline soils (pH 9.4-9.7), the increase in rice
yield as a result of Zn application (11-22 kg Zn/ha) alone was almost the same
when Zn was applied with gypsum (Takkar and Singh 1978) probably because
of relatively low sodium or adequate calcium supply. But on highly
deteriorated sodic soil (pH 10.4) the best rice yields could only be achieved
with the application of both gypsum and Zn (Takkar and Nayyar 1981b). For
better yields of wheat after rice on these soils, application of both gypsum and
Zn is required (Singh 1973; Takkar and Randhawa 1978).
The deficiency of iron is especially evident in upland crops grown on
calcareous soils of high pH, compact soils with restricted aeration, and soils
low in iron and high in bicarbonate ions, phosphorus, copper, etc. It is evident
also in rice crop grown on permeable coarse-textured soils low in organic
matter content and on soils where water could not be impounded in spite of
puddling (Takkar 1979, 1980; Takkar and Nayyar 1980).
Crops respond differently on different soil groups, as on soils of
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different properties. The response of rice to zinc was better on red and
black, red sandy and coastal alluvial soils than on others; particularly
on laterite it was the poorest. Contrary to this, wheat responded better
on laterite and red loam than on alluvial, red and black, deep black and
calcareous sierozems (Table 5). Barring alluvial, red and yellow, and grey
brown soils, the response of bajra to zinc was almost equal to all the soil
groups. While jowar and maize responded most on red and black, and
submontane soils, respectively, jowar gave poor response on deep black and
maize on brown hill soils (Singh et al. 1979). The response of potato to zinc
application was more on alluvial and hill soils of the north (33 to 45 q/ha)
than on black, red and laterite soils of the south (15 to 40 q/ha) (Grewal and
Trehan 1979).
The response of rice to iron was better on tarai, submontane and medium

Table 5. Response of various crops to Zn application in different soil groups
Soil group
Alluvial
(483\ 1756", 251 '. 440')
Coastal alluvial
(767")
Red and black
(237', 405", 58\ 37d, 221')
Medium black
(35", 887", 166', 246", 74*)
Red loam
(60", 32")
Red sand
(595\ 170", 20")
Red and yellow
(473", 599", 34')
Brown hill
( I 7 l \ 124'. 171". 124')
Calcareous sierozems
(97b, 77')
Grey brown
(152", 21')
Submontane
(I76b, 107')
I aterite
(264", 10")
Deep black
(394h. 22', 26J)

Rice'1

Wheat"

Baj ra'

%

q/ha

2.7

6.3

2.0

5.3

1.4

7.1

—

3.1

7.7

4.0

7.8

1.9

6.6

2.0

9.6

4.4

2.3

5.0

4.5

15.9

3.6

6.9

1.5

9.3

—

—

1.0

2.7

5.1

1.9

7.5

1.0

10.6

—

—

—

2.2

8.0

—

—

—

—

2.2

5.7

2.1

—

—

2.2

8.0

1.6

—

—

3.0

8.3

—

I.I

2.9

2.5

13.2

—

—

1.9

5.7

3.0

%

q/ha

Jowar"

q/ha

9f

q/ha

%

—

Mai/e'
q ha 9,
2.0

7.1

15.5

2.5

7.7

5.6

—

—

—

—

—

—

—

I.I

Ill

—

—

—

8.8

—

—

—

—

—

—

2.8

10.7

2.3

3.2

—

4.2

—

9.4

—

Compiled from the monograph on crop response to micronutrients (Singh et al. 1979); 'a' to 'e'
correspond to the number of experiments under each crop
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black soils than on other soil groups; it was least on laterite soils (Table 6).
Wheat, however, responded better on mixed red and black soils. The
magnitude of response was almost similar on other soil groups except
sierozem and alluvial on which wheat did not respond to Fe application
(Table 7). The response of both rice and wheat to foliar application of
manganese was highest on mixed red and black soils; it was least in rice on
laterite and in wheat on alluvial soils (Tables 6 and 7); both responded more
on young alluvium than on old alluvium (Anon. 1975-1979). Rice responded
to foliar application of Cu most on red and yellow, tarai, medium black and
submontane soils and least on red soils, whereas wheat responded most on
laterite and mixed red and black soils (Tables 6 and 7). The response of rice to
25 kg CuS04/ha was better on young than on old alluvium, whereas the
response of wheat to Cu was almost equal on both types of alluvium (Anon.
1975-1979). For jowar, the response was maximum on medium black for Fe,
B and Mo, on mixed red and black for Mn, and on red soils for Cu. For
maize, the response was maximum on tarai for Fe and Mn, on alluvial for B,
and on submontane soils for Mo (Singh et al. 1979).
Table 6. Response of rice to foliar spray of micronutrients in different soil
groups
Response to micronutrients over NPK (q/ha)

Soil group
Alluvial
Laterite
Medium black
Mixed red and black
Red
Red and yellow
Tarai
Submontane

Fe

Mn

Cu

B

Mo

3.4
1.0
5.6
3.6
2.4
3.1
8.0
8.6

4.3
2.2
4.8
10.7
4.2
5.4
4.3
7.2

1.2
2.5
5.9
2.X
0.0
11.3
7.0
5.8

2.8
3.7
5.7
5.X
1.9
7.3
2.3
5.4

3.6
3.3
X.X
X.I
1.6
5.7
6.X
1.3

Compiled from the monograph on crop responses to micronutrients (Singh el al. 1979)

Table 7. Response of wheat to foliar spray of micronutrients in different soil
groups
Response (q/ha)

Soil group
Alluvial
Laterite
Deep black
Medium black
Mixed red and black
Grey brown
Red and yellow
Sierozem

Fe

Mn

Cu

B

Mo

0.0
2.0
1.7
1.9
3.0
0.0
1.7
1.9

0.0
2.X
2.3
2.0
9.5
4.5
1.3
1.8

0.0
6.0
0.9
1.2
4.6
2.5
2.7
0.0

0.3
1.9
2.7
1.6
5.6
2.X
3.0
6.4

0.2
6.X
1.5
1.3
6.0
2.3
3.0
0.5

Compiled from the monograph on crop responses to micronutrients (Singh et al. 1979)
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The response of rice to boron was better on mixed red and black, medium
black and submontane soils than on other soil groups, whereas wheat
responded most on sierozem and mixed red and black soils and least on
alluvial soils (Tables 6 and 7). The response of both rice and wheat to 15 kg
borax/ha was lowest on recent alluvium tarai soils, highest on tal land soils,
and intermediate on other soil groups (Anon. 1975-1979). The average
response of rice to foliar application of Mo was best on medium black, mixed
red and black soils, and poorest on submontane soils. In the case of wheat,
the response to Mo was highest on mixed red and black soils and lowest on
alluvial soils (Tables 6 and 7).
Cropping Pattern and Management Practices
Continuous cropping for six and a half years of rice-wheat, maize-wheat,
bajra-gram and guar-potato rotations with high-analysis NPK fertilisers
caused a marked decrease, whereas mash-raya rotation brought an
appreciable increase in all the Zn pools, particularly of weakly adsorbed form
(Table 8). Bajra-gmm followed by guar-potato depleted the adsorbed pools
the most; but rice-wheat and groundnut-wheat caused an appreciable decrease
in the Zn pool associated with organic matter (Chandi 1980). All the pools
tended to decrease with increasing rates of added fertility (NPK) levels.
Table 8. Chemical pools of zinc as influenced by crop rotation in surface soil
(0-15 cm)*
Crop rotation

Dummy
Maize-wheat
Rice-wheat
Groundnut-wheat
Bajra-gram
Guar-potato
Mash-raya

Changes in Zn pools (ppm)
Exchangeable

Weakly
adsorbed)

Moderately
adsorbed2

Strongly
adsorbedj

Associated
with
organic
matter

0.20
0.10
0.14
0.25
0.20
0.14
0.10

0.59
0.43
0.50
0.49
0.36
0.45
0.68

0.29
0.24
0.27
0.26
0.20
0.20
0.33

0.15
0.15
0.09
0.15
0.10
0.09
0.15

0.70
0.82
0.66
0.55
0.71
0.79
0.76

Subscript Nos. 1, 2 and 3 indicate successive extraction of soil with DTPA (Lindsay and Norvell
1979)
•Chandi (1980)

Nutrient Interactions
The interactions of micronutrients with macronutrients and other
micronutrients also affect their availability and the responses of crops to a
particular micronutrient. Numerous reports of phosphorus-induced zinc
deficiency symptoms and decrease in yield, Zn concentration and its uptake in
a wide variety of crops with increasing rates of phosphorus application have
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been recorded (Rajagopal and Mehta 1971; Badanur and Venkata Rao 1973;
Singh and Tripathi 1974; Dwivedi et al. 1975; Hulagur et al. 1975; Pathak
et al. 1975; Gattani et al. 1976; Takkar et al. 1976; Takkar and Randhawa 1978;
Randhawa et al. 1979). In contrast with the depressing effect of P on Zn, the
adverse eifect of Zn on P nutrition of crops is rather indistinct (Reddy et al.
1973; Hulagur et al. 1975; Gattani et al. 1976). Brar and Sekhon (1976a, b)
showed that Cu competes "competitively" and Fe "non-competitively" with
Zn absorption by wheat and rice seedlings. Pasricha (1974) observed a
consistent decrease in the manganese content in rice with increased potassium
application. Like Zn, phosphorus in excess decreased the availability of Fe
and Cu (Dev and Mann 1972; Badanur and Venkata Rao 1973; Hulagur et al.
1975; Pathak et al. 1975; Misra and Dwivedi 1977).
Amelioration of Micronutrient Deficiencies
Detection of micronutrient deficiencies has necessitated the use of
micronutrient fertilisers. However, efficient materials and methods need to be
used for their correction. The efficiency of micronutrient carriers would
depend upon the nature of the carriers and the mode, rate and time of their
application, in addition to the eifect of crops and their cultivars, plant
environment and soil types.
Zinc
Zinc Carriers. Among the inorganic Zn carriers (Table 9), zinc sulphate is
the most efficient and cheapest for correction of Zn deficiency in different
crops (Meelu and Randhawa 1973; Trehan and Sekhon 1977; Takkar and
Randhawa 1978; Anon. 1974-1978; Bansal et al. 1979; Nayyar and Takkar
1980).
Soil and Foliar Application. In experiments conducted in different parts
of India, soil application of Zn through broadcast and mixed or its band
placement below the seed proved invariably superior to foliar application
(Singh and Pandey 1972; Anon. 1974-1978; Takkar et al. 1974; Mehta et al.
1975; Mann et al. 1978; Takkar and Singh 1979); at low levels of Zn
application, foliar application proved superior (Singh and Jain 1964). Band
application of zinc sulphate was better at a low rate of 2.8 kg Zn/ha than
mixing it throughout the soil and it produced as good yields as broadcast
application of 11.2 kg Zn/ha (Table 10) (Trehan and Sekhon 1977). Similar
results were reported for maize. Methods of application did not differ
significantly where levels of zinc sulphate application were 5.6 kg/ha or more
(Anon. 1970-1980; Anon 1971-1973; Mehta et al. 1975; Trehan and Sekhon
1977). However, the increase in yield at 50 kg ZnSOVha was invariably the
highest with broadcast method of zinc sulphate application (Anon. 1979b).
Literature shows that generally 2.5 to 5.0 kg Zn/ha from the soluble sources
and double the rates from insoluble sources were adequate for the upland
crops. But for rice on highly sodic soils and flood plain 'bet' or wet soils,

Table 9. Effect of zinc and its mode of application on grain yield of crops
Treatments

Anand

Coimbatore

1970 1976 1970 1970
W
W
W
M
W
NPK* (Control)
45
ZnS0 4 *
50
Zndust/ZnO*
48
ZnO*
Trace*
Zincated Super*
or Zn
phosphate
47
Zn-frits*
33
Agromin*
—
Nu-Spartin*
Sahayield 101*
—
ZnS0 4 **-Spray
—
Micron**
Bahar**
Rayplex Zn**
Nu-Spartin**
—
Navaras**
—
Booster (Seed
treatment)
—
Sahayield
(Seed + Spray)
—
Tracel-I**
Mixture-seed
treatment
C D . at 5%
NS
W = Wheat; M = Maize;

27
37
—

28
41
—

22
20
17

Hissar

Hyderabad

Jabalpur

1970 1978 1978
R
R

1976
W

1979
R

51
72
—

33
36

40
38
44
43
4 4 — 3
47*
—
—

26
32
1
30*
28

—

—

31

—
—
—

41
—
41

—
—
—

—

—
—

—

—

68

57
67
74 62
72' 61"

—
—
—

34
—
—

17
—
—

49
—
—

—
—

—
—

29
29

—
57

—
15

—
54

—
—

—

—

—

l.udhiana

1976 1978 1979 1973 1976 1976 1977 1976 1976 1977 1980 1979
W W W W W W W R R R
R
P
25
31
—

29
34

32

22
28
—

15
22
—

22
30
—

37
54
—

21
52
46

—

—

23

—

—

_ _ _
— —
— —
17 —
— _
1 "7 —
16 —

_
47
—
—
_
—
—

—
—

—
—

—
—
—
27
—
—

31
30

_
—
—
—
—
—
—
—

—

—

—
—

—
—

19
—

—
—

—

—

23

—

23

24

18

24

—
—
—

58
—
—

22
20

32

23

29

15

—
—

—

—

—

30

—

—

58

33
—

Himachal
Pradesh

34
50
—
46*
—

20
47
39
—
—

129
180
—
230"
-

ng
-a
70
v>
g
g
W
_l
O

_ _ _ _ _
— 39 —
— —
—
— —
_ _ _ _
— — — 1 f> 1
—
—
_
_
__
— — —

>
-o
E
O
2

—

—

—
—

—

—

30
43
— — 26
4
—
—
—
2
3
—
5
— —
4
4
4 - 4 2
— —
R = Rice; P = Potato; 'Soil application; «Spray application; a = Dipping of roots in ZnO suspension

-

5 -

fi
5
Z
-I
2
g
Jj]
^
O
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Table 10. Effect of different methods and rates of zinc sulphate application
on grain yield of wheat and maize
Crop

Method of
application

2JS

Zn applied (kg/ha)
5.6
11.2
22.4

Wheat

Mixed
Band

31.1
34.4

33.7
35.5

(q/ha)
34.8
35.9

35.2
36.7

Maize

Mixed
Band

27.8
45.2

37.7
38.4

42.8
34.3

31.5
31.9

C D . (5%)For testing methods at constant rate
For testing rates at constant method

Wheat Maize
3.2
NS
2.8
NS

these rates were sometimes increased to even 25 kg Zn/ha (Takkar 1979,
1980).
The foliar sprays of neutralised solutions of 0.5 to 1 per cent zinc sulphate
were quite inferior to soil application. This could be attributed to the crop
suffering in the initial stages of its growth. But one or two sprays of higher
concentration of zinc solution at early or critical stages of crop growth may
prove as efficient as soil-applied zinc, if not more. Field experiments on these
aspects in Punjab show that soil application of 5.6 or 22.4 kg Zn/ha or
one foliar spray of 2 per cent ZnSC>4 solution was as efficient as four sprays of
0.5 per cent solution of zinc sulphate at weekly intervals from 35 days' growth
onwards in increasing the grain yield of wheat and rice (Takkar and Singh
1978). However, foliar sprays to crops on soils deficient in zinc should be
considered an emergency or supplementary treatment; for it has to be
repeated for every crop, whereas one soil application generally takes care of
the deficiency for 6 to 8 successive crops (Takkar 1979, 1980).
Other Methods. In view of the very low efficiency of applied Zn, efforts
have been made to enhance it by coating the seeds with Zn powders, soaking
the seeds in Zn salt solutions, soaking the roots of rice seedlings in zinc oxide
suspensions, and nursery enrichment with Zn (Brar and Randhawa 1975;
Singh and Singh 1976; Anon. 1970-1980; Anon. 1974-1978; Grewal and
Trehan 1977; Takkar and Singh 1979). In field experiments all these methods
were generally inferior to soil application of Zn. Although dipping the roots
of rice seedlings and potato tubers in zinc oxide suspensions or enriching the
seedlings with Zn in the nursery has proved quite fruitful, rigorous testing on
a wide variety of soils and crops is required before this practice can be
recommended. Recently the dipping of potato tubers in 2 per cent ZnO
suspension proved superior to soil and foliar application of zinc sulphate
(Grewal and Trehan 1979), but the converse was true for sugarcane (Anon.
1970-1980).
Organic Manures. Organic manures as a source of micronutrients have
been frequently used and found to increase the availability of Zn (Sharma and
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Meelu 1975; Mann et al. 1978; Chandi 1980). These manures, besides
supplying Zn in forms readily available to plants, mobilise the native Zn
through chelation. In a long-term field experiment on a Zn-deficient soil,
organic manures applied @ 5 t/ha as poultry manure, 12 t/ha as FYM and
2.5 t/ha as piggery manure only to maize in a maize-wheat rotation proved as
effective as application of 11 kg Zn/ha in meeting the Zn requirement of
maize (Anon. 1970-1980).
Time of Application. Field experiments have shown that the best time of
Zn application is before sowing. However, mild Zn deficiency can be
corrected without sacrificing much yield even up to 45 days after sowing
(Takkar et al. 1974).
Iron
Iron chlorosis is one of the most difficult micronutrient deficiencies to
correct in the field. Ferrous sulphate, ferric sulphate, ferrous oxalate, iron
chelates and multimicronutrient materials containing iorn are the common
correctives used. Among these, chelating agents are most efficient but
uneconomical. On calcareous soils the response of maize to iron from
different sources was in the order: Fe-DTPA > Fe-EDTA > Fe-citrate >
FeS04 (Singh and Sinha 1977). Soil application of ferrous sulphate proved far
less effective than its application through foliage in correcting iron deficiency
on coarse-textured soils of Punjab (Takkar and Nayyar 1979). However, for
sugarcane, soil application of iron (11 kg Fe/ha) as iron frits was significantly
superior to foliar application (Nayyar et al. 1980). At present, foliar spraying
of ferrous sulphate solution is most economical to correct iron deficiency.
Acute iron chlorosis in rice grown on relatively coarse-textured soils was
completely checked by six sprays of 0.5 per cent neutralised ferrous sulphate
solution applied at intervals of 7 to 10 days; two and four sprays were less
effective (Takkar and Randhawa 1978). Recently, unneutralised solution of
higher concentrations up to 3 per cent of ferrous sulphate proved more
effective (Takkar and Nayyar 1979). Two or three sprays of 2 to 3 per cent
solution were found more effective in correcting the deficiency than six sprays
of 0.5 per cent solution (Fig. 1). The higher concentrations of unneutralised
ferrous sulphate solution not only supply sufficiently large amounts of iron
during the most crucial period of iron demands by plants but also cut down
the number of sprays.
Modifications of soil conditions through cultural practices also help in
overcoming the deficiency of iron. The deficiency of iron in rice fields and in
rice nursery is prevented by intensifying reduction of the soil by prolonged
submergence and addition of organic materials (Shahi and Khind 1976;
Anon. 1978; Anon. 1970-1980; Katyal and Sharma 1980). Since plant
genotypes differ in their ability to take up iron from growth medium or to
withstand low levels in the soil or plant, crop varieties tolerant of iron
deficiency are the most practical way to prevent iron chlorosis.
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Manganese
Manganese sulphate, manganese oxide, manganese phosphate, manganese
carbonate, rayplex Mn, fritted Mn, and multimicronutrient materials
containing Mn are the source materials among which manganese sulphate is
the most common carrier of manganese. So far very few studies have been
conducted to compare the efficiency of soil and foliar application of Mn.
Depending upon the degree of deficiency, one to three applications of 0.5 per
cent neutralised solution of manganese sulphate at intervals of 7 to 10 days
have been shown to correct the deficiency in crops. Soil application proved
better than foliar application (Karaddi and Seth 1964). Recently, Takkar and
Nayyar (1981a) reported marked increase (2 to 15 q/ha) in grain yield of
wheat even with one spray of either 0.5 per cent or 1 per cent solution of
unneutralised solution of manganese sulphate; the latter was more effective
than the former.
Copper
Copper sulphate is the most common carrier of copper and can be used
conveniently as soil and foliar application. Foliar application of Cu as
Bordeaux mixture is frequently made on vegetable and fruit trees for the
control of diseases. Therefore, in areas where Cu sprays are used as a routine
for the control of diseases, the Cu deficiency in crops is also taken care of.
Nevertheless, soil application of Cu may be the most practical method for
long-term correction of the deficiency in crops. In a field experiment with
wheat on a loamy sand soil of Ludhiana, soil application of copper proved
better than foliar spray application (Table 11) (Lal et al. 1971).
Table 11. Effect of copper application on grain yield of wheat
Control

Grain yield q/ha

49.0

Soil application
5 kg
Cu/ha

10 kg
Cu/ha

52J

53^

Spray application
(CuSQ4 solution)
0.2%
0.4%

C D . 5%

50J

K49

4^9

Boron
Many boron compounds have been recommended for use as fertilisers.
These are borax (sodium tetraborate), solubar, boric acid, calcium borate and
boron frits. But borax has been the most popular for soil application, and
boric acid for foliar spray.
Boron can be effectively applied to the soil as borax (5 to 20 kg/ha), with
or without mixing with the major fertiliser nutrients, or as a foliar application
as dust or spray. Boron should be applied only when its deficiency has been
established. Its indiscriminate use may result in its toxicity to certain plants.
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Molybdenum
Molybdenum is required by crops in very small amounts. Larger amounts
in forages may not affect their growth but make them toxic to animals
(Nayyar et al. 1977). Sodium molybdate, ammonium molybdate and
molybdenum trioxide are the common sources of molybdenum. These
compounds are generally mixed with fertiliser or with limestone. The rate of
application ranges from a few grams to 4 kg/ ha depending on the need of the
crop and soil type. Molybdenum is generally applied to plant through soil,
foliage or seed.
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Other
Trace Elements
MAHENDRA SINGH*

BESIDES the 16 essential nutrient elements, there are some elements, such as
Se, F, Co, Li, Na and V, which, though not essential, are either beneficial or
toxic to plant growth. They are required by the plants/animals in quantities
smaller than the essential micronutrients and become toxic at a very low
concentration in growth medium/feed. Sodium, though abundantly present in
earth's, crust, does not influence plant growth so drastically as do many other
elements; so it did not receive much attention from plant nutritionists.
Vanadium, too, has attracted little attention. Besides their role in nutritional
deficiency/toxicity, some of the elements influence the physicochemical
properties of soils and determine the quality of irrigation water and of
drinking water.

SELENIUM
Selenium is essential for animals (Allaway and Carry 1966) at very low
concentrations in feed. Forage plants containing as low as 5 ppm Se may
become toxic to animals (Anderson et al. 1961) whereas those having less than
0.1 ppm may induce Se deficiency in animals (Wolf et al. 1963).
Distribution of Selenium in Soils
The average Se content in earth's crust is 0.8 ppm (Aubert and Pinta 1977);
it is commonly found as impurity in sulphide rocks. Se toxicity was first
detected in the USA, where the total Se content in soils was as high as 35 ppm
and water-soluble Se was up to 9.1 ppm (Olsen et al. 1942).
In India, Patel and Mehta (1968) determined Se distribution in Gujarat
soils and field crops. The total and water-soluble Se in these varied from 0.142
to 0.678 and from 0.051 to 0.121 ppm, respectively, and decreased with depth.
The total Se was positively correlated wifh clay and water soluble Se and pH.
In Uttar Pradesh (Mishra and Tripathi 1971) red soils contained 0.549 ppm
total Se, and black soils contained 0.35 ppm; but water-soluble Se was higher
in black soils (0.039 ppm) and least in alkali soils (0.029 ppm). Alluvial
calcareous and red soils had water-soluble Se between 0.029 and 0.039 ppm.
The Haryana soils, however, contained a higher content of Se than the
other Indian soils (Singh and Kumar 1976). Total Se ranged from 1 to 10.5
ppm in soils of the same kind. In most of the profiles the highest total Se was
* Department of Soils, Haryana Agricultural University, Hissar, Haryana.

OTHER TRACE ELEMENTS

413

in the second layer (15-30 cm) or sub-surface soil. In relatively high rainfall
(750 mm) areas, such as Rohtak, Sonepat, Kurukshetra and Ambala, Se
increased with increasing depth. This indicated that Se moves up in areas of
low rainfall and high temperature but leaches down in high rainfall areas. The
total Se was positively correlated with CaCÜ3 and clay content, as reported
for Gujarat soils (Patel and Mehta 1968). The available Se in Haryana soils
was relatively high which ranged from 0.05 to 0.62 ppm. In some areas the
highest Se was found in the surface soils. In salt-affected soils the total as well
as water-soluble Se was higher than in the adjacent normal soils (Narwal
1975). According to Swaine (1955) most of the Haryana soils contain more Se
(1-2 ppm) than soils anywhere else in the world.
Retention and Release of Selenium in Soils
The retention of Se is affected by physicochemical properties of soils.
Red soils, which had the highest R2O3 (15 per cent), retained the highest
amount of Se0 3 -Se, followed by black soils (R2O3 9 per cent). Most of the
retained Se in these soils was in fixed form probably because of precipitation
as Fe2(OH)4.Se03. Highly calcareous soil (CaCCh 32 per cent), which had low
R2O3 (about 6 per cent) retained a low amount of SeOvSe, and most of the
retained Se was water-soluble (Tripathi and Misra 1975). Adsorption of Se
was positively influenced by its concentration in the solution, organic matter,
clay content, CaCC>3 and CEC, and negatively by salt content, alkalinity and
pH. Therefore, more SeCh and SeO\» were retained by high organic carbon
soils, followed by calcareous, normal, saline and alkaline soils. At same
concentration, more Se was adsorbed as Se0 4 than as SeCh. Langmuir
adsorption isotherm was valid in a few soils in both the cases (Singh et al.
1980a).
The desorption of Se0 4 was more by PO4 than by SO4 (Table 1).
Phosphate and SO4, in fact, decreased the adsorption of SeO>Se (Tripathi
and Misra 1975).

Table 1. Per cent Se adsorption and release by SO4 and PO4 (150/ug Se/g
soil added)
Soil

Normal
Calcareous
High organic carbon
Saline
Alkaline

Se adsorbed

Se released by
PO4 from
adsorbed Se

Se re leased
from adsorbed
Se bj- SO4

(% of added)

(%)

(%)

Se0 3

Se0 4

SeO,

Se0 4

SeOj

Se0 4

23.7
27.6
32.8
19.7
16.6

40.0
44.0
46.6
31.8
26.2

87.3
73.9
80.8
65.8
80.4

84.6
89.3
91.8
85.7
66.8

78.7
72.7
71.1
79.0
78.4

52.1
60.0
55.5
73.1
79.3
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Selenium and Plant Growth
Cultivated green fodders such as alfalfa, napier grass, sorghum, guineagrass and berseem; cereal straws such as finger-millet, and wheat; bund grasses
such as marvel grass, anjan grass, bermuda grass and nut grass from Gujarat
(Patel and Mehta 1968) contained Se between 0.20 and 0.87 ppm, which was
safe for the health of animals. Bermuda grass contained the lowest, and alfalfa
and berseem the highest Se content. But common fodders and grasses of
Punjab (Dhillon 1972) contained higher Se (from traces to 6.6 ppm) than
those of Gujarat. Tripathi and Misra (1974) observed higher Se accumulation
in brassica than in peas and wheat. Not only the crop species (Fig. 1) but even
the varieties of the crop differ in tolerance and accumulation of Se (Singh
1977).
Soil application of 2 ppm and more of Se decreased wheat growth and
yield significantly (Patel and Mehta 1968; Singh and Singh 1978). As the
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Fig. 1. Dry matter yield of different crops affected by Se
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added Se increased from 0 to 10 ppm, Se content in plants increased from 0.4
to 36.8 ppm (Singh and Singh 1978) and dry matter yield decreased from 6.4
to 1.8 g. In maize the application of Se decreased the dry yield, but in the
presence of S at 22 and 44 ppm the yield increased and Se content decreased
(Dhillon 1972).
In the case of pea, the application of 1.25 ppm Se decreased the growth
significantly although there was only 2.47 ppm Se in the plant (Singh and
Bhandari 1974). Sorghum, however, was found to be less sensitive than pea,
and application of 4 ppm Se resulted in an accumulation of 32.5 ppm in the
plant without impeding its growth (Singh et al. 1976). Two ppm Se decreased
dry matter yield of guinea grass and sorghum; it was counteracted by applying
1,000 ppm S (Patel and Mehta 1968).
When 16 ppm Se was added to the soil, the yield of berseem in the first
cut decreased by 74 per cent and that of raya by 83.7 per cent; whereas Se
accumulation in berseem was 70 ppm, in raya it was only 56 ppm. In the
second cut of berseem, however, the yield reduction and Se accumulation
were much less (Singh and Malhotra 1976). In the first cut as little as 0.5 ppm
Se added to soil decreased dry matter yield of berseem, whereas in the second
cut it stimulated the growth. At the same level of application, Se was more toxic
to raya in sand culture than in soil culture. In another study 2.5 ppm added Se
proved beneficial to growth when sufficient S was also available in the growth
medium (Singh 1979).
Table 2. Selenium accumulation by different varieties of sorghum and
cowpea
Selenium accumulated

Crop/Variety

SORGHUM
JS-263
SSG-59-3
CSH-1
JS-20
COWPEA
HFC 42-1
FOS-1
EC-*216
CO-1

Silt loam (Jind)
(0.25 ppm Se)

Sandy loam (Hissar)
(0.05 ppm Se)

(ppm)

(ppm)

10.15
3.90
6.50
9.15

1.26
1.20
1.46
1.76

12.20
7.00
9.00
8.50

1.40
1.36
1.00
1.36

Effect of Selenium on Plant Metabolism and Nutrient Uptake
Selenium decreased the synthesis of S-amino acids (Fig. 2) such as
methionine, cystine and cysteine by replacing S in the structure (Singh and
Singh 1977); it also decreased the crude protein (Singh 1979). The toxic effects
of Se may be related to decreased chlorophyll, RNA, DNA, protein and
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Fig. 2. Effect of S and P on S amino acids in Se treated raya

proline synthesis in the wheat plants and increased free amino acids (Table 3).
The results of several studies have indicated that Se accumulates in most
plants in direct proportion to the applied amounts, but its accumulation is
influenced by the crop species as well as the varieties (Table 2).
Selenium in growth medium drastically decreased N, S, Cu, Zn, Mn and
Fe (Table 4) in wheat (Singh and Singh 1978).
Table 3. Effect of selenium on organic metabolites in wheat (per g plant) at
90 days
Selenium
(ppm)

Chlorophyll
(O.D.)

RNA
(mg)

DNA
(mg)

Protein
(mg)

Proline
(lig)

Free
amino
acids (Mg)

0
2.5
5.0

0.623
0.607
0.550

1.16
1.01
0.56

0.442
0.432
0.265

10.32
8.05
5.68

71.36
64.25
42.67

73.2
92.5
135.2

Table 4. Effect of selenium on nutrient uptake in wheat at maturity
Selenium
(ppm)
0
2.5
5.0
10.0

Dry
matter
(g)
6.4
5.0
4.2
1.8

N

P

S

Zn

1117.3
938.5
665.2
217.2

1026
835
378
209

11.6
10.2
7.2
3.5

(%)
0.74
0.62
0.59
0.27

Cu
(ppm)
5.8
5.2
4.3
4.0

Fe

Mn

205.0
170.3
156.6
130.2

40.6
38.8
30.2
25.2
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Increasing the Se levels widened the ratio of organic to inorganic P in
plants (Singh 1979) though in some cases both organic and inorganic P
increased with increased Se. This type of situation is normally governed by the
supply of other nutrients, e.g. S (Singh and Bhandari 1974).
In cowpea (Vigna sinensis) the individual S-containing and other amino
acids were drastically affected by increasing the Se dose in the growth
medium. Selenium also decreased the formation of free amino acids (Singh
et al. 1980a).
Selenium decreased the oil percentage and the allylisothiocynate value of
raya oil, probably by affecting S supply in the plants (Singh and Singh 1977);
Se, being its analogue, decreased the uptake of S and so was antagonistic to
the absorption of S (Singh and Singh 1980).
Forms of Selenium on Plant Growth and Metabolism
The inhibition of plant growth by added Se (Table 5) was in the order:
Se0 4 > H 2 Se0 3 > Se0 3 > elemental Se (Singh and Singh 1979).
Table 5. Effect of form of selenium on cowpea (Vigna sinesis) dry matter
yield (g/pot)
Source Se
(ppm)

0

Se added amount (ppm)
1
2.5
5

Elemental Se
Se0 3 -Se
SeCVSe
H2SeOi-Se

5.83
5.S3
5.83
5.83

5.85
5.52
4.84
5.00

5.20
5.08
4.52
4.74

5.00
4.27
2.45
3.63

Mean
LSD (0.05)

5.83
1.35

5.30

4.88

3.83

Mean

LSD
(0.05)

5.47
5.17
4.41
4.80

1.21

The plant Se increased with increasing application of all forms of Se. The
highest plant Se (11.58 ppm) was in SeO-rtreated pots, followed by pots
treated with I-hSeOj, SeCh and elemental Se. The total plant P decreased with
increased Se irrespective of its form. The maximum P occurred in SeÜ3
treated plants. The organic P decreased with Se application, the minimum
concentration being in SeO-t-treated plants.
Singh and Singh (1979) further reported that the soluble N decreased, and
that the decrease was minimum with elemental Se and maximum with SeC>4.
Total and protein-N decreased while amino-N, amide-N, NH 4 -N, and NO3-N
increased with SeÜ4 application. Selenate and I^SeCh were found to be more
injurious than SeCh in this respect.
Correction of Selenium Toxicity in Plants
Application of S from 15 to 1,000 ppm in different crops (Singh and
Singh 1977, 1978; Singh et al. 1976; Singh et al. 1980b; Dhillon 1972; Patel
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and Mehta 1968; Misra and Tripathi 1971) decreased the toxic effects of Se,
completely at low Se supply and partly at high Se supply. This effect was
mainly through the increased content of S in plants, which increased protein
formation and the supply of other nutrients such as N and P. Detoxication of
Se by S application was considered feasible as early as 1934 by Hurd-Karrer.
Among the sources of S, sulphates of Ba, Ca, K and NH 4 did not show
much difference in their ability to detoxicate Se toxicity (Singh et al. 1979c).
In cowpea all these sulphates detoxicated Se toxicity by decreasing Se content
and increasing S content.
Although Se application did not always decrease the total plant P
significantly, P application counteracted to some extent the toxic effect of Se in
wheat, berseem and raya. In wheat, 50 ppm P did not allow
5 ppm Se, and 100 ppm P did not allow 10 ppm Se, to exert any toxic effect
(Singh and Singh 1979). In raya, 50 ppm P completely counteracted the toxic
effect of 10 ppm Se, whereas in the first cut of berseem 100 ppm P could
counteract the effect of only 1 ppm Se (Singh 1979; Singh and Malhotra
1976), but in the second cut 100 ppm P counteracted the effect of 4 ppm Se.
In peas, 50 and 100 ppm P completely removed the harmful effects of 1.25
and 2.5 ppm Se (Singh and Bhandari 1974). It indicated that Se concentration
in plants was not the only criterion of its harmful effect on growth but the
balance of other nutrients such as S, P, N and even micronutrients was of
importance.
It was indicated by the results of all this experimentation that P, S, and
even N help in detoxicating Se toxicity. The mode of the action of individual
nutrients was not known, but all these nutrients altered Se toxicity by
increasing the uptake of N, P, S and micronutrients and formation of protein,
chlorophyll, nucleic acid, and S-containing amino acids. In many cases,
application of P, even increased the Se content but owing to the ratios of Se
to P its toxic effect was reduced. It was indicated that if plants contain normal
or more amounts of N, P and S, even higher Se concentration would not
inhibit growth of plants drastically.
FLUORINE
Fluorine, though not essential for plant growth is essential for animals.
Distribution in Soils and Waters
Fluorine is widely distributed in rocks and soils, and is present in plant
and animal tissues. The total F content of soils in Bhatinda and Sangrur in
Punjab, and Hissar in Haryana ranged from 2.5 to 85.0 ppm, whereas watersoluble F was from 0.13 to 14.5 ppm (Singh et al. 1962; Kanwar and Mehta
1968). In some cultivated, gypsum-treated and uniformly fertilised soils,
water-soluble F was 6 to 19.2 ppm with an average of 11.0 ppm (Chhabra
et al. 1980).
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Fluorine has been reported to be widely distributed in drinking water
throughout the country. The F content of groundwater in Bhatinda (village
Bajakhan ), Hissar and Sangrur varied from 0.1 to 13.6 ppm (Singh et al.
1962; Kanwar and Mehta 1968). All the samples from Hissar and 91 per
cent of the samples from Sangrur showed more than 1.0 ppm F, which is
unsafe for man as well as cattle. The F content of well waters of Bindapur
village (Delhi) varied from 0.4 to 4.0 ppm (Anand et al. 1963). Rao and
Bhaskaran (1964) reported F containing waters (0.1 to 6.0 ppm) from Kurnool
district of Andhra Pradesh.
The well waters of Bhilwara, Nagaur and Jaipur districts in Rajasthan
contained 1.5 to 28.1 ppm F (Paliwal et al. 1969; Somani et al. 1972). Most of
these waters were unsafe for drinking, but some waters from Bharatpur
district which had traces of F, were within safe limits. Although some waters
have as high as 18.4 ppm F (Singh and Sriniwas 1975), Bharatpur and
Bhilwara well waters, but not Kurnool waters, had positive correlation of F
with the depth of the water-table, EC, boron content, and Na content.
Behaviour of Fluorine in Soils
The solubility of F was positively correlated (r = 0.93) with exchangeable
Na percentage (ESP) and pH in natural as well as incubated soils (Singh et al.
1980; Chhabra et al. 1980). The water-soluble F in original soils was from 5
mg/kg in 5 ESP soil to 16 mg/kg in 70 ESP soils and remained unchanged
during incubation for 32 days. On incubation, the solubility of added F
decreased to a constant value which differed according to the amount added
and the ESP of the soil (Fig. 3). Chhabra et al. (1980) further observed that F
adsorption by normal and sodic soils could be described by the Langmuir
equation up to a concentration of 0.6 mmole F / l . The adsorption of F
decreased with increase in sodicity, and a soil of 5 ESP adsorbed about 6
times as much F as a soil of 70 ESP.
Effect of Fluorine on Seed Germination
Fluorine was found to decrease the germination of berseem; the
maximum reduction in germination was 55 per cent with 100 ppm added F
(Somani 1977). But in the case of pea, germination was not affected by low
concentrations (10 ppm) of F. At 100 ppm F, germination was greatly
reduced, and at 250 ppm F no seed germinated (Singharaya et al. 1978).
Plant Growth and Fluorine Accumulation
In wheat, barley and raya, 1 ppm F increased the grain yield in
comparison with no F (Verma 1973). The straw and grain yield of wheat
decreased with 5 ppm F in comparison with 1 ppm F. In barley and raya the
yield reduction started with 50 ppm F only. Barley accumulated the highest F;
wheat the lowest (Table 6).
Fluorine was also found to have a negative influence on the dry matter
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Fig. 3. Effect of added fluorine, exchangeable sodium and incubation time on the water-extractable
fluorine

yield of paddy. The effects became more pronounced when more than 50 ppm
F was added to the soil. The grain yield in two sodic soils (ESP 30 and 70)
decreased from 35.2 to 29.8 and from 19.8 to 16.2 g/pot, respectively, with
increase in F from 0 to 200 ppm (Singh et al. 1979b). The yield of wheat grain
decreased significantly (from 16.6 to 12.0 g/pot) when increasing F dose from
0 to 200 ppm were applied to preceding paddy crop.
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Table 6. Effect of levels of fluorine on grain yield (g/pot) and fluorine
accumulation in wheat, barley and raya
Fluorine
levels

Wheat
(Kalyansona)

Wheat
(C-306)

(mg/ kg
soil)

Grain

F
(ppm)

Grain

F
(ppm)

Grain

F
(ppm)

Grain

F
(ppm)

0
1.0
5.0
75.0
LSD
(0.05)

18.7
19.8
18.9
17.5

5.5
8.3
9.0
18.5

9.3
9.4
8.9
S.I

16.5
21.5
23.0
29.3

15.2
15.6
15.9
14.9

42.5
49.8
57.5
68.0

3.0
3.S
3.X
3.1

10.5
14.5
16.2
30.3

2.7

N.S.

2.9

N.S.

3.2

0.19

2.7

0.99

Barlev
(C-164)

Rava
(Prakash)

Berseein crop irrigated with F-rich tube-well water contained as high as
52.7 ppm F (Kanwar and Mehta 1968). The F content of rice straw increased
linearly (Fig. 4) with increasing application of F in soil of two sodicities
(Singh et al. 1979a). The relative increase in F content at higher F dose was
much higher at high ESP than at low ESP. The F content of rice straw was
25.0 to 34.8 ppm at ESP 30 and 70, respectively. Increased accumulation of F
in rice straw also resulted in the increased sodium content and decreased Ca,
Mg, K and P. Similarly, in the case of wheat there was a linear increase (r =
0.89) in the F content of straw with increase in water-extractable F in the soil.
There was a significant reduction in the yield of wheat when water-extractable
F in the soil was 22 ppm; and this in turn resulted in F content of 32 ppm in
straw at maturity. These levels of F in soil and straw appeared to be critical
for wheat yield (Singh et al. 1979b).
Correction of Fluorine Toxicity
Singh et al. (1980) reported that the toxic effects of F were completely
nullified by the application of 100 mg P/kg soil to paddy crop, but no such
beneficial effect was noticed in wheat crop.
COBALT
Cobalt is essential for animals, but it has yet to be ascertained whether all
crops are sensitive to it.
Total Content
Cobalt content as low as 0.05 ppm in podzols of the USSR and as high as
300 ppm in Vertisols of the Central African Republic has been reported
(Kovda et al. 1962). In Indian soils, Co ranged from 8 to 47 ppm, the highest
(36.4 to 47 ppm) in black soils, followed by alluvials derived from granite
(13.6 to 29.4 ppm), and the least in deltaic alluvium (8-13.2 ppm)
(Raychaudhuri and Datta Biswas 1962). In Punjab soils, Co ranged from 4.4
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Fig. 4. Fluorine content of rice straw as affected by levels of fluorine in soils of two sodicities

to 32.5 ppm (Randhawa and Kanwar 1964). In Delhi soils, however, Co
ranged between 3.7 and 12.1 ppm; in most of the cases it was concentrated in
lower layers (Dakshinamurti et al. 1955). The total Co content in Gujarat soils
decreased with depth and ranged from 12.4 to 47.9 ppm in profiles (Reddy
and Mehta 1961a, b). In black cotton soils of Gujarat, it ranged between 7.0
and 141.5 ppm. In cultivated alkali soils and adjoining normal soils in Uttar
Pradesh, the Co content was 14.1 and 13.8 ppm, respectively (Singh and Singh
1966). In Haryana, all soils except Charkhi profile contained Co more than
the critical level (Yadav et al. 1978).
Available Cobalt
The available Co extracted by acetic acid (pH 2.5) ranged from 0 to 2.1
ppm in profiles and surface samples of Gujarat, where Co above 0.5 ppm was
considered sufficient (Reddy and Mehta 1961a). Later, Mehta et al. (1964)
found 30 per cent Gujarat soil samples in deficiency limits for grazing animals;
less than 3 ppm available Co was considered low, 3-5 ppm medium, and more
than 5 ppm high (Raychaudhuri and Datta Biswas 1964).
The average available Co content in alkali and adjoining normal soils of
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Uttar Pradesh was 0.24 and 0.22 ppm (Singh and Singh 1966), whereas in
Haryana 25 per cent of the soils tested were deficient, 29 per cent moderately
deficient, and the rest in the sufficient range. In surface soils the available Co
ranged between 0.13 and 0.55 ppm (Yadav ei al. 1975, 1978). Reddy and
Mehta (1961a, b) observed negative correlation between available Co and pH;
Yadav et al. (1975, 1978) observed positive correlation of pH with available
and total Co; but Iyer (1958) reported negative relationship between pH and
total Co.
Factors Affecting Cobalt Content in Soils
Organic Matter. No definite relationship was established between organic
matter and Co. Iyer (1958) observed highly significnat correlation between Co
and organic carbon in Maharashtra soils, whereas Reddy and Mehta (1961b),
Singh and Singh (1966), and Yadav et al. (1975) observed negative
relationship between available Co and pH.
Clay Content. In Haryana soils, total and available Co were related to
silt + clay content. In Uttar Pradesh and Punjab soils, too Co was related to
finer soil fractions (Randhawa and Kanwar 1964; Singh and Singh 1966).
The total and available Co were related to each other in Gujarat and
Uttar Pradesh soils (Reddy and Mehta 1962; Singh and Singh 1966). Total Co
was also found to be related to Fe content, for many of the geological
deposits contain both the elements (Mehta et al. 1964; Singh and Singh 1966;
Yadav et al. 1978).
The extractable Co increased with the incubation time. The adsorption of
Co was affected by clay content and mineralogical composition of soils.
Langmuir and Tempkin equations gave good fit in some cases. When
increasing amounts of Co were added to soil, equilibrium Co concentration
increased in solution.
Cobalt and Crop Response
Soils low in Co usually result in plants of low Co content and
consequently affect animal health. Forage plants of western India contained
from 0.2 to 1 ppm Co, and legumes had 0.4 to 1.6 ppm Co (Iyer and
Satyanarayan 1958). Grasses from Gujarat had 0.36 ppm average Co (Mehta
et al. 1964). The grasses were found to contain higher Co at young stage
(Datta and Datta Biswas 1950). In Haryana, wheat contained 0.18 to 0.19
ppm, and berseem contained 1.25 to 3.90 ppm (Yadav et al. 1976). Tamboli
and Dube (1964) found maximum berseem yield by the application of 0.5 ppm
Mo with 2 ppm Co. Singh (1978) observed significant increase in dry matter
yield with 2 to 6 ppm Co.
Addition of lime and superphosphate enhanced Co uptake in berseem and
bajra (Datta Biswas 1964). In soybean and cowpea 60 to 75 per cent of the Co
came from the added source. Maximum P was accumulated when 1.5 ppm Co
was added (Yadav et al. 1980).
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LITHIUM
Lithium is gaining importance mainly owing to its toxic concentrations in
irrigation waters. Lithium toxicity to plants, especially citrus, was observed in
California (Bradford 1963), where irrigation water contained 0.05 ppm
lithium.
Li content of 295 well waters of Tosham block in Hissar has been
reported to be less than 0.05 to more than 3.1 ppm. Only 3.4 per cent waters
contained less than 0.05 ppm Li (Anon. 1970).
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Crop Responses
to Nutrients under
Irrigated Conditions
O.P. MEELU', K.R. KULKARNI 2 AND A.L. BHANDARI

fertility investigations in India have shown that soils are generally
deficient in nitrogen (Ghosh and Hasan 1980) and that the deficiency of
phosphorus is widespread (Ghosh and Hasan 1979). However, Indian soils are
mostly well supplied with potassium and only about 20 per cent of the soils
were found low in available K (Ghosh and Hasan 1976). It is now fully
realised that the native fertility of the soil cannot be relied upon and fertilisers
have to be applied. A more or less linear relationship between fertiliser
consumption and foodgrain production amply substantiates this
observation. Bhumbla (1977) compared fertiliser use statistics of the different
states in the country and observed that it was not only the total fertiliser use
but also the balanced fertilisation with respect to N, P and K. which
determined the crop yield. Gautam and Dastane (1970) stressed the need of
balanced fertilisation commensurate with crop needs and soil nutrient status.
According to the National Commission on Agriculture, the existing level of
food production of 130.5 million tonnes is to be increased to 225 million
tonnes by 2000 A.D. to meet the demand of the fast increasing population.
The scope for increasing food production by area increase is marginal. The
only way is intensive cropping to increase the yield per unit area, per unit
time. Crop yields obtained with new technology at research stations and in
national demonstration trials show that there is a tremendous scope for
increasing crop yields and fertiliser response ratio. To achieve the target for
2000 A.D. the fertiliser consumption in the country will have to be increased
from the present level of 5.25 million tonnes to 16 million tonnes and from 30
kg nutrients/ha to 80 kg nutrients/ha.
SOIL

In the early years of introduction of high-yielding varieties only nitrogen
was enough to get optimum yields. With continuous cropping, phosphorus
deficiency became widespread and N and P application became necessary to
get optimum returns (Meelu et al. 1979). The response of crops to fertiliser K
is marginal at present. However, in soils with low available K and in longterm experiments the response to K has been marked. The response to N or P
could be limited by lack of K. Many a time poor crop growth was reported on
cultivators' fields even after application of recommended doses of N, P and K,

1,3. Department of Soils, Punjab Agricultural University. Ludhiana, Punjab; 2. University of
Agricultural Sciences, Bangalore, Karnataka.
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particularly where high-analysis fertilisers were in use. The results of many
experiments showed that Zn was a limiting factor in such situations. In paddy,
iron chlorosis under upland conditions and iron toxicity under lowland
situations were observed. Sulphur deficiency was reported in soils with
moderate to low S reserves, especially for legumes, oilseeds and pulses.
Besides the fertiliser dose the response was governed by the kind of fertiliser
and the rate, time and method of its application.
Most of the fertiliser response data in the country relate to single crops.
Actually, however, crops are grown in sequence, and the fertiliser is applied to
all successive crops. Since fertilisers are known to leave considerable residual
effect in the soil, long-term experiments on fertiliser use in different cropping
sequences representing different ecosystems were initiated. The results suggest
that considerable economy in fertiliser can be obtained.
RESPONSE OF RICE (Oryza sativa) TO FERTILISERS
The chemistry of applied fertilisers under submerged rice culture is
different from that of upland crops. The efficiency of nitrogen may be less and
phosphorus more in the former than in the latter environment.
1. Response to N Application
Among the kharif cereals, rice responded the most to N application. In
experiments on different soil types (Table 1) response of rice was significant
up to 120 kg N/ha. The response ranged from 6.0 to 24.1 kg grain/kg N.
Similar results were reported by Kumar et al. (1975) Khatua et al. (1976),
Panda and Das (1979) and Tiwari and Pathak (1980). In some soils, however,
responses up to 180 and 200 kg N/ha were also obtained (Anon. 1971-72;
Singh et al. 1979).
The results of 1,326 experiments on cultivators' fields under the All India
Coordinated Agronomic Research Project (AICARP) (Anon. 1977-78, 197879) corroborate the above observation. The range of response to 120 kg N/ha
was 7-15 kg grain per kg N; it was less than that obtained on research stations
and may be ascribed to comparatively poorer crop management practices on
cultivators' fields.
Time of N Application. Nitrogen applied to rice is subject to losses
through various pathways, such as leaching, volatilisation and denitrification.
Nitrogen application at growth stages of the peak absorption is, therefore,
important to increase its efficiency. The results with different soil types
revealed that N application in three splits at planting, tillering and panicle
initiation gave better N-use efficiency than single or two-split application.
Further one-third to one-half N application at planting was found better than
omitting it at this stage (De 1979; Anon. 1970-71; Prasad and De 1972;
Modgal et al. 1974; Kulkarni et al. 1975; Pillai and Katyal 1976; Pillai and
Vamadevan 1978; Meelu et al. 1981).
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Table 1. Response of rice to N application
Place

Yield

Response to N (q/ha)

CD.

with-

N40

NK.I

N120

5%

Reference

37.9

17.7

29.0

26.2

3.9

14.1

8.4

17.0

23.0

1.5

Meelu and Beri
(1980)
Anon. (1978-79)

32.2

5.:

9.7

12.5

1.4

—do—

22.6

4.4

9.1

14.1

0.5

-do—

12.9

2.9

4.6

7.2

2.1

—do—

13.4

16.1

20.4

25.3

1.2

—do—

23.2

8.4

x.x

10.9

2.4

—do—

45.2

6.4

9.4

12.2

1.9

—do—

46.2

4.3

6.4

8.4

3.1

—do—

out N
(q/ha)
Ludhiana (Pb)*
Alluvial
Kalyani (WB)
Alluvial
Pura farm (UP)
Alluvial
Kharagpur (WB)
Laterite
Raipur (MP)
Red and Yellow
Jabalpur (MP)
Med. Black
Rudrur (AP)
Med. Black
Kathulia farm
Mixed Red and Black
Thanjavur (TN)
Coastal alluvial

*The dose of N was 60. 120 and 180 kg N/ha

Comparative Efficiency of N Fertilisers. Efficiency of nitrogen in different
nitrogenous fertilisers is determined by the form of N, crop to be grown, and
the agro-ecosystem. Urea and calcium ammonium nitrate (CAN) are the
commonly used N fertilisers. Ammonium chloride is also used though in
limited quantity. The efficiency of different N-sources in rice has been widely
tested in different soil situations. The results have convincingly proved that
nitrate sources of N are inferior to ammoniacal and amide forms, with no
significant difference between the last two (Datta and Venkateswarlu 1967;
Mahapatra 1969; Kulkarni et at. 1975; Pathak et al. 1975; Pathak and Tiwari
1977; Mandal and Sahu 1978; Prasad et al. 1980; Meelu et al. 1981). There
have been reports that CAN can be top-dressed in rice at panicle initiation
stage with equal effectiveness (Misra et al. 1972; Shahi 1973; Meelu et al.
1981).
Utilisation of N by rice is notoriously low. To increase its efficiency, the
use of new fertiliser materials such as urea super granules (USG), coated urea,
nitrification inhibitors, etc. have been advocated. The results of the
experiments comparing super granules with best split urea application from
different soil types conducted under All India Coordinated Agronomic
Research Project are reported in Table 2.
It may be observed that USG was either equally effective as, or inferior to,
best split application in all the locations except at Maruteru (AP) in medium
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Table 2. Relative efficiency of modified urea material in rice yield (q ha)
Place

Bhubaneswar (Orissa)
Laterite
Rudrur (AP)
Med. Black.
Maruteru (AP)
Med. Black
Ludhiana (Pb)
Alluvial
Thanjavur (TN)
Coastal alluvium
Siruguppa (Karn.)
Deep Black
Mangalore (Karn.)
Laterite
Karamana (Kerala)
Laterite

Without
N

Prilled urea
in splits

USG pi, ICC
(10 cm depth)

CD.

Nso

N,20

Ngo

N,20

5%

24.3

34.2

34.9

35.4

36.2

2.1

16.4

25.3

28.4

29.9

33.0

5.6

49.4

58.5

54.1

66.1

62.0

5.6

28.7

55.3

64.4

51.6

61.3

3.6

35.0

61.1

63.1

63.3

69.3

2.4

26.0

61.7

62.0

62.3

57.8

6.6

30.3

40.5

42.5

40.2

40.3

3.4

28.7

39.9

41.4

35.3

39.0

4.3

Anon. (1977-78 and 1978-79)

black soil and at Thanjavur (TN) in coastal alluvial soil where USG gave
significantly higher yields. The results of (INSFFER) trials and of All India
Coordinated Rice Improvement Project (AICRIP) conducted at 10 locations
in different soil types also showed that in Mandya (Karnataka) sandy loam
soil and Patna (Bihar) clay loam soil USG was significantly superior to best
split urea application whereas in all other locations the results were not
conclusive (Anon. 1979). This suggests the need to trace the pathways of
applied N in the soil-plant system to explain the different results obtained
under different soil situations. From the results of 55 trials, Prasad (1979)
reported that urea briquettes were superior in 23 per cent trials, inferior in 4
per cent, and equally effective in 83 per cent trials when compared with best
split urea application.
Prasad (1979) reported that sulphur-coated urea and «eew-coated urea
were superior to urea at some places, but Kulkarni et al. (1975) and Meelu
and Bhandari (1978) found best urea split superior to coated materials. The
information so far available shows the results on slow-release fertilizers are
not conclusive and need further investigations.
2. Response to P Application
In some areas deficiency of P is as acute as that of N, and optimum yields
of crops are obtained only when applications of both N and P are made. The
results of experiments (Table 3) from different soil types show that rice
generally responded to P up to 60 kg P^Os/ha. In medium-black soils of
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Table 3. Response of rice to P application
Place

Yield
without
P
(q/ha)

Response to P (q/ha)
IV,
Pjo
P90

CD.
5%

Reference

Ludhiana (Pb)
Alluvial
Kanpur (UP)*
Alluvial
Bhubaneswar (Orissa)
Laterite
Kangra (HP)
Brown Hill
Nandyal (AP)
Med. Black
Hyderabad (AP)
Med. Black

51.6

7.8

8.2

7.5

—

21.5

1.3

1.5

1.9

—

37.4

0.5

0.9

—

—

22.2

4.1

13.7

12.3

2.8

Meelu el al
(1979)
Pathak and
Tiwari (1977)
Khatua et al.
(1976)
Anon. (1972-73)

10.2

26.3

30.3

35.2

1.4

Anon. (1972-73)

0

34.0

49.0

58.0

—

Katyal and
Pillai (1976)

*P level 28, 56 and 84 kg P 2 0 5 /ha

Hyderabad and Nandyal very high responses, up to 90 kg PaOs/ha, were
obtained. It may be pointed out that in the experiments at Hyderabad, where
available P was very low, it was not possible to raise a crop without P
application. The results of 1,326 experiments on cultivators' fields under the
All India Coordinated Agronomic Research Project (Anon. 1977-78, 1978-79)
indicated that the response to 60 kg P20s/ha ranged from 2.8 to 10.0 q/ha.
The response to one kg P2CK varied from 4.7 to 16.5 kg grain.
At places, only low to marginal responses to P application were obtained.
This may have been due to increased availability of the native soil P under
wet-land rice culture (Mahapatra 1969; Katyal and Pillai 1976; Gill and Meelu
1980). Brar and Dev (1977) summarised the results of experiments conducted
on rice in soils varying in available P status and reported that in high P soils
rice did not respond to P application. Goswami (1975) observed that clay
content and free iron oxides affected the P-fixing capacity of the soil and so
determined the dose of P in soils. He reported that black, red, laterite, red and
yellow, coastal and deltaic alluvial soils were generally high-P-fixing and
responded to higher rates of P application.
Time of P Application. Increased response of rice to phosphorus can be
obtained by applying the fertiliser at the right stage of growth. Applications of
(i) whole P at puddling and (ii) half at puddling and half 21 days after
transplanting were equally effective and were better than late application at
panicle initiation (Bhardwaj et al. 1974; Shukla and Chaudhary 1977; Katyal
1978). Bhumbla and Rana (1965) also reported that the tillering stage was
critical for P application.
Method of P Application. Ghosh and Datta (1970) reported that,
contrary to upland crop conditions, broadcast application of P proved better
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in rice. Katyal et al. (1975) found that 16 kg P 2 0 5 /ha as root slurry was as
effective as 60 kg P20s/ha, but Meelu and Bhandari (1978) did not report any
beneficial effect of root slurry P application.
Relative Efficiency of Phosphatic Sources. Attempts have been made to
reduce the cost of P fertilisers either by adding some water-soluble P with
rock phosphate or by using less acid to acidulate rock phosphates than to
convert all insoluble P to completely soluble form. Rock phosphate
application was as effective as water-soluble P sources in some very acid soils
(Maharudrappa et al. 1975; Panda and Panda 1970; Panda 1980), but in
slightly acid to alkaline soils it proved to be an inferior source of P (Prasad
and Dixit 1976; Meelu and Beri 1980; Marwaha and Kanwar 1981).
3. Response to K Application
Though responses to K. application in rice are low at present, continuous
reappraisal of K responses is necessary in view of the heavy K removal by rice
crop. The responses to K application at research stations were low (Anon.
1971-72; Formoli et al. 1977; Khatau et al. 1976; Meelu and Bhandari 1978).
But the results of 1,326 experiments on cultivators' fields of different soil types
(Anon. 1977-78, 1978-79) indicated that response to 60 kg K 2 0/ha ranged
from 3 to 7.3 q/ha. The response was comparatively high in coarse-textured
soils (Anon. 1978-79).
RESPONSE OF WHEAT (Tritkum aestivum L) TO FERTILISER
APPLICATION
1. Response to N Application
In a number of experiments conducted on wheat in different soil types
(Table 4) it responded significantly to N application up to 120 kg N/ha.
Similarly the results of 1,770 experiments conducted on cultivators' fields
under All India Coordinated Agronomic Research Project (Anon. 1977-78,
1978-79) indicated significant response of wheat to N up to 120 kg N/ha. The
response of wheat to 100-150 kg N/ha was reported by Sandhu and Gill
(1971-72), Garg and Bansal (1972), Reddy (1974), Shekhawat et al. (1975),
Singh and Singh (1975), Tomar et al. (1977), Singh and De (1978) and Meelu
and Rana (1978). The response per kg N at 120 kg N/ha ranged from 12.6 kg
to 24.1 kg grain at research stations and 7.1 kg to 15 kg grain on cultivators'
fields.
Tandon (1980) reviewed the work on fertiliser use research on wheat in
India, and reported that the optimum dose of N was in the range of 130-150
kg N/ha. He also reported responses to higher doses of N at some
places.
Time and Method of N Application. The experimental results reported by
Meelu et al. (1981) and Jain et al. (1971) on wheat did hot show a differential
effect whether the N was applied in a single dose or two or three split doses.
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Table 4. Response of wheat to N application
Place

Talab Tillo (J&K)
Alluvial
Kalyani (WB)
Alluvial
Varanasi (UP)
Alluvial
Gwalior (MP)
Alluvial
Kharagpur (WB)
Laterite
Bhubaneswar (Orissa)
Laterite
Raipur (MP)
Red and Yellow
Hanumangarh (Raj.)
I )esert
Sehore (MP)
Deep Black
Siruguppa
Deep black
Kathulia farm (MP)
Mixed red and black

Yield
without
N (q/ha)

Response to \ [q/ha)
N80
N40

N120

CD.
5%

36.6

14.4

21.6

24.5

4.0

12.4

14.4

25.2

34.8

5.1

12.7

12.2

21.7

27.3

1.4

17.4

16.5

24.0

35.4

2.5

21.5

6.9

11.5

16.5

4.2

14.4

8.4

13.2

13.7

2.0

9.3

4.4

9.3

14.6

1.6

17.2

14.3

25.2

27.8

1.7

24.6

10.9

15.2

19.8

2.6

17.1

9.9

17.3

19.8

2.2

19.5

10.6

19.0

25.6

1.8

Anon. (1978-79)

At some places, however, the effect of N application seemed to depend on the
soil type, fertiliser dose, and management practice (Sandhu and Gill 1971,
1972; Sandhu and Brar 1975; Shekhawat et al. 1975; Bhardwaj 1978; De
1979).
Comparative Efficiency of Different N Fertilisers. Many workers have
evaluated the agronomic efficiency of various N fertilisers in wheat. In general
the different N sources were equally good (Gill et al. 1970; Dayanand et al.
1972; Sharma et al. 1975; Sinha 1973; Shukla and Chaudhary 1976; Pathak
and Tiwari 1977; Sandhu et al. 1978; Meelu et al. 1981). However CAN at
New Delhi (Sen and Narula 1973), urea at Rahuri (Anon. 1971) and
ammonium sulphate at Kanpur and Jobner (Agarwal and Jain 1974; Bajpai
and Dhakar 1971) proved superior to other N sources.
2. Response to P Application
Wheat is highly responsive to P application (Table 5). In general, it
responded to P applied up to 60 kg P 2 0 5 /ha (Prasad 1977; Tomar et al. 1977;
Meelu and Rana 1978; Anon. 1971-72). In 1,770 experiments with different
soil types on cultivators' fields (Anon. 1977-78, 1978-79) the response of wheat
to P application up to 60 kg PïOs/ha varied from 1.5 to 6.2 q/ha. In mixed
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Table 5. Response of wheat to P application
Place

Ludhiana (Pb)
Alluvial
Delhi
Alluvial
Kulu valley (HP)

Rahuri (Maha.)
Med. Black
Kathulia farm (MP)
Mixed Red and Black
Raipur (MP)
Red and Yellow

Yield
Response (q/ha)
without P*10
Pao
P (q/ha)

P90

CD.
5'?

Reference

Meelu & Rana
(1978)
Prasad (1977)

33.7

7.9

12.1

—

—

28.0

5.4

9.9

—

—

32.5

6.4

8.0

9.3

Tomar et al.
(1977)

POO

Pl20

10.7

15.1

15.6

—

4.4

46.4

6.5

11.5

—

3.1

Anon. (197172)
—do—

16.4

7.2

13.7

—

3.9

—do—

'Figures at the base of P indicate PiOs/ha

black, and red and yellow soils, however, the response to P continued up to
120 kg P 2 0 5 /ha (Anon. 1971-72).
Datta and Datta (1963) reported that in most soils wheat responded to
P between 48.4 and 72.6 kg P20 5 /ha but in red and laterite soils even up to
96.8 kg P20 5 /ha. Goswami et al. (1973) also reported that soil types differed
in their response to phosphorus. The response to phosphorus is further
determined by the available P status of the soil. The response to P application
decreased as the available P status of the soil increased (Randhawa et al. 1968;
Meelu and Bhumbla 1969; Sahota et al. 1971; Singh et al. 1973; Brar and Dev
1977).
Method and Time of P Application. It is necessary not only to add
phosphorus in the right quantity but also to place it in the right zone in the
soil. The data (Table 6) show that band placement of P was better than
broadcast application (Sinha and Roy 1969; Meelu et al. 1974). Similar
observations were made by Bhardwaj (1978) and Ray and Seth (1975).
Relative Efficiency of P Fertilisers. With the adoption of high-yielding
fertiliser-responsive wheat varieties during the late sixties the demand for
phosphatic fertilisers increased and, in addition to superphosphate, other
fertilisers such as triple superphosphate, dicalcium phosphate and rock
phosphate were used and compared for their agronomic effectiveness (Anon.
1971-72; Bhan and Shankar 1974; Maharudrappa et al. 1975; Motsara and
Datta 1971; Pathak and Tiwari 1977; Tiwari et al. 1979). The results revealed
that water-soluble sources were as effective as, and even superior to, waterinsoluble sources.
Owing to increasing trends towards the manufacture of high-analysis.
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Table 6. Effect of method of P application to wheat
Ludhiana (Punjab)
Treatment

Patna (Bihar)
Yield

Treatment

(q/ha)
P6o
PM
Pso
and

broadcast
drilled below
drilled below seed
side of seed

C D . 5%
(Meelu et al. 1974)

41.0
44.0
44.5

Yield

(q/ha)
Broadcast
Plough sole placement
Band placement

31.5
35.8
39.5

Drilled behind plough

37.3

—
(Sinha and Roy 1969)

complex fertilisers a large number of NP complex grades have come to be
used in Indian agriculture. A good deal of work on comparative efficiency of
different NP fertilisers showed that for P loving crops like wheat water-soluble
P sources were more efficient than nitrophosphates—the less water-soluble P
sources (Sharma and Kumar 1971; Datta et al. 1972; Randhawa et al. 1968,
1970, 1973; Dayanand et al. 1974; Singh et al. 1975; Singh et al. 1976; Shukla
and Chaudhary 1976; Pathak and Tiwari 1977; Meelu et al. 1977; Sadaphal
and Singh 1979; Chaudhary et al. 1979). On the contrary, Dhua (1971) found
that nitrophosphate was either as effective as or superior to superphosphate in
alluvial, black and laterite soils.
Some workers attempted to determine the proportion of water-soluble P
in nitrophosphate that may make it about as effective as superphosphate. From
three years data Hundal and Sekhon (1980) Singh et al. (1976) and Hundal
et al. (1977) concluded that nitrophosphate of more than 70 per cent water
solubility was as effective as wholly water-soluble superphosphate. But further
studies are needed.
3. Response to K Application
Indian soils are mostly well supplied with potassium, so crop responses to
K. application are generally small. The results from research stations in
different soil types in the country show that response to K. application varied
from 0.5 to 2.6 q/ha (Meelu and Rana 1978). However, in 1,770 experiments
on cultivators' fields (Anon. 1977-78, 1978-79) the response to 60 kg K 2 0/ha
ranged from 2.9 to 4.6 q/ha. The responses in coarse-textured soils were
higher.
RESPONSE OF MAIZE (Zea mays) TO N, P AND K APPLICATION
The response of maize to N application up to 120 kg N/ha has been
obtained at research stations (Sharma and Gupta 1968; Singh and Jain 1977;
Anon. 1974-75) and on cultivators' fields (Meelu and Rana 1978). But Tiwari
and Pathak (1980) obtained response to N even up to 160 kg N/ha. The

RESPONSES TO NUTRIENTS : IRRIGATED CROPS

435

response per kg N at research stations was 12.3 to 17.3 kg grain per kg N as
compared with 8 to 9.6 kg grain per kg N on cultivators' fields.
The results of 343 experiments on cultivators' fields reported by Meelu
and Rana (1978) indicated that maize responded to P up to 60 kg P 2 Os/ha.
The response varied from 5.1 to 7.2 q/ha.
Meelu and Rana (1978) reported the results of 279 experiments on
cultivators' fields, indicating that the response to K was marginal and varied
from 0.8 to 2.9 q/ha at 60 kg K 2 0/ha.
RESPONSE

OF BAJRA

(Pennisetum typhoides)
APPLICATION

TO

FERTILIZER

Bajra is an important crop of north-western India. The results of 147
experiments on cultivators' fields under the All India Coordinated Agronomic
Research Project (Anon. 1974-75 to 1976-77) indicated significant response of
6.9 q/ha to the application of 120 kg N/ha. The response to 60 kg P20s/haover
120 kg N/ ha was 2.9 q/ ha. The average response to 60 kg K 2 0/ ha in the presence
of 120 kg N and 60 kg P 2 O s /ha was only 1.0 q/ha. Singh and Maurya (1969)
obtained significant responses to 120 kg N/ha. Reddy and Reddy (1978) and
Srivastava et al. (1974) however, obtained response to 100 and 160 kg N/ha,
respectively.
RESPONSE OF RAGI (Eleusine coracana GAERTN) TO FERTILISER
APPLICATION
Ragi is an important millet grown in southern India. The response of ragi
to N is high, but the response to P and K is rather low. The results of 111
experiments on cultivators' fields under the All India Coordinated Agronomic
Research Project (Anon. 1974-75, 1976-77) showed a response of 11.4 q
grain/ha to application of 120 kg N/ha. The response to 60 kg P2O5 in the
presence of 120 kg N/ha was 2.0 q/ha; and 60 kg K 2 0 in the presence of 120
kg N/ha and 60 kg P20s/ha gave a response of 1.4 q/ha.
RESPONSE

OF JOWAR

(Sorghum vulgare)
APPLICATION

TO

FERTILISER

Jowar is a staple food crop in the central and peninsular India. The
results of 80 experiments conducted on cultivators' fields during rati and
kharif seasons under All India Coordinated Agronomic Research Project
(Anon. 1974-75) indicated significant response of 6.4 to 10.2 q/ha to the
application of 120 kg N/ha. The response to 60 kg P 2 0 5 /ha over 120 kg N/ha
was 5.3 to 7.2 q/ha. The average response to 60 kg K 2 0/ha in the presence of
120 kg N and 60 kg P 2 Os/ha was 1.8 to 3.2 q/ha. Similar results on response
to N were also reported by Shekhawat et al. (1972), Singh and Bains (1972),
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Lal et al. (1973) and Turkhede and Prasad (1978). However, Selvaraj and
Subramanyan (1980) obtained significant response to N up to 90 kg N/ha.
RESPONSE OF GRAM (Cicer arietimtm) TO FERTILISER
APPLICATION
In India pulses are generally grown on low-fertility soils and receive
indifferent cultural management. The fertiliser use in pulses is negligible and the
yields are poor. The yield can be improved with proper fertiliser application
and suitable crop management.
Gram responds well to phosphatic fertilisers. The results of studies on P
application to gram indicated response up to 50 kg P 2 O s /ha (Panwar et al.
1977; Pathak and Tiwari 1977). However, Aulakh and Pasricha (1979)
obtained response to P up to 20 kg PiOs/ha only.
RESPONSE OF LENTIL {Lens culinaris L.) TO FERTILISER
APPLICATION
Lentil is an important pulse crop. The results on fertiliser use in lentil
show that it required up to 10 kg N/ha as starter dose (Panwar et al. 1977).
Lentil responds well to P application. It responded to 50-75 kg P20 5 /ha
(Panwar et al. 1977; Sharma and Chaudhary 1971; Meelu et al. 1979).
RESPONSE

OF

GROUNDNUT
(Arachis
FERTILISER APPLICATION

hypogaea)

TO

Groundnut is a leguminuous oilseed crop and has relatively high
requirement of P and S. However, it also requires starter dose of 15 kg N/ha
(Saini and Tripathi 1973). The results of experiments on P application show
that groundnut responded to P up to 30 kg P20 5 /ha (Saini and Tripathi 1973;
Birajdar and Ingle 1979; Aulakh et al. 1980).
In all experiments on P requirements of groundnut, superphosphate was
used as the source of P. In addition to P it supplies sulphur. Aulakh et al.
(1980) studied the effect of P and S in groundnut and reported that the
increase in yield with superphosphate application was due to its sulphur
content (Table 7). Randhawa and Meelu (1974) reported the response of
groundnut to 10 kg S/ha in soils testing low in available sulphur.
RESPONSE

OF

RAY A

(Brassica juncea)
APPLICATION

TO

FERTILISER

Response of raya to nitrogen application up to 60-80 kg N/ha has been
reported (Chundawat et al. 1975; Aulakh et al. 1977; Bishnoi and Kanwar
1979; Pandey et al. 1979; Suraj Bhan 1979). The response varied from 3.1 to
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Table 7. Response of groundnut to P and S application in Punjab
Place

Ludhiana
Alluvial

Source of P

Yield
without
P(q/ha)

Response to P
(q/ha)

Superphosphate
Triple superphosphate
Yield
without
S (q/ha)

23.3

8.6

7.1

23.3

1.8

— 1.3

19.5

Ludhiana
Alluvial

PJO

P60

Response (q/ha)
Sm
S20

S40

8.9

8.0

8.1

Reference

Aulakh et al.
(1980)

Randhawa and
Meelu (1974)

11.6 q/ha. Raya has been reported to respond considerably to sulphur
application (Randhawa and Meelu 1974). However, Aulakh et al. (1977) did
not obtain response to S application.
Table 8. Total Response to 60 kg P20s/ha application in rotation (q/ha)
Place

RICE- WHEA T
Ludhiana (Pb)
Alluvial
Masoda (UP)
Alluvial
MAIZE-WHEAT
Ludhiana (Pb)

P applied
to both
crops

P applied
in kharif
only

P applied
in rabi
only

Reference

—

87.3*

106.9*

19.0

11.9

17.3

14.6

14.1

17.0

Anon. (1975-76 to
1977-78)

18.3

20.9

25.9

Anon. (1975-76 to
1977-78)

7.4

7.4

8.9

2.2

3.1

6.3

Anon. (1975-76 to
1977-78)
Anon. (1975-76 to
1977-78)

24.9

22.8

26.7

9.1

5.4

6.7

13.3

15.5

13.3

Gill and Meelu
(1980)
Goswami and
Singh (1976)

RICE-RICE
Nandyal (AP)
Med. Black
RICE-RICE
Chiplima (Orissa)
Red and Yellow
Maruteru (AP)
Med. Black
BAJRA-WHEAT
Hissar (Haryana)
Sierozem
Hanumangarh
Desert
Rahuri (Maharashtra)
Med. Black
*Total yield of the rotation

Anon. (1975-76 to
1977-79)
Anon. (1975-76 to
1977-79)
Anon. (1975-76 to
1977-79)
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Fertiliser Use in Cropping Sequence
In the recent past, the researches on fertiliser use in our country were
mainly confined to individual crops and the fertiliser recommendations were
made on the basis of fertiliser response data on a single crop. As already
stated, crops are mostly grown in a definite sequence; the farmer applies
fertiliser to every crop in rotation; and the fertilisers applied to one crop are
known to leave considerable residual effect for the succeeding crop. Therefore,
in calculating optimum fertiliser rates for a crop, discount has to be made for
manures and fertilisers applied to the previous crop.
The results of experiments on fertiliser use in single-year fixed two-crop
rotations from the All India Coordinated Agronomic Research Project for the
three years are reported in Table 8. It may be observed that application of 60 kg
P20s/ha to rabi crops gave more response than its application to kharif crops in
rotation. The results generally suggest that when kharif crops of rice, maize
and bajra followed wheat crop of rabi, which received 60 kg PsOs/ha, the
application of P to kharif crops may be omitted with no adverse effect on
their yield.
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Crop Responses
to Applied Nutrients under
Limited Water Conditions
J. VENKATESWARLU' AND RANJODH SINGH 2

DRYLANDS are vast and constitute about three-fourths of arable land in India.
They contribute about 50 per cent of cereals and more than 75 per cent
oilseeds and pulses to the national food basket. The soils are varied and might
largely be grouped as Alfisols, Vertisols, alluviums, and submontane soils.
Shallow to medium soils occur in the semi-arid regions; medium to deep soils
are predominant in sub-humid and humid regions. Catenary situations are
more common in Alfisols of sub-humid regions. In alluvial as well as
submontane soils the soil texture determines the water retention characteristics;
in Vertisols it is largely regulated by soil depth. The rainfall in the dryland
areas varies from less than 400 mm to more than 2,000 mm. Broadly speaking,
about one-third area of the drylands is under 400 to 700 mm (low), 700 to
1,100 mm (medium), and more than 1,100 mm (high) rainfall. Generally, rains
occur with high intensity, leading to 10 to 40 per cent run-off and considerable
erosion and soil loss. Further, the rainy season is short and interspersed with
drought.
Almost all drylands are deficient in nitrogen. Phosphorus, however, is
more in semi-arid and sub-humid Alfisols and semi-arid Vertisols of granitic
origin. The Vertisols of basaltic origin are not so responsive to fertiliser P as
those of granitic origin. Similarly, the alluvial and submontane soils are not
too poor in phosphates. Most drylands are adequately supplied with
potassium except in places where light-textured Alfisols are predominant.
In the sub-humid Alfisols, lime is identified as a possible limiting nutrient,
particularly for the food legumes and peanuts. In the medium and high
rainfall areas with potential yields of 3 to 5 t/ha, zinc deficiency has been
observed with continuous high crop management.
Unbalanced fertiliser use has been observed to lead to greater infestation
with certain pests and diseases. Without only nitrogen, shootfiy in sorghum
was more; without phosphates, bud necrosis in mung bean was higher.

Response of Crops to Fertilisers in Drylands
The results of the Dryland project, the Sorghum Improvement project,
and the Millets Improvement Project have well borne out that fertilisers can be

1. All India Co-ordinated Research Project for Dryland Agricuture, Hyderabad; 2. Department of
Soils, Punjab Agricultural University, Ludhiana, Punjab.
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profitably used in dryland agriculture (Venkateswarlu and Spratt 1977;
Chowdhury 1979; Venkateswarlu 1979). However, it has to be remembered
that the yield of crops depends inter alia on soil, inputs, crop (variety), climate
and management. In other words, unless efficient crops are chosen for a given
environment and backed up with improved management practices the pay-off
may not be significant (Table 1).
Table 1. Effect of good farming practices on yield of sorghum
Average yield of sorghum

Treatment
No.

System

1
2
3
4

Farmers' traditional practices
Improved farming practices
Tr 1 + Fertiliser (40-30-0)
Tr 2 + Fertiliser (40-30-0)

Hvderabad
(poor)
q/ha)

Bellary
(moderate)
(q/ha)

4.7
7.7
1 I.I
19.8

7.4
13.9
16.5
27.5

An examination of the data brings out that improved management
practices are the first step in increased crop production. These practices
include, among other things, early sowing in a good seed bed, adequate plant
density, and timely weed control. The data further reveal that improved
practices per se can give appreciable yield increases, more so in productive
soils. In Hyderabad region the soils are inherently less productive Alfisols,
while those in Bellary are more productive Vertisols. The yield increase due to
improved practices alone has been up to 6.5 q/ha in the more productive soil,
while it was only 3.0 q/ha in the poor soil.
Further, the fluctuations in rainfall are also reflected in yield as well as
responses (Singh et al. 1975). Even in a high rainfall situation, as at
Hoshiarpur (1,000 mm), the response to nitrogen for wheat depended on the
winter rains (up to 20 per cent) and the stored water at seeding (Table 2).
Table 2. Effect of rainfall and stored water on response of wheat (Hoshiarpur)
Year

Soil type

1972-72
1972-73

LS
('1
SI
IS
SI
SI
LS
LS-SL
LS-SL

1973-74
1975-76
1976-77
1977-78
1978-79

Storage

Yield ( q/ha)
Control
Fertilised

(cm/180 cm)

Winter
rainfall
(cm)

26.3
44.3
27.1
24.2
24.5
28.1
29.7
27.6
23.6

13.7
14.1
14.1
14.1
6.2
15.5
3.2
17.3
27.1

8.7
22.5
19.0
16.6
23.2
23.1
10.8
25.7
19.1

Response
(kg grain/kg N)

11.7
41.6
35.5
24.1
33.4
35.9
22.1
39.7
40.0

10.0
23.9
20.6
25.0
12.9
16.0
28.3
17.5
26.1
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With these fluctuations in yield due to rains and management, at least two
cardinal principles need be scrupulously adopted for fertiliser use in drylands:
the Law of Diminishing Returns, and the Law of Minimum.
Law of Diminishing Returns
The typical response curve for increments of fertiliser inputs is given in
Fig. 1. It is evident that the pay-off would be maximum with the first
increment of fertiliser input. So, for drylands lower fertiliser levels need be
suggested than for irrigated agriculture.
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Fig. I. Typical response curves with increments of inputs.

The relative responses of crops to N and P are shown in Tables 3 and 4.
Table 3. Relative response of crops to N at lower
levels
Crop
MONSOON
Pearl millet
Sorghum
Maize
Rice

Fertiliser
(kg N/ha)

Average response
(kg grain/kg N)

40
40
40
40

19.2
26.7
15.5
20.3

30
20
50
25
20

14.4
22.6
20.5
15.8
13.6

CROPS

POST-MONSOON
Sorghum
Barley
Wheat
Safflower
Mustard

CROPS
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Table 4. Relative response of
crops to phosphorus
at 30 to 50 kg P2CK ha
Crop

Average response
(kg grain/kg P2O5)

Sorghum
Pearl millet
Maize
Safflower
Mustard
Gram

9.0
7.2
12.2
3.2
5.7
10.9

The data are averages of many experiments at several research centres,
when the environment was normal, particularly in terms of rainfall. In other
words, they indicate the potential yield responses. Further, they suggest that
the responses are equal to irrigated farming if not higher.
Law of Minimum
Often the yield of crops might be affected by a particular constraint. It
could be lack of good plant stand, timely control of pests, diseases, weeds,
deficiency of a particular nutrient element (Fig. 2). In figure, 'a' illustrates no
interaction and 'b' illustrates interaction of factor on the other factor of
production. By correcting these constraints the yield increases would often be
synergistic (Table 5). So, the response to N would be limiting if P deficiency is
not corrected.
Similarly, under high production levels, Zn deficiency was noted in maize
and sorghum in the sub-humid Alfisols and semi-arid Vertisols (Tables 6 and
7). Calcium and sulphur were found to be the limiting nutrients for groundnut
in sub-humid Alfisols (Table 8).
Therefore, to get the maximum output for a nutrient it is necessary to
cover the Law of Minimum. Generally speaking, this is achieved by 'balanced
fertiliser use'. Most of the fertiliser recommendations include P and K, which
are to overcome the possible deficiency in the long run only. This often leads
to increased inputs with reduced output. In drylands, where crop yields are
relatively low, risk minimisation is important. An investment should be to
meet the immediate needs. Soil testing would be useful in such a situation.
Increasing Fertiliser Use Efficiency
Fertiliser use efficiency can be increased by efficient management of the
input. Further, rain water being the main source of water in drylands, all
efforts to improve intake of rain water would also improve fertiliser use
efficiency. Similarly, at a given fertiliser level, soil depth in Vertisols and soil
texture in the alluviums and submontane soils would affect the efficiency of
fertiliser use.
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Table 5. Effect of interactions of N and P on
yield of crops
Centre

Crop

Hyderabad
Bangalore
Raj kot

Sorghum
Ragi
Sorghum

Average yield
Control
(q/ha)

N alone P alone
(q/ha)
(q/ha)

6.7
17.6
3.9

21.5
4.0

7.X

11.6
19.3
2.2

N + P
(q/ha)
22.4
30.6
9.2

Table 6. Response of maize to zinc (Bangalore)
S. No.

Treatment

1
2
3

50 kg N + 25 kg P 2 0 5 + 25 kg K 2 0/ha
Tr. 1 + 5 kg Zn/ha
Tr. 1 + 10 kg Zn/ha

Yield
(q/ha)
29.4
33.2
37.2
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Table 7. Response of sorghum to zinc (Nandyal)
S. No.

Treatment

1
2
3

Local practice
80 kg N + 40 kg P 2 0 5 /ha
Tr.2 + 50 kg ZnSOj/ha

Yield
(q/ha)
26.0
39.5
44.9

Table 8. Effect of calcium and sulphur on groundnut
(Bangalore)
S. No.

Treatment

Yield
(q/ha)

1
2
3

Control
Lime @ 2.5 t/ha
Sulphur @ 10 kg/ha

16.4
25.0
20.7

Methods for Efficient Management of Fertilisers
Fertiliser use efficiency can be increased by at least two means, viz,
placement and split application.
Placement of Fertilisers. Broadcasting of fertilisers is inefficient. They need to
be placed in or near the plant rows to increase their use efficiency (Table 9).
The data show that, except for rice, cereals respond well to placement. In food
legumes and oilseeds the response is not conspicuous because the general yield
levels are low. Deeper placement of fertilisers for the post-monsoon is
essential (Prihar et al. 1977).
While placing the fertiliser within the row, salt injury needs consideration.
It has been amply proved that not more than 10 kg N/ha can be placed along
with seed in confined rows though it can be increased up to 20 kg N/ha in
broad furrows. Such a placement of small quantities of N along with all
phosphates through a seed-cum-fertiliser drill would help in reducing the
energy requirements and provide healthy vigorous seedlings (Gupta and
Bhaskara Rao 1979) which can withstand early knock-out problems such as
weeds, pests and diseases.
Set-line Cultivation. This unit system is adopted by the farmers of
Saurashtra region; in fact, it is an improvement over placement. The farmers
mainly grow pearl millet and peanut in rotation in the same rows applying the
manure and fertilisers. Such a system leads to a good rhizosphere (Parmer
1979) as seen from the analysis of 55 soil samples from these rows (Table 10).
Time of Application. The results obtained in a number of experiments
suggest that there is no significant difference between all basal or two to three
splits for low and medium rainfall situations. However, with high rainfall, the
split application was advantageous (Table 11).
In drylands, the rainfall is unpredictable; hence it would be prudent to
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Table 9. Ef feet of placement of fertiliser of yield of crops
Centre

Crop

Average yield (q/ha)

Sorghum
Rice
Rice
Wheat
Wheat
Gram
Urd bean
Soybean

Hyderabad
Varanasi
Rewa
Hoshiarpur
Dehra Dun
Ranchi
Agra
Indore

Broadcast
and mixing

Placement below or
aside seed row

16.1
29.3
31.4
33.9
26.2
7.0
8.6
15.7

21.0
29.4
30.1
37.X
28.2
7.S
4.4
16.7

Table 10. Soil properties under set-line cultivation (Rajkot)
Soil properties

Set-line

Inter-row

Available N (kg/ha)
Available P2O5 (kg/ha)
Available K.2O (kg/ha)
Organic carbon (%)
Bulk density (g/cm')

42S
28.0
496
0.69
1.81

412
16.2
479
0.62
1.89

't' test
NS

Sig.
NS
NS
Sig.

Table 11. Yield of crops as affected by time of N application
Centre

Crop

No. of splits

Hyderabad

Sorghum

1
2
3
1
2
3
I
2
1
2
3
1
2
1
2
3
4
1
2
3
4
10
1
2

Pearl millet

Rajkot

Pearl millet

Samba

Pearl millet

Ranchi

Finger millet
Rice

Bhubaneswar

Rice

Dchra Dun

Maize

Dose (kg N/ha) Yield (q/ha)
75

75

100

60

20

50

100

100

15.4
15.6
14.5
25.4
25.7
24.6
20.2
18.8
23.1
24.9
25.1
35.3
31.3
20.0
23.0
26.4
26.9
12.3
11.1
13.5
13.1
17.2
47.3
55.6
56.2
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adopt split application of N in all situations during the monsoon period so
that under aberrant weather a part of N could be saved.
Foliar Application. It is often claimed that foliar application of nutrients
is advantageous under restricted moisture situations (De 1971). In the dryland
project, application of N as a basal dose was compared with Vi basal + Vz
foliar dose at appropriate times. The results are given in Table 12. It is clear
that foliar nutrition was not fruitful for dryland crops. Venkateswarlu and
Krishna Rao (1969) found that if some nitrogen is basally applied the
efficiency of foliar-applied nitrogen would decrease. As the initial growth of
many high yielding varieties of crops is slow, adequate foliage is not available
for applying sufficient nutrients through foliar application in the early stages
of crop growth. And this affects the further growth and development of crops.
Rain-water Management and Fertiliser Use. Rain is the source of water
for dryland crops. Entry of rain water is through the soil surface. It is evident
that the soil surface should be kept open and should be protected against the
beating action of rain. This is best achieved by a crop canopy through good
crop husbandry. Other means include; (i) shallow off-season tillage, (ii) use of
organic mulches, (iii) 'contour' farming, (iv) bed and furrow system, (v)
graded border strips, and (vi) vertical mulch.
Table 12. Foliar v.? soil application of N to crops
Centre

Rewa
Dehra Dun
Sholapur
Bijapur
Hoshiarpur
Agra

Crop

Rice
Maize
Wheat
Sorghum (post-monsoon)
Sorghum
Wheat
Barley

Average yield
Basal
(q/ha)

V2 basal + Vi foliar
(q/ha)

30.1
39.2
28.2
8.9
21.5
28.2
18.0

29.1
39.6
28.0
7.3
20.6
28.0
17.8

All these systems have been shown to improve yield of crops (Table 13)
for given levels of fertiliser inputs (Venkateswarlu 1980). This is largely
because of better availability of water and consequently, efficient use of the
applied fertilisers. Similar results were reported for summer and winter crops
by Meelu et al. (1976) in Punjab and Sahrawat et al. (1979) at International
Crops Research Institute for Semi-arid Tropics, Hyderabad.
Run-off Recycling and Fertiliser Use. Run-off being inevitable in the
tropics, varies from 10 to 40 per cent. Such a run-off can be collected in farm
ponds and recycled to the donor area to stabilise agricultural production
(Kampen and Burford 1979; Krishnamoorthy 1980). A critical irrigation with
this run-off is seen to have a high pay-off, up to 20 kg grain/ha/mm
(Venkateswarlu 1979) through a critical irrigation of 5 cm.
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Table 13. Effect of land configuration on yield of crops
Centre

Crop

Average yield
Control

Land
configuration
(q/ha)

(q/ha)
Hyderabad
Sholapur
Hoshiarpur
Dehra Dun
Anand
Hyderabad
Akola
Bangalore

Sorghum
Sorghum (post-monsoon)
Wheat
Wheat
Tobacco
Sorghum + Pigeonpea
Sorghum
Finger millet

Bellary

Sorghum

7.1
9.X
28.6
23.3
13.3
24.5 + 5.8
16.9
22.8
9.5

Off-season tillage
Organic mulch

'Contour' farming
Bed and furrow
Graded border strips
(0.5%)
Vertical mulch at
8 m interval

12.9
16.4
35.1
29.3
18.4
29.4 + 7.2
21.3
28.0
13.4

Edaphic Factors and Fertiliser Use. The two soil factors important in
fertiliser use are soil depth and texture. Both determine the available soil
water. In Vertisols the soil depth is important; in submontane and alluvial soils
the texture determines the moisture stored in the soil.
Soil Depth and Fertiliser Use. Umrani (1979) has shown that in Vertisols
as the soil depth increases the response to a given fertiliser schedule increase
(Table 14). These results are applicable to the Vertisols of Deccan,
Marathwada, Vidharba and Malwa plateaus.
Table 14. Soil depth vs yield of crops in Vertisols
(Sholapur)
Depth

Yield of crops

Stored water
Sorghum

(cm)

(cm)

(q/ha)

0-30
0-60
0-90

9
IX

12.9
21.3

27

Safflower
(q/ha)

Gram
(q/ha)

3.5
4.9
10.5

6.2
7.1
11.9

Soil Texture and Fertiliser Use. Soil texture determines the stored water
in a profile. Singh et al. (1975) have shown that with finer-textured soils the
stored water increases from 24.2 cm/180 cm in a loamy sand to 44.3 cm/180
cm in a clay loam and accordingly the responses to applied fertiliser increase
significantly (Table 15).
Fertiliser Use and Soil Water Extraction. Fertiliser use leads to better
root development, and hence more and more soil water would be extracted
from lower layers by a fertilised crop (Table 16). This extraction was
particularly more during the later periods of growth (Singh et al. 1975). The
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Table 15. Soil texture vs yield of wheat
(Hoshiarpur)
Texture

Stored water
(cm/ 180cm)

Yield
(q/ha)

Loamy sand
Sandy loam
Clay loam

24.2
27.1
44.3

24.1
35.5
41.6

Table 16. Profile water depletion by wheat
(Hoshiarpur)
Profile depth
(cm)

Water use from profile (cm)
Control
80 kg N/ha

0-90
90-180

10.8
4.5

11.2
8.7

results imply that fertilised crops can withstand drought situations or
restricted water supplies as they encompass more volume of soil.
Fertiliser Use and Prevalence of Pests and Diseases. This area of research
is new to drylands in India. Unbalanced fertiliser use leads to increased
infestation with certain pests. Proper use might reduce the infestation. Some
examples are given below:
Shootfly in Sorghum. Shootfly is an important pest on sorghum and can,
to a large extent, be avoided by early planting. Further, seedling vigour
becomes equally important to combat this pest. Fertiliser use leads to early
seedling vigour, but unbalanced use of fertilisers might accentuate the
problem. Venkateswarlu et al. (1981) found that if no nitrogen was applied
along with phosphorus as a basal dose, shootfly incidence could be on the
increase (Table 17).
Table 17. Shootfly incidence in sorghum
in relation to fertiliser use (Hyderabad)
Level of N*
(kg/ha)

Shootfly incidence
(No./head)

0
40
80
160

15.0
1.3
1.5
1.8

•40 kg P205/ha was given as a basal dose

Bud Necrosis on Mung. In mung bean, bud necrosis is a serious disease in
certain parts of the country. Sanghi (personal communication) found that in
plots where 30 to 40 kg P20s/ha was applied, the incidence of this disease was
far less. He attributed this to vigorous growth of the fertilised food legume.
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Long-Term
Fertiliser Experiments
K.K. KRISHNAMOORTHY*

SUSTAINED soil productivity for a profitable agriculture involves rotational
and multiple cropping with high yielding varieties, application of fertilisers
and manures, soil and water management, pest control measures etc., and
above all, soil conditions to withstand and favourably support the various
intensive agricultural practices. A sound approach towards stabilizing
production at the desired level requires proper assessment of the direct,
residual and cumulative values of various inputs over a period of years on
crop yields and soil conditions (physical, chemical and biological) taking care
against any nutrient element suddenly becoming critical due to rapid
exhaustion, antagonistic interactions in the soil-plant system or development
of harmful properties in the soil and crop environments because of
indiscriminate and sometimes unwarranted input management.
No sooner fertilisers were recognised as the most valuable additive to the
soil for raising the crop yield than a realization also started gaining ground
that the effect of their continued use in the long run on soil fertility and
productivity would be worth examining on a scientific basis. Accordingly,
permanent field experiments were first started at the Rothamsted
Experimental Station, Harpenden in England in 1943 with the main objective
to measure the long-term effect on crop yields and soil productivity of
inorganic compounds containing elements known to occur in considerable
amounts in crops and farm manures (Anon. 1974). The classical experiments
gave results of value not only in respect of crop production but also on the
depletion and enrichment of plant nutrients in soil in the context of residual
and cumulative effect of annual dressings of manures and fertilisers and
removal of nutrients in crops (Cooke 1967). Supplementary information on
leaching losses, wherever available through drainage studies, when compiled
along with could enable the preparation of a fairly workable balance sheet of
the nutrients.
The idea that had originated at Rothamsted started gradually spreading
out to several other countries. India had the first series of three such
permanent field experiments, laid out after the Rothamsted model, at
Cawnpore (now Kanpur in Uttar Pradesh), Coimbatore( Madras, now Tamil
Nadu) and Pusa (Bihar) towards the closing of the last and early part of the
20th century. Although exclusively designed by the British experts of the

'Agricultural College and Research Institute, Tamil Nadu Agricultural University, Madurai.
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Imperial Department of Agriculture these experiments did incorporate several
aspects of study which were of greater relevance to tropical agriculture (Anon.
1910; Norris 1923). By and large, the experiments would have failed to satisfy
the various requirements of modern statistical design but it should be
appreciated that these were given the best possible shape according to the
concepts prevailing in those days and have certainly proved their worth in
providing factual information on the long-range effect of continuous use of
manures and fertilisers in sequential cropping on soil productivity (Viswanath
1931; Kalamkar and Sripal Singh 1935; Ghosh and Kanzaria 1964;
Raychaudhuri 1967).
In the subsequent decades, permanent plot experiments were started at
Sholapur, Padegaon, Poona, Indore, Shahjahanpur and at few other locations
on several field crops including sugarcane and cotton in rotational system
(Vaidyanathan 1933; Burns and Sethi 1940; Basu and Tagare 1943; Agarwal
1965; Singh 1967). Needless to mention that like the earlier field experiments
most of these were under rainfed conditions with a low cropping intensity,
often employing large-sized unreplicated plots. During the forties and
thereafter replicated plot trials often provided with irrigation facilities were
started in different research stations (Basu and Kibe 1946; Sen and Kavitkar
1955; Singh and Roy Sharma 1968; Krishnamoorthy and Ravikumar 1973).
However, for some reason or other quite a few of these experiments have
since been discontinued and unfortunately not always after properly
documenting all the previous findings.
In view of the changing pattern in the agricultural scene it was realised
that the impact of much higher doses of fertilisers on high yielding varieties of
crops be investigated more critically without undermining the results obtained
in earlier investigations, and an All India Coordinated Project on Long-Term
Fertiliser Experiments was sponsored by the Indian Council of Agricultural
Research in 1970-71. The broad outlines of the programme envisaged
conductance of statistically designed field experiment in eleven major
soil-climatic zones in the country on the direct, residual and cumulative effect
of continuous application of fertilisers, manures, plant protection and weed
control chemicals for a number of years on soil and crop environments under
the modern intensive system of agriculture.
This paper attempts to summarize the results of long-term experiments
particularly the changes in physicochemical properties of soil.
SOIL PHYSICAL PROPERTIES AS INFLUENCED
BY LONG-TERM CROPPING
AND FERTILISER USE
Physical Constants
Bulk Density. It has been observed that changes in bulk density are
related to cropping system, rate of organic matter decomposition, manuring
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and fertilisation practices (Sadanandan and Mahapatra 1970; Biswas et al.
1970, 1971; Biswas and Khosla 1971; Gattani et al. 1976). A decrease in bulk
density on account of long term fertiliser use was observed by Muthuvel
(1973). A significantly negative relationship of bulk density and organic
matter content of soil was reported by Biswas et al. (1970) but in majority of
the experiments the magnitude of difference in bulk density due to cropping
and manuring has been rather small and quite often not significant.
Pore Space. Application of fertilisers even for several years has generally
resulted in small or marginal differences in soil porosity. An appreciable rise
in per cent pore space in alluvial and mixed red and black soils due to
combined addition of farmyard manure (FYM) and NPK fertilisers was
observed by Biswas and Khosla (1971) and Manickam and Venkataramanan
(1972b).
Soil Structure. The continuous addition of bulky organic manures in
improving the soil structure has been well documented as judged from the
water stability of the aggregates greater than 0.25 mm (Kibe and Basu 1952;
Biswas and Ali 1969; Biswas et al. 1970, 1971; Gattani et al. 1976). A
combination of farmyard manure and phosphatic fertilisers were found very
effective in building up the soil structure (Kanwar and Prihar 1962b; Biswas et
al. 1963, 1969; Das et al. 1966; Pawar 1980). According to Singh (1964) long
term application of organic and inorganic sources of nitrogen favoured the
formation of large-sized water stable aggregates. Phosphate fertilisation of
forage legume like berseem (Trifolium alexandrinum) for 18 years made a
marked improvement in the structural status of an alluvial sandy loam soil
(Biswas et al. 1967; Pharande and Biswas 1968). On the other hand, single
application of fertiliser nitrogen or with potash often led to noticeable
deterioration in soil structure (Basu and Tagare 1943; Biswas et al. 1969).
However, Biswas et al. (1964), Muthuvel (1973) and Pawar (1980) observed
that continued application of balanced doses of chemical fertilisers had no
deleterious influence on the structural status of soil.
Water Holding Capacity. Available moisture was higher in plots receiving
FYM or compost than those to which chemical fertilisers were applied
(Mandal and Pain 1965; Ramaswamy 1965; Biswas et al. 1971; Muthuvel
1973). Water holding capacity of most soils is normally improved by
continuous application of bulky organic manures (Randhawa 1971) and
Biswas et al. (1970) showed that the retention of water was at a much lower
tension than in case of chemical fertilisers supplying N alone. Phosphorus
markedly improved the water holding capacity (Biswas et al. 1964) and more
so when applied to forage legumes like berseem (Pharande and Biswas 1968).
A combination of NPK fertilisers with cattle manure could exert very
favourable influence on water holding capacity of the soil as reported by
Manickam and Venkataramanan (1972 a,b).
Movement of Soil Water. Different trends due to continued fertiliser use on
hydraulic conductivity have been reported (Randhawa 1971). While Das et al.
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(1966) found a negative relationship between hydraulic conductivity and
organic carbon content of an alluvial calcareous sandy loam soil, Biswas and
Khosla (1971) observed that rise in hydraulic conductivity was associated with
build-up of the organic matter level of a non-calcareous sandy loam. In some
other long-term field experiments on alluvial, black and laterite soils, regular
addition of FYM resulted in positive improvement in hydraulic conductivity
in comparison to the application of chemical fertiliser (Kibe and Basu 1952;
Biswas et al. 1970, 1971). Phosphatic fertilisation was associated with
increasing hydraulic conductivity and water retention at lower tension (Biswas
et al. 1964; Das et al. 1966; Pharande and Biswas 1968). The practice of green
manuring, according to Biswas et al. (1964) and Singh (1967), was not
effective in improving the water retention characteristic and permeability of
the soil.
EFFECT OF CONTINUOUS CROPPING AND APPLICATION OF
FERTILISERS AND MANURES ON CHEMICAL
PROPERTIES OF SOIL
Organic Carbon
In several permanent plot rotational experiments conducted on different
soil types, the organic carbon level of the plough layer got appreciably
enhanced because of regular incorporation of bulky organic manures; mainly
as farmyard manure and sometimes as compost and sewage sludge, whereas
the cumulative effect of long-term use of inorganic fertilisers was relatively
small (Kalamkar and Singh 1935; Basu and Kibe 1946; Sundara Rao and
Anoop Krishan 1963; Singh 1964; Ghosh and Kanzaria 1964; Biswas et al.
1967; Prasad et al. 1971; Sahu and Nayak 1971; Shinde and Ghosh 1971). A
favourable effect of both organic and balanced doses of chemical fertilisers in
building up of organic matter content was brought out by the studies carried
out by Acharya and Rajagopalan (1956), Kanwar and Prihar (1962a), Biswas
et al. (1967), and Raychaudhuri (1967). Phosphatic fertiliser use was reported
to have a significantly beneficial role in improving the soil organic matter level
(Acharya and Rajagopalan 1956; Ghosh and Kanzaria 1964) and this effect of
phosphate was much more pronounced when applied to berseem (Patel et al.
1963; Biswas et al. 1967), or sannhemp green manure (Maurya and Ghosh
1972).
Green manuring alone for nearly 50 years in permanent manurial
experiments did not result in a great change in organic carbon content of the
soil (Singh 1967). Reviewing the results of different sugarcane based longterm experiments, Singh and Roy Sharma (1968) concluded that there was no
appreciable increase in organic matter level because of its destruction under
tropical conditions being as rapid as its addition.
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Total Nitrogen
The influence of organic manures in increasing the total nitrogen content
of the soil was observed in several studies pertaining to long-term field
experiments in the country (Acharya and Rajagopalan 1956; Singh 1964;
Chaudhary and Vachhani 1965; Sen Gupta 1965; Mandal and Pain 1965;
Kanwar and Prihar 1962a; Shinde and Ghosh 1971; Maurya and Ghosh
1972). Earlier, Sannyasi Raju (1952) had reported a two-fold rise over control
in total nitrogen content in the soil receiving cattle manure and
Mariakulandai and Thyagrajan (1959) indicated a general improvement in the
soil fertility status as well. An increase in total nitrogen in a sandy loam soil
with farmyard manure along with phosphatic fertiliser was reported by
Kanwar and Prihar (1962a) and on a medium black soil by Shinde and Ghosh
(1971). Patel et al. (1963) observed a marked increase in soil nitrogen with
phosphatic fertilisation of berseem.
Results obtained by Sahu and Nayak (1971) revealed that organic
manures were superior to inorganic fertilisers in increasing the soil nitrogen
level. Krishnamoorthy and Ravi Kumar (1973) reported on the basis of
chemical analysis of the soils of Coimbatore plots carried out after a gap of 37
years, an appreciable rise in the total nitrogen content with inorganic fertiliser
dressings. However, Singh and Roy Sharma (1968) observed no difference in
the soil nitrogen status due to continuous application of fertilisers to
sugarcane. In some cases, single application of fertiliser nitrogen has been
observed either not to improve the total N in the soil or even lead to a decline
(Sundara Rao and Anoop Krishan 1963; Maurya and Ghosh 1972).
Available Nitrogen
Basu and Vanikar (1942) reported that application of farmyard manure
raised the available nitrogen status of soil. Nitrogen and phosphorus
combination maintained the available nitrogen status of soil as high as did
organic manures such as farmyard manure, green manure and oil-cake (Sinha
1957). Mandal and Pain (1965) indicated that continued use of organic
manures, compost and cowdung increased the available nitrogen when
compared with control and ammonium sulphate alone. Venkata Rao and
Badigar (1971), in their studies on the effect of application of high levels of
nitrogen over a period of years, observed that there was no significant
difference in the available nitrogen content of soils. In the permanent
manurial plots at Coimbatore the available nitrogen content under organic
manure treatments was higher than those under inorganic fertiliser treatments.
This increase in the available nitrogen content under organic manure
treatments, when the total nitrogen content remained the same, might have
been a result of increased microbial activity leading to greater mineralisation
(Muthuvel 1973). According to the observation made by Mathan et al. (1978a,
b), FYM along with NPK significantly improved the organic carbon and total
nitrogen but its influence on available N was relatively small.
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Total Phosphorus Content
Continued application of phosphatic fertilisers generally resulted in the
build-up of soil phosphorus (Kanwar and Prihar 1962a; Maurya and Ghosh
1972). Sahu and Nayak (1971) and Shinde and Ghosh (1971) found that the
combination of organic manures and phosphatic fertilisers had the most
significant effect (Das 1945; Sandhu and Meelu 1974). Krishnamoorthy and
Ravi Kumar (1973) from Coimbatore reported a general increase in total
phosphorus content of the soil in plots receiving P, NPK, PK, NP, and cattle
manure treatments. Phosphate fertilisation of legumes was reported to result
in rise in soil phosphorus level (Patel et al. 1963; Havanagi and Mann 1970).
Available Phosphorus
One of the several findings of much significance that emanated from
several long-term experiments in different parts of the country is the marked
decline in available phosphorus level in the plough layer as a result of
continued application of nitrogenous fertilisers (Kanwar and Prihar 1962a;
Prasad et al. 1971; Sahu and Nayak 1971; Maurya and Ghosh 1972; Swarup
and Ghosh 1978a). This decrease has been found to be much more rapid and
sharp when higher doses of fertiliser nitrogen were applied to high yielding
crop varieties and the soils were light-textured (Biswas et al. 1977; Swarup
and Ghosh 1979; Anon. 1980). Generally, addition of organic manures in
adequate amounts increased the available P content to a variable extent over
the initial level (Basu and Vanikar 1942; Srivastava 1960; Kanwar and Prihar
1962a). In almost all situations, irrespective of the soil type and cropping
system followed a significant rise in available P content of the soil took place
as a result of regular addition of fertiliser phosphorus. A combination of
bulky organic manure like FYM and phosphatic fertilisers had the best effect
in increasing the phosphate availability (Patel et al. 1963; Raychaudhuri 1967;
Havanagi and Mann 1970). Muthuvel (1973) reported that the change in
available P was more pronounced in the surface soil than in lower layers.
Kanwar and Prihar (1962a) observed that fertiliser P (in the form of
monoammonium phosphate) raised the content of available P to a greater
extent than that achieved with annual dressings of farmyard manure.
Potassium and Calcium Content
Sannyasi Raju (1952) had observed that on account of continued
application of farmyard manure, the total potassium in soil increased while
there was a decrease in calcium content. Shinde and Ghosh (1971) did not find
any difference in soil potassium level due to the treatment of mineral fertilisers
over a 10 year period but the addition of single superphosphate increased the
calcium content, along with that of phosphorus. According to Maurya and
Ghosh (1972) chemical fertilisers applied continuously for many years resulted
in a rise in the content of total potassium in soil (Sahu and Nayak 1971) but
not of calcium.
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A depressive effect of nitrogen on soil potassium was evidenced by Bhide
and Motiramani (1964). Krishnamoorthy and Ravi Kumar (1973) reported a
marked increase in total K in the soil with cattle manure and fertiliser
treatments.
Available Potassium
Uptake of potassium by most field crops is fairly high which increases
further because of adding nitrogenous and phosphatic fertilisers thus leading
to a greater depletion from the soil (Venkateswarlu 1976; Biswas et al. 1977;
Bajwa and Paul 1978; Swarup and Ghosh 1978a, 1978b) but even after many
years of experimentation the actual decrease in available potassium content as
determined by laboratory tests, has not been commensurate with the
magnitude of the cumulative nutrient removal by the crops (Ghosh and
Biswas 1978). Results of several long-term studies led to the generalisation
that in soils usually having a sizeable capacity to release the fixed or reserve K
into available form (Nair et al. 1973; Singh and Brar 1977) a realistic
assessment of potassium availability would appear as a complicated
proposition.
Organic manures quite often improved the available K status of the soil
(Sannyasi Raju 1952; Raychaudhuri 1967). According to the observation
made by Kan war and Prihar (1962a) this was possibly due to the progressive
incorporation of potassium through FYM itself and greater capacity of
organic colloids to hold the nutrient at the exchange surface. As could be
expected, continued application of potassic fertilisers promoted the build up
of available potassium level in the plough layer of soil (Sahu and Nayak 1971;
Muthuvel 1973; Swarup and Ghosh 1978b) but the overall effect even after
several years appeared somewhat small possibly due to crop removal, fixation
and leaching losses (Ghosh and Biswas 1978). In long term field experiments
involving intensive cropping with high yielding varieties and fertiliser use,
available potassium in the top soil (0-15 cm) indicated a decline over the years
except in soils of high potassium fertility or those receiving NPK fertilisers or
farmyard manure (Anon. 1980).
Soil Reaction
The soil reaction (pH) seems to have been influenced to variable extent by
the prolonged use of manures and fertilisers. A chemical fertiliser like
ammonium sulphate added year after year could be expected to decrease the
soil pH (Mandal and Pain 1965; Agarwal 1965; Prasad et al. 1971) but in case
of adequate calcium being present hardly any change in soil reaction was
noticed (Chaudhary and Vachhani 1965; Bandyopadhya et al. 1969; Sahu and
Nayak 1971; Shinde and Ghosh 1971). In a few situations farmyard manure
dressing was associated with a fall in pH of the soil (Kanwar and Prihar
1962a).
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Cation Exchange Capacity
The results of quite a few long-term studies indicated a favourable effect
of farmyard manure and compost on raising the cation exchange capacity
(CEC) of the soil (Mandal and Pain 1965; Bandyopadhya et al. 1969; Sahu
and Nayak 1971; Sandhu and Meelu 1974). Some measurable contribution to
this effect by phosphate manuring of berseem (Patel et al. 1963) and
sunnhemp green manure crop (Maurya and Ghosh 1972) was also indicated.
The favourable impact of long continued application of manures and
fertilisers was attributed to the interaction between them (Soundararajan
1962). No noticeable influence of long-term use of chemical fertilisers in
different combinations on the CEC of surface soils was observed by Digar
(1958), Randhawa (1971), and Shinde and Ghosh (1971).
INFLUENCE OF LONG-TERM FERTILISER USE ON
MICROBIOLOGICAL PROPERTIES
Continuous cropping and application of manures and fertilisers which
had influenced the soil physical and chemical properties also caused shifts in
the biological equilibria of the soil with consequent rise or fall of certain
groups or sections of the microbial community. Investigation on the changes in
the microbial population as influenced by long-term use of fertilisers and
manures were carried out in the soils of permanent manurial experiments at
Coimbatore and also at some other locations.
Iyengar et al. (1954) had reported that in the permanent plots the
biological activities of the microorganisms were in the following decreasing
order: cattle manure, NPK, NP, P, PK, NK, N and K and these were
correlated with yield of crops in the respective treatments. The population of
microorganisms was higher under irrigated conditions than in rainfed
cropping. The manured plots had invariably higher microbial content than
unmanured ones. The soils in the control treatment recorded the lowest
population of bacteria, fungi, actinomycetes and Azotohacter in all the three
layers up to 30 cm depth (Balasubramanian et al. 1972). The plots under
phosphate and cattle manure treatment maintained the maximum total
microbial count in the top 0-7.5 cm (Ramaswamy and Durai Raj 1973) and
phosphorus and potassium enhanced the bacterial population in the 7.5 to 15
cm layer. The actinomycetes count was the highest under nitrogen alone
treatment in the top soil and it decreased with depth. Continued incorporation
of cattle manure resulted in higher fungal and Azotohacter count in
comparison to all other treatments (Balasubramanian et al. 1974) while
fertilisers supplying N plus P favoured the growth of bacteria.
Repeated heavy fertilisation with nitrogen promoted a rapid growth of
actinomycetes but exerted a depressing influence on Azotohacter population
(Venkata Rao et al. 1972). Nitrogen has recorded appreciably higher fungal
count than that with phosphate treatment with or without nitrogen and
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potassium (Bagyaraj and Rangaswamy 1967); potassium had little influence
on microbial population in the soil.
The beneficial role of phosphorus on microbial population and activity
was very much enhanced when superphosphate had been applied to berseem
crop. Acharya and Jha (1954) had observed that the surface soil (0-15 cm)
from this particular treatment not only gave much higher bacterial count but
also showed greater ammonification and nitrification power in comparison to
either unmanured berseem or phosphorus application without having forage
legume in the rotation.
After eight annual cropping cycles on an alluvial sandy loam soil, the
treatment of farmyard manure recorded the highest microbial population
followed by NPK fertilisers. In the plots receiving nitrogen alone, the bacterial
count was less while that of actinomycetes and fungi was relatively higher.
Babrekar (1979) observed that the seasonal fluctuations were quite high and
the population of bacteria, fungi, actinomycetes and Azotobaeter in the
plough layer after harvest of each crop varied widely, overlapping probably
with the treatment effect because of the biological buffering in the soil system.
Therefore, instead of counting the population, an assessment of the total
bacterial activity had been attempted by Desai and Sundara Rao (1948) by
actually measuring the carbon dioxide evolution. Using the soils of long-term
field experiments they found that such of the treatments which sustained
higher crop yields invariably evolved more of carbon dioxide on incubation in
keeping with their fertility levels. Another technique employed by Babrekar
(1979) in judging the bacterial activity in its totality was the measurement of
soil respiration (based on oxygen diffusion). The increased bacterial activity in
the soils from FYM and NPK treated plots invariably reflected in higher soil
respiration rate. On the other hand, those subjected to continued nitrogen
application alone showed one-half to one-fifth soil respiration in comparison
to FYM or NPK treatments. Long-term application of phosphatic fertiliser
was found to have a highly significant influence on carbon dioxide evolution
and soil respiration.
Epilogue
The permanent or long-term manurial experiments of the past, in
accordance with their set objective, have provided huge volume of data mainly
on crop response behaviour to the various inputs and having been generated
through decades of field experimentations these would always have their
classical value. It was a later realisation that the proper strategy for a sound
and stable agricultural productivity could never be developed in isolation of
the soil even with the best possible inputs. Thus, many of the findings which
appeared to be of considerable agronomic significance could not be
meaningfully utilised because of insufficient supporting information on the
nutrient dynamics in the soil system and specially the changes induced in
various soil properties which are of relevance to sustained productivity. The
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present review has attempted to make a factual assessment on the latter aspect
and for obvious reasons had to largely draw upon the results of soil studies
carried out from time to time in the long term experiments following the
traditional system of cropping. Heavy doses of fertilisers applied to high
yielding crop varieties, multiple cropping and accelerated crop removal imply
much higher turnover of nutrients than conceived ever before. Already there
have been indications that under the present-day intensive agriculture,
substantial changes in soil properties could take place even within a short
span of a few years only. All these clearly point to the great need for careful
monitoring right from the beginning of the changes in soil and crop
environments under the modern intensive system of agriculture so that
mankind can make the most considerate use of one of its greatest natural
heritages.
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