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Foreword

THE International Congress of Soil Science is a unique opportunity for
specialists in different branches of soil science to meet, discuss and share their
accumulated experience and knowledge and to generate new ideas for future
research. The Organising Committee of this 12th International Congress of
Soil Science felt that it would be a good occasion for a few leading experts in
different disciplines to critically examine the research trends and make
suggestions for the future which could form the basis for discussion under the
topic.
With the help of the Chairman of each commission, three or four
scientists representing different areas of specialization were identified
to form a panel for discussion : whither soil research and its bearing
on the main theme of the Congress, managing soil resources to meet
the challenges to mankind.
The papers in this volume represent the ideas of the individual specialists
as the basis for discussion. The moderator, who is the Chairman or the ViceChairman of the relevant commission of the International Society of Soil
Science (Commission I to VII), has tried to coordinate the papers relating to
his Commission. These are not reviews but are some important ideas which
the scientists feel could form the basis for stimulating discussion.
On behalf of the Organising Committee I wish to thank
and the moderators for preparing this set of papers and
stimulate interesting discussion and provide valuable ideas
research excellent and relevant to meeting the challenges of
future.

New Delhi
January 8, 1982

all the panelists
hope they will
for making soil
mankind in the

J.S. K.ANWAR
Chairman
Organising Committee
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Soil Physics

Management of
Physical Environment of Soil
for Increasing Crop Production
S.S. PRIHAR*

Abstract
AN attempt is made to say, from the existing literature, what is known about
the growth response of plants to soil physical environments. Soil is viewed as
a medium for seed germination and seedling emergence on the one hand and
root penetration and proliferation on the other. Effects of four soil physical
parameters — soil wetness, soil temperature, soil aeration and soil strength
— on these plant processes and their mechanisms of response have been
reviewed. Also, the effects of management practices such as tillage,
mulching, irrigation, crop rotation and use of amendments on soil physical
environment and crop growth have been analysed.
Past investigations have largely attempted to relate plant responses to
single physical parameter of interest by holding the others at optimum level.
Results from such studies do help increase our understanding but have
limited field application, because alteration of one physical parameter in the
field brings about a simultaneous change in the others. There is a need to
evaluate the response of plants in terms of the whole system. Responses to
cultural and management practices are strongly influenced by soil and
climatic conditions and other limiting factors of growth. Certain suggestions
for increasing the value of our research effort in this direction have been
included.

the sixth open conference of the soil scientists of the Agricultural
Development and Advisory Service, held in 1972 in London, Prof. E.W.
Russell (1975) remarked, "we are all realizing more and more how often yields
are now limited by the physical conditions of the soil rather than its nutriept
status and how often poor physical conditions may set back the crop through
their effects on soil organisms." This implies that for improving crop
production soil must be maintained in such a physical condition as would
permit adequate crop growth. Also, the soil must be saved from deterioration
in production potential threatened by wind and water erosion and
accumulation of excess salts in the root zone.
Plants derive their water, nutrients and support from the soil. The crop
cycle begins with the placement of seed/bud in the upper soil layers
constituting the seed zone. The seeds germinate, emerge as seedlings and
develop into plants. Our interest in soil, therefore, must lie in its suitability as
a medium for seed germination and seedling emergence and for development
ADDRESSING

•Punjab Agricultural University, Ludhiana, India

4

WHITHER SOIL RESEARCH

of a root system to provide sufficient anchorage and uptake of the required
water and nutrients.

Requirements for Optimum Crop Yields
Adequate plant population consistent with available moisture supplies
and other inputs of crop production is a precondition for maximizing yield.
The seedlings must develop adequate root systems capable of taking up the
needed water and nutrients. The adequacy or otherwise of a given root system
of a crop is linked with the nutrient supplying power of the soil and the
climatic conditions. On nutrient-rich soils in humid or irrigated areas, a
relatively small root system may be sufficient to meet the crop needs. But on
low-fertility soils and in semi-arid and arid areas a deep and well-developed
root system may become necessary to avoid water and nutrient stress to the
crop. Our present understanding of the sizes of root system conducive to
optimum yield under a given situation is far from satisfactory. Yields are also
strongly dependent upon the amount of radiation received by the canopy,
availability of nutrients consistent with the crop demand and absence of pests
and diseases. But all these aspects are beyond the scope of our present
discussion.

Plant Response to Soil Physical Environment
The basic requirements for seed germination and seedling emergence and
root growth in terms of soil physical environment are adequate supplies of
moisture and oxygen, optimum soil temperature and freedom from
mechanical stress. A number of reviews, symposia proceedings and treatises
on different aspects of plant growth in relation to physical environment have
been published in the past 15 years (Barkley and Greacen 1967; Cannell 1975;
Carson 1974; Currie 1973; Emerson et al. 1978; Grable 1966; Greenland and
Lai 1979; Russell 1977; Taylor 1967; VanDoren and Allmaras 1978;
VanDoren 1967). 1 shall be drawing on these sources to state what is known
about responses of plant processes, of interest to us, to physical environments
of soil and the difficulties in defining them quantitatively.
Soil Moisture
Seedling emergence. According to Hillel (1972), soil-water potential
controls seed germination and seedling emergence through its effect on rates
of water imbibition, which is dependent upon hydraulic conductivity of soil,
and on physiological processes during embryonic development and seedling
growth. The two processes in seedling emergence are the seed germination and
the sub-surface elongation of plumule (hypocotyl/epicotyl) till it emerges out
of the soil. The former is relatively less sensitive to soil moisture than the
latter (Lindstrom et al. 1976). Also, the effect of soil moisture is more
pronounced on rate than on the final count of emergence. Quite generally, if
other factors are not limiting, the rate of emergence decreases with decreasing
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soil-water potential till a threshold value is reached below which the
emergence does not occur (Collis-George and Sand 1959; Hanks and Thorp
1956; Lindstrom et al. 1976; Wanjura and Buxton 1972).
Water supply to the emerging seed is controlled by potential difference
between bulk soil and soil/seedling interface and the hydraulic conductivity.
Since the structure of seedbed changes rapidly, it is not possible to describe
hydraulic conductivity as a function of water content. Collis-George and
Llyod (1979) suggested that minimum specification of moisture status in a
seedbed must include moisture content and moisture potential. Soil moisture
exhibits strong interactions with soil temperature for seedling emergence.
Root growth. Roots elongate when the turgor pressure inside the newly
formed root cells exceeds the combined constraints of the cell wall and the
surrounding soil. Since turgor pressure is largely dependent upon the soilwater potential, the latter significantly influences root elongation. Moisture
potential treatments set up independent of other variables showed that rates
of root elongation were unaffected up to -4.0 bar in pea (Eavis and Payne
1969) -7.0 bar in cotton and -12.5 bar in groundnut (Taylor and Ratliff
1969a). Under simulated field conditions, however, root elongation rate
decreases at much higher soil water-potential.
Since several other soil properties, important for root growth, e.g.,
mechanical impedance, aeration, temperature and, nutrient uptake are affected
by soil-water content, it is rather difficult to monitor, under field conditions,
the root response to soil moisture per se. Newman (1966) reported that root
growth measured as total root length decreased markedly as soil-water
potential decreased from ~2 to —7 bars and slowly with further decrease to
—20 bars. Earlier, Gingrich and Russell (1957) obtained similar results with
stress caused by matric potentials; but with osmotic stress root-elongation rate
decreased linearly with decreasing potential. For potentials below —1 bar the
rate of elongation for an equivalent stress was greater in the osmotic
compared with the matric potential. In this and another study conducted with
sand : soil mixtures (Peters 1957), higher root elongation rates, at a given
tension, in osmotic stress and in mixtures containing higher percentage of soil
were attributed to higher water transmission rate because of higher water
content at the same tension. Barley (1962), however, pointed out that
experiments which interpret root growth in soils at different water contents
in terms of availability of water may also be interpreted in terms of changing
magnitude of soil strength. Eavis and Payne (1969) obtained drastic reduction
in root length of pea seedlings as the soil-water potential decreased from —10
mb to —210 mb. Apparently, water availability cannot be a major factor in
root growth reduction at these relatively high water potentials.
The available experimental evidence suggests that at field bulk densities
effect of decreased water content on reduced rate of root elongation is
manifested much earlier through increased soil strength than through reduced
water availability per se. It would, therefore, appear that water management
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from the standpoint of mechanical impedance and aeration status of soil is as
much, or even more, important as water availability to roots.
Soil Aeration
Seedling emergence. Respiration by germinating seeds and emerging
seedlings causes depletion of oxygen and accretion of CO2 in the soil
atmosphere. The renewal of oxygen supplies and removal of CO2 from the soil
air are accomplished by gaseous exchange through the water-free pores across
the soil surface. Hanks and Thorp (1956) reported that germination was not
affected unless the oxygen diffusion rate (ODR) measured with platinum
microelectrode (Lemon and Erickson 1952) fell below 75 to 100 X
100 10"8g/cm2/ min. This upper value of ODR corresponded to an air space
of 16% in a silty clay loam and 25% in a fine sandy loam soil. Since the seed is
usually placed close to the soil surface and evaporative drying and drainage
rapidly create large, water-free porosity in these layers, the exchange of
oxygen and carbon dioxide is not considered to be a limiting factor for
germination and seedling emergence (VanDoren 1967). Domby and Kohnke
(1956) also showed that unless the soil surface was completely impervious or
very wet, gaseous exchange through the soil was not affected by the properties
of the surface layer.
Collis-George and Llyod (1979) contended that aeration status in the
seedbed is difficult to define in biological terms. Since the measurement of
ODR with platinum microelectrode depends on the electrode being
completely covered with water film, a condition not satisfied in all seedbeds,
this method" fails to characterize oxygen supply to the seedling root (Eavis and
Payne 1969). As respiration of roots and microorganisms is also controlled by
moisture content and temperature of soil, aeration status can only be specified
by a combination of air-filled porosity, moisture content and temperature.
Root growth. Plant roots obtain their oxygen supplies from both
atmospheric air and soil air. Plant species adapted to bogs get their supplies of
oxygen entirely by transporting it through their foliage and stem down to root
(Greenwood 1969). But the supply of oxygen to arable crops through such a
mechanism is usually insufficient. Bulk of the oxygen requirement of the root
comes to its surface from the neighbouring air-filled pores by diffusion
through the water films surrounding the root. Therefore, the oxygen
concentration at the root surface is governed by rate of consumption at the
respiring site, thickness of water film and the partial pressure of oxygen in the
surrounding air pores. Several reports (cited by Greenwood 1969) show that
root growth is not affected till the partial pressure of oxygen at the root
surface falls below 0.01 atm. But, for obvious reasons, this value would
depend upon the temperature of the medium of the respiring root. Data of
Currie (1973) showed that oxygen consumption of a Kale (Brassica oleracea)
field increased twelve-fold as temperature rose from 3° to I7°C. Similarly,
greater mechanical resistance increases oxygen requirement of root.
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Efforts have been made to relate rate of root growth with oxygen
diffusion rate (ODR), gas-filled pore space and gaseous composition of soil
air. Stolzy and Letey (1964) concluded that root growth ceased at ODR below
0.2 ugl cm2/ min. The amount of gas-filled pores for optimum root growth
depends upon pore configuration and hence on moisture release
characteristics of the soil. In coarse-textured or low bulk density soils
relatively greater air porosity is necessary to avoid oxygen stress (Eavis and
Payne 1969; Grable 1966).
Huck (1970) reported that rate of taproot elongation in cotton and
soybean was unaffected down to 15% O: in soil air. At 10% O: in the stream
flowing through soil column, the rate dropped temporarily and soon returned
to normal. At 3 to 5% O:, the initial reduction in growth to 50% of control
also recovered to normal rate in course of time. It appears that the root
adapts to low concentration of Ch in the pores. At 1-2% 0?, root ceased to
grow but was not killed, and picked growth quickly when normal O; levels
were restored. Information on the rate of root elongation as a continuous
function of aeration status of soil is now available in the literature perhaps
because there is no satisfactory index, applicable to all soils, to define the
aeration status over the entire range.
Soil Temperature
Seedling emergence. Soil temperature is an important edaphic factor and
its effects are probably more critical on seed germination, seedling emergence
and early plant growth than on other stages of growth (Hagan 1952).
Optimum range of temperature requirements for germination and seedling
emergence differ with plant species. Deviations from the "optimal" soil
temperature retard the rate of see<flmg emergence as well as other
physiological processes. Within a limited temperature range, many species
show a direct linear relation between the reciprocal of the time to 50%
emergence and temperature above a base temperature (Monteith 1979).
Lindstrom et al. (1976) found that between 5°C and 25° C the reciprocal of
emergence time for two winter wheats decreased linearly as a function of the
reciprocal of the absolute soil temperature. While the below-normal soil
temperatures retard emergence by decreased metabolic activity and prolonged
germination period, the above-normal temperatures increase respiration rates
and low emergence is caused by metabolic failures. Temperature effects are
generally more pronounced on the rates of seedling emergence than on the
final count. For example, total emergence of chickpea was unaffected by soil
temperature between 10°C and 35° C, but emergence which started 72-84 hr
after sowing at 25°-35°C was delayed by 24 hr at 20° C and'400 hr at 5°C
(Singh and Dhaliwal 1972). Gill (1977) observed that in chickpea and barley,
values of germination index (GI) defined by Richard (1976) by Equation 1
given below were greater at 23°C and 28°C than at 18°C and 33°C,
irrespective of seed-zone moisture content.
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I

N

1

GI= - " s -

(1)

N j = i tj

where N is the number of seeds sown and t is the time (days) at which a
particular seed emerged.
Soil temperature exhibits considerable interaction with other factors
affecting seedling emergence such as moisture content and planting depth.
Generally, the unfavourable effect of temperature accentuates the effects of
low water content of the seed zone (Tadmore etal. 1969) and both
temperature and moisture deficit intensify each other's effects (Woods and
McDonald 1971). Sharma (1973) reported that decrease in the emergence of
three semi-arid plant species on either side of the optimal temperature was
much greater under low matric potentials. Lower limit of water potential for
emergence of winter wheat increased with increasing temperature from 10°C
to 25° C (Lindstrom et al. 1976). In a sandy-loam soil at 18°C barley seedlings
failed to emerge in 15 days when soil moisture was kept at approx. —1.5 bars.
But when moisture content was raised to approx. —0.4 bar, 50% emergence
occurred in 10 days (Gill 1977).
Root growth.. There is a general lack of information concerning the effect
of soil temperature on the rate of root elongation. Walker (1969), however,
demonstrated that even 1°C change in soil temperature on either side of 26° C
caused appreciable reduction in the root and shoot growth of corn seedlings.
In row crops changes in soil temperature have been observed to markedly
influence root growth in the inter-row space (Allmaras and Nelson 1973;
Cha"udhary and Prihar 1974). Apart from affecting their anatomy,
morphology and rate of growth, soil temperature significantly affects certain
functions of roots that are important for crop growth. In his review on the
effects of temperature on root, Neilson (1974) cited several reports that
indicated that optimum soil temperature for plant growth is affected by water
and nutrient supply. Response of root elongation to soil temperature also
depended upon the mechanical impedance Pearson et al. 1970). In relatively
loose soil, root elongation increased with increasing temperature up to 32° C
and declined with further rise. As the mechanical resistance of soil increased,
the response of root to soil temperature decreased.
Mechanical Impedance
Seedling emergence. To come out of the soil the emerging seedling has to
overcome the mechanical resistance of the soil layers covering the seed. This
process is characterized by utilization of stored seed energy to produce
elongation of plumule and radicle; and the efficiency of energy conversion into
plant axis elongation is affected by soil environment (Wanjura and Buxton
1972). Mechanical impedance experienced by emerging seedling is a function
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of bulk density, wetness and thickness of the soil covering the seed. Wanjura
and Buxton (1972) showed that in the case of cotton, the time required to
achieve a fixed hypocotyl length after the 3 mm radicle extension stage
increased with physical impedance. They also reported that deep placement of
seeds would cause emergence reduction because available energy would not be
sufficient to grow the hypocotyl to a length greater than the planting depth.
Beyond threshold values of mechanical impedance, seedlings fail to emerge.
Crusts at the surface, caused by rain or irrigation after seeding and
subsequent drying, represent a special situation of mechanical impedance to
the growing seedling. Retardation of rate of seedling emergence by increased
mechanical impedance, deep placemen* of seed or other adverse seed
environments increases the risk of crust damage.
Root growth. Rate of root elongation in the soil has been reported to be
strongly influenced by the resistance of the soil to deformation. If continuous
pores bigger than the diameter of the root tip are available root can grow even
into a rigid matrix (Russell 1977; Wiersum 1957). But where such pores do
not exist, root must penetrate by pushing aside the soil particles. Rate of root
growth would then depend upon the pressure exerted by the root and the
mechanical resistance offered by soil particles to displacement. Several reports
indicate that percent roots penetrating the soil (Taylor et al. 1966) and rates of
root elongation decreased with increasing mechanical impedance irrespective
of soil type and soil wetness (Taylor and Ratliff 1969a) and externally applied
pressures, irrespective of pore size in a ballotini system (Gill and Miller 1956;
Russell and Goss 1974). Eavis and Payne (1969) studied the rate of peaseedling root elongation in a sandy-loam soil compacted to different bulk
densities at different moisture tensions. They showed that in the root-length
versus penetrometer-resistance plots the points separated into two categories
(1) those that fall on a regression line (Fig. 1) indicating an inverse relation
between mechanical impedance and root elongation and (2) those which were
scattered below the line showing that some factors other than mechanical
impedance, were restricting root growth.
Barley and Greacen (1967) pointed out that by comparing the forces that
can be exerted by plant organs with those that are needed to deform the soil,
one can see whether the mechanical resistance of soil is likely to influence root
growth. Penetrometers have been used to get this information (Barley and
Greacen 1967; Stolzey and Barley 1968). But the force required for
penetration of a rigid root-shaped penetrometer was four to eight times larger
than that required for penetration of root. Difficulties of suitably simulating
the flexible nature and other properties of root have not permitted a unique
relation between root elongation rate and mechanical impedance.
Investigations by several workers (Aggarwal and Prihar 1975; Eavis et al.
1969; Pfeffer 1893; Stolzey and Barley 1968; Taylor and Ratliff 1969b) have
shown that axial pressures exerted by roots differ with plant species and range
from 5 to 25 bars. Quite recently, Elkins et al. (cited by Taylor 1979) showed
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root length and resistance of soil penetration (reproduced from Eavis and Payne 1969).
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that bahiagrass roots were able to penetrate soil layers that mechanically
impeded cotton roots.

Field Management of Soil Physical Environment
Since aeration in seedbeds is generally non-limiting, our major concern in
securing seedling emergence reduces to managing moisture, temperature and
physical impedance of soil. Drying of the surface layers covering the seed
increases their strength severalfold over a few days (Morton and Buchele
1960); the relation being affected by hulk density, texture, mineralogy and
organic matter content of the soil. Therefore, the seedling emergence must
occur as rapidly as possible. Seedlings emerging late suffer on two accounts:
first, the mechanical impedance of the covering soil increases with time;
second, the chances of crust formation by rain also increase.
Depth of seed placement greatly affects the rate and final count of
seedling emergence and strongly interacts with other environmental factors.
Under field situations, where soil wetness increases with depth and the seedsoil system is subjected to evaporative drying, depth of placement becomes
very critical. Maximum depth of placement of a seed is limited by the length
of the shoot portion. Shallow placement suffers from the risk of soil drying
before the seedling emergence, and deep- placement may cause undue delay or
failure of emergence because of the limitation of the shoot length. Studies
reported by Lindstrom et al. (1976) and Gill (1977) seem relevant to field
situations. The former reported a model to predict time of emergence of
winter wheat from seed-zone temperature, moisture potential and planting
depth.
To allow optimum emergence, seedbeds should have sufficient moisture
within permissible depths of planting, that would permit at the given soil
temperature, complete emergence before the soil gets too hard. Soil
temperatures approaching the optimal from either side tend to partly
compensate for the adverse soil-moisture conditions.
To permit adequate root development, soil must possess sufficient number
of continuous pores larger than the diameter of the root tip and or low
mechanical resistance such that the soil particles can be easily displaced by the
penetrating and expanding roots. Also, the root should remain free from
water, aeration and temperature stress. Apparently soil-water plays a
dominating role because it not only affects the water availability to the root
but also influences mechanical strength, aeration status and temperature of
the root zone. Where frequent replenishment of water in the root-zone is not
feasible, the capacity of soil to absorb and store water, and permit deeper
rooting assume great significance for crop production.
Water relations of soil also depend upon the size distribution and stability
of soil pores. Management of soil for root growth is, therefore, an exercise in
creating and stabilizing the right sizes of pores in the soil.
Tillage, mulching, irrigation, rotation of crops and incorporation of
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organic matter and other amendments aim at creating soil physical
environment suitable for seedling emergence and root growth.
Tillage
Tillage loosens soil, changes clod-size distribution, increases surface
roughness and soil porosity and kills weeds. These changes affect soil-water
regime, resistance to erosion, mechanical impedance, aeration status and soil
temperature. Random -roughness created by tillage increases the amount of
water that can be held on sloping lands before runoff occurs and thus
increases the amount of infiltrated water (Holt et al. 1957). Pidgeon and Soane
(1978) reported that normal ploughing decreased the cone resistance in the
upper 20 cm layer. The bulk density and bulk shear strength of the seedbeds
of dryland wheat prepared with mould-board increased from the upper tilled
layer to the moist consolidated layer below (Collis-George and Lloyd 1979).
Strengths measured with a torsion shear box (Collis-George and Llyod 1978)
were ten times greater at 11 to 15 cm depth than at 4 to 7.5 cm. Generally, at a
given bulk density, soil strength increases with decrease in water content
(Taylor and Gardner 1963). But when the soil dried as a loose mass after
tillage, the matric potential had little effect on the measured sheared strength
of the tilled layer as the failure occurred in the inter-aggregate pore space by
the relative movement of the unsheared aggregates (Collis-George and Lloyd
1979). If, however, the soil mass in the tilled layer reconsolidates, again, for
example if ploughed too wet, or by rain, the strength may increase markedly
upon drying.
Soane and Pidgeon (1975) indicated that there was paucity of quantitative
data on the effects of tillage on aeration. Prihar and VanDoren (1967)
observed that 5 cm deep cultivation of the .well-drained silt-loam under
growing corn did not affect the oxygen diffusion rates at 10 cm depth after 5
and 7 cm rain.
Effect on moisture conservation of a soil mulch created by tillage has been
a matter of controversy during the past few decades. More recent studies have
shown that this effect depends upon soil type and climatic conditions (Prihar
e tal. 1968), time of tillage (Gill et al. 1977; Willis and Bond 1971) and
porosity and thickness of the soil mulch (Acharya and Prihar 1969; Hanks
1958; Holmes et al. 1960). Heinonen (cited by Low 1975) also reported that
aggregate size is important in determining the course of evaporation from a
tilled soil. Of greater importance than moisture conservation per se is the
effect of tilled layer on advance into soil of a wetting front of specified water
content. Gill (1977) showed that the 10 and 12% (gg 1 ) moisture content fronts
advanced linearly with time into the untilled bare sandy-loam. In the tilled
soil, the front moved more rapidly in the loosened layer, but very slow below
its interface with the undisturbed layer. Below the interface the front was
always located deeper in the untilled than in the tilled soil. Therefore, the seed
placed at depths greater than the disturbed layer would have more favourable
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moisture conditions in the tilled than in the unfilled soil (Fig. 2). Very few
data on seedling emergence in relation to the location of the seed in such a
system are available in the literature specially under field conditions.
Placement of larger aggregates created by tillage at the soil surface and the
smaller aggregates in contact with seed in the deeper layers reduces the rate of
drying and damage by puddling during rainfall (VanDoren 1967). Pressing of
top soil with press wheel or roller that decreases clod size and fraction of large
inter-aggregate pores would decrease the rate of drying particularly under
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high wind velocity (Holmes et al. 1960). Small surface pressures also help
secure better seed-soil contact especially if the soil is dry. In a laboratory
study, emergence of corn seedlings decreased with increased in granule size
and decrease in compaction pressure (Johnson and Buchele 1961).
Pore size changes accompanying compaction or loosening many cause soil
suction change at a given volume water fraction and thus change the capillary
conductivity. Decrease in porosity of aggregates of about 1 mm diameter was
reported to increase the capillary conductivity at low suctions below 1 bar
(Amemiya 1965). Compaction of soil below the seed was observed to increase
the force of seedling emergence and cause faster and greater emergence of
corn (Prihar and Aggarwal 1975).
Loose and cloddy surface created by tillage absorbs more radiation and
allows greater penetration of wind. In a field study, porosity in pores larger
than 8 mm was found to affect the daily temperature range at 5 cm but not at
10 cm (Ojeniyi and Dexter 1979). Evidently, wind turbulance caused
convection of atmospheric air in the soil through pores larger than 8 mm to at
least 5 cm but not 10 cm. Thermal properties of soil are also affected by tillage
through its effect on soil moisture. For example, in Yolo silt-loam the thermal
conductivity increased three- to four-fold as the water content increased from
0.04 to 0.44 cm 3 /cm 3 (Wierenga et al. 1969). Recent papers (Cruse et al. 1980;
Wierenga and Nielsen 1980) indicate an increased interest in tillage effects on
soil temperature.
Compaction caused by heavy machinery has an adverse effect on root
growth. Trouse (1979) pointed out that even mildly compacted soil affects
water absorption and root growth potential. Inter-row compaction was
observed to reduce rooting densities mid-way between tobacco (De Roo 1968)
and corn rows (Chaudhary and Prihar 1974). Subsoiling in soils having
plough-pans increased soybean root density from60to 150% (Trouse 1979). In
several experiments, chiselling (Doty et al. 1975; Taylor and Burnett 1964),
deepploughing(Hauser and Taylor 1964), profile modification (Eck and Taylor
1969) and back filing of deep narrow trenches (Heilman and Gonzales 1973)
have been reported to increase soil-water storage, enhance root proliferation
in the deeper layers and increase utilization of deeply stored water and crop
yields. Yield benefits from deep tillage are generally greater in drier crop
seasons (Carlson 1978; Unger 1979).
Because of high costs of fuel and labour there has been a growing concern
for economizing on tillage. This has given rise to different concepts like
"reduced-tillage," "direct-drilling" or "zero-tillage" which have been aided by a
rapid progress in the control of weeds by herbicides. "No-tillage," which
leaves the residue of the previous crop at the surface is accredited with
conservation of soil structure and maintaining higher infiltration rates.
Although ploughing increased total porosity in the upper 20 to 25 cm layer,
the transmitting pores were more continuous in the direct-drilled soil
(Douglas etal. 1980).
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Numerous experiments in Europe and USA showed that yields with
reduced cultivation were generally comparable to those with conventional
tillage (Russell 1977). However, there is evidence to suggest that benefits from
reduced tillage depend upon soil characteristics. For example, VanDoren
et al. (1976) reported that on well-drained soils which did not crack on drying
corn yields were greater with "no-tillage" which left residue at the surface
compared with conventional tillage. But on soils forming large cracks on
drying and exhibiting low permeability after wetting, the yields were low in
the no-tillage compared with the ploughed plots. No-tillage without residue
cover on structurally unstable soils gave lower corn yield than the
conventionally tilled.
Certain soils respond to shallow cultivation in standing crops even under
weed-free conditions. These have unstable structure in the surface layer and
form a hard crust after rain. The benefits are mainly attributed to increased
infiltration (Mayer and Mannering 1961; Prihar and VanDoren 1967),
reduced evaporation (Prihar and VanDoren 1967) and more symmetric root
growth (Chaudhary and Prihar 1974; Prihar and VanDoren 1967). Quite
recently Sur et al. (1981) have observed that puddling, a usual practice to
reduce permeability in rice culture, results in the development of a high bulk
density and low permeability layer at 15-20 cm depth which adversely affects
soil-water relations of the profile.
Mulching
Covering the soil surface with crop residues, plastic (or film-forming
emulsions) and paper mulches changes its radiant energy balance which,
together with the rate of heat transfer and heat capacity of the upper soil
layers, determines the seed-zone temperature. VanDoren (1967) and
VanDoren and Allmaras (1978) analyzed the effects of crop residues on soil
temperature and showed that in temperate regions reduction in soil
temperature was directly proportional to the fraction of soil covered by plant
residue. In northern India where during summer months the maximum soil
temperatures at 5 cm depth exceed 45° C, straw mulching @6 tons/ha reduced
the maximum soil temperature by 11°, 7.4° and 5.4° C at 5, 10 and 20 cm
depths, respectively (Prihar et al. 1979a). In the absence of wetting, reduction
in maximum temperature at 10 cm depth was a linear function of the amount
of straw up to 9 tons/ha (Prihar and Arora 1980). Transparent films, that
permit the incoming short-wave radiation to pass through and intercept the
outgoing long-wave radiation and the black coloured materials at the surface
which increase radiation absorption are reported to increase soil temperature
(Hanks et al. 1961).
Mulches also influence evaporative losses from soil (Bond and Willis
1969, 1970, 1971; Prihar and Aggarwal 1980). Cumulative evaporation
reduction varied with rates of straw mulch and potential evaporation (Prihar
and Jalota, unpublished data). For a given potential evaporation, the
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evaporation reduction increased with increasing mulch rate and the peak
reduction occurred earlier with lower mulch rates (Fig. 3). For a given mulch
rate, evaporation reduction decreased with increase in Eo and peak reduction
occurred earlier under higher Eo.
25

E 0 = 15 mm /day

°-4t/ha
°-8t/ha
&-12t/ha

£
E 20

^

o
i-

15

o

z>

Q

UJ
CC

Z
O
t-

10
5

<
ct
o

n

<
>

50

CL

i

EQ

UJ
UJ

40

>
<
—1

30

i

'

i

i

)

25

30

35

; 9.8 mm /day

F3

s:

~i
i_>

20

10

0

5

10

15
20
DAYS

Fig. 3. Evaporation reduction by mulching of a sandy-loam soil under two evaporativities.
Unpublished data of S.S. Prihar and S.K. Jalota.

Reduced evaporation notwithstanding, the higher near-surface water
content under mulches is of great significance for seedling emergence. Apart
from many laboratory studies (Benoit and Kirkham 1963; Bond and Willis
1970; Prihar et al. 1968), field experiments by Prihar et al. (1979b) showed
that straw mulching in both cropped and uncropped soils, during rainy
season, caused higher water content in the surface layers at the time of sowing
of the post-rainy crops. By keeping the surface layers more moist, the mulches
not only increase the moisture availability to the seed but also keep the seedzone more mellow. When applied after sowing, they help prevent crust
formation.
Mulching with crop residues also affects root growth and rooting pattern
of crops (Allmaras and Nelson 1971, 1973; Chaudhary and Prihar 1974). As
residue cover is increased, the surface soil remains wetter and provides a
better environment for root growth. The greater amount of roots near the soil
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surface aid in the utilization of nutrients applied at the surface (Shear and
Moschler 1969; Triplett and VanDoren 1969). In their recent review on "Effect
of residue management practices on soil physical environment, microclimate
and plant growth" VanDoren and Allmaras (1978) concluded that benefits
from crop residues on crop yield depend upon initial soil physical conditions
and climatic factors. Major factor of improved crop yield with surface
placement of crop residue in rainfed crops was increased water storage in the
soil profile. In tropical climates large benefits in crop production accrue from
reduction of soil temperature by mulching (Lai 1974) even in irrigated crops
(Prihar et al. 1979a). However, on slowly permeable soils, excessive wetness
caused by mulching may cause soil aeration problem in sensitive crops.
Irrigation
Irrigation effects on seed and root environment include increase of water
availability and decrease of soil strength. Soil temperature may be affected
either way depending upon the initial condition. Excess watering on relatively
less permeable seedbeds may cause aeration stress to seeds and emerging
seedlings particularly during summers. In many arid and semi-arid areas,
withdrawal of rain much earlier than the optimum sowing times of post-rainy
crops results in drying out of the seed-zone while there may be enough stored
water in the lower profile. Under such situations it becomes essential to
manage soil moisture through minimal irrigation such that the seed is in
contact with moist soil until seedling emerges and radicle is established.
Fowler (1979) showed that in-furrow water injection of small amounts of
water significantly increased the seedling count of cotton on loamy and clayloam soils.
In certain regions of the world abundant amounts of good quality water
are available either as surface or sub-surface reservoirs that are being
exploited for irrigation of crops. There are other areas where available water
supplies fall much short of the crop requirements. Where adequate water
supplies are available, crop must be irrigated before a yield-reducing stress
builds up. But where water supplies are limited they need to be applied in such
a way that maximum amount is utilized by the crop and the stress periods
synchronize with least sensitive growth stages of the crop. Exhaustive reviews
on different aspects of irrigation are available (Hagan et al. 1967). Remarks in
the following paragraphs mainly pertain to irrigation effects on rooting based
on recent studies by the author and associates.
Time and extent of soil wetting has a profound effect on rooting and
water extraction by crops. The upper soil layers do dry out in a few weeks of
sowing and the crop may experience water stress and fail to develop a root
system capable of extracting water from deeper layers (Ritchie et al. 1972),
even if sown after pre-sowing irrigation. An early post-sowing irrigation
promotes deep rooting by eliminating water stress and invigorating crop
growth through increased availability of applied nutrients. Also, wetting of
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the soil layers ahead of the root system located at shallow depths during early
growth, decreases their strength, thus facilitating root extension into deeper
layers. Greater profile storage at sowing was observed to cause deeper rooting
in both unirrigated (Prihar et al. 1980) and irrigated wheat (Jalota et al. 1980).
Singh et al. (1975) observed that where lower layers had adequate moisture, 4
cm rain 40 days after sowing followed by a long dry spell promoted a deep
root system in wheat which depleted 180 cm profile to below 15 bar value.
Gajri (1981) showed that 50 mm water applied 30 days after sowing to wheat
caused greater root densities in 15-180 cm layers than when it was applied at
sowing (Fig. 4). In several experiments with winter crops, extraction of stored
water from 180 cm profiles of loamy-sand and sandy-loam soils increased with
decrease in the amount of post-sowing irrigation (Jalota et al. 1980;
Prihar et al. 1976, 1978, 1981).
For gainful water use, irrigation schedules for crops must consider
available water storage in potential root zone and the amounts and
distribution of seasonal rainfall. Information on the depths of root zone with
growth stages and the effect of cultural and irrigation practices on rooting
behaviour, soil moisture characteristics of the root zone and climatic variables
will help rational decisions on irrigation. Certain crops are quite sensitive to
water stress at specific growth stages. Robins and Domingo (1953) reported
that depletion of water to "wilting-point for 1 to 2 days during tasseling-silking
decreased corn yield by 22% and for 6 to 8 days by 50%.
Drip irrigation, a new technique designed to apply daily ET needs of
crops through emitters located close to the rows of the crop or individual
trees, has shown considerable yield benefits in certain crops (Singh and Singh
1978). The advantages are not universal but depend upon soil and climatic
factors and composition of the irrigation water and the nature of crops
involved. Root and tuber crops and vegetables with shallow root system are
most likely to benefit from drip irrigation.
Cropping Systems and Amendments
Cropping affects physical properties of soil by protecting it from erosion
by canopy effects and modifying soil structure by root action. Thick growing
crops in rotation with the row crops help reduce runoff and erosion. Carreker
and Barnett (1949) showed that, in Cecil sandy-loam soil, cotton grown in
rotation with 2 years of oats and lespedeza lost 11.0 cm water as runoff during
a 7-month period as compared with 16.3 cm from continuous cotton.
Reduction in soil loss by inclusion of thick growing crops in rotation is of a
much higher order. After 8 years of cropping terminal infiltration rate of Cecil
sandy-loam under continuous alfalfa was 5.1 cm/hr against 2.3 cm/hr for
clean cultivated continuous corn (Carreker et al. 1968). Similarly, the former
plots had 44% aggregates >0.25 mm while the latter had only 22%. Inclusion
of grasses and clover in the rotation and leaving corn stalks at the surface
improved aggregation and infiltration rates.
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Low (1972) showed spectacular differences in the physical properties of
clay soil kept under permanent grassland and under arable crops for almost a
century. While this may be an extreme example, this does bring out that dense
rooting in grasses is instrumental in creating large, stable and continuous
pores which aid rapid infiltration of water into the soil. Clement (1975)
reported that 3-4 years underlay increased water stable aggregation of a sandy
loam soil and that perennial ryegrass had greater effect than other grasses.
More recently, Hageman and Shrader (1979) reported that compared with
continuous corn, 20 years of corn-oats-meadow-meadow system resulted in
higher organic matter and lower bulk density of the upper 15 cm layer of
Webster silty-clay loam.
Amendments used for improving soil physical conditions include bulky
organic manures, crop residues, gypsum and synthetic soil conditioners.
Webber (1975) reported literature concerning the use of bulky organic
manures for improving soil physical conditions and crop yields. He drew
attention to difficulties in separating the effect of soil physical improvement
from the effect of nutrients contained in these manures. Gypsum is effective in
improving permeability of soil by replacing exchangeable sodium with
calcium. Bridge and Kleinig (1968) obtained increased soil-water storage
following application of 10 t/ha gypsum to a sandy-loam soil underlain by an
impermeable sandy clay loam B horizon below 12-18 cm depth. Gypsum
decreased ESP and increased hydraulic conductivity of the B horizon from
0.0017 to 0.17 cm/hr. Synthetic soil conditioners have also been used for soil
stabilization and reducing soil and water losses. Gabriels and DeBoodt (1978)
showed that various soil conditioners, viz., PVA, PAM, asphalt and latex
sprayed on soil or sand as emulsions were effective in reducing erosion in both
the laboratory and field tests. Improved aggregation and air and water
movement in soil following conditioner treatment is well documented. But the
main drawback in their use is the high cost.

Concluding Remarks
Past investigations have largely attempted to relate plant responses to a
single physical parameter of interest, by controlling the other factors at
optimum levels. Since the effects of different physical factors exhibit strong
interdependence, and a change in one physical factor causes simultaneous
changes in other factors, the results of single factor research have limited field
application. For field relevance, responses need to be evaluated in terms of the
entire system.
Evidence exists that crops do respond favourably to carefully chosen
management practices. For best results each situation must be analyzed for
limiting factors, and the practices to alleviate the situation must consider the
soil and climatic conditions and the resources available to the operator. For
making more specific recommendations with greater confidence it would be
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fruitful to direct research effort towards developing a capacity to:
1. Define quantitatively the physical environment of the reference soil
system in terms of porosity, moisture, temperature, organic matter and
specific surface profiles. Soil strength profiles could be constructed from
moisture, organic matter and surface area profiles.
2. Predict changes in physical environment of the reference system as a
consequence of natural episodes or management events and dynamics of
reversion of the system to reference state.
3. Quantitatively relate combined effects of physical parameters to plant
and soil responses, say, seedling emergence and root growth; and runoff and
erosion, both wind and water.
4. Relate root development and soil moisture status to water uptake by
crop under given atmospheric conditions.
5. Optimize resource utilization, e.g., maximize water-use efficiency under
limited water and maximize yield per unit area under adequate water supplies.
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On Encouraging Soil Physics Research
in Developing Countries:
a Scientist's View
DANIEL HILLEL*

Abstract
THE role of research in soil physics is to generate basic knowledge of the soilwater system and to apply such knowledge toward the optimization of all
controllable factors so as to achieve a higher level of efficient production on
a sustainable basis without damaging the environment. Since the most
crucial decision in any research program is made at the outset (namely, the
decision what to research), we ought to pre-search for some predictive leads
ahead of time. This is a question which scientists should consider together.
The danger of not doing enough in the face of pressing need is matched by
the danger of attempting to do too much without allowing time for critical
thinking and revaluation. At conferences, too, we seem to devote too much
of the time to reporting what has been done, and not enough of our time to
discussing what should be done. On the management side, the two most
prevalent fallacies are either instituting an authoritarian policy of
administratively directed research, or depending entirely on each scientist's
own whim. The positive way is to create an atmosphere that encourages and
stimulates both scientific and technical achievement. It is essential to
maintain flexibility of mind and organization and to avoid being locked into
formulas, organizational patterns and concepts which can quickly become
outmoded. A number of suggestions are offered toward that aim. Properly
conceived and carried out, an investment in agricultural and environmental
research (specifically soil physics research) can be one of the most profitable
investments a growing country can make in the interest of its own future.

THE development of agriculture in any country, especially insofar as it
depends on efficient management of soil and water resources, requires local
research. Though a great store of knowledge may be available elsewhere, it
must be sifted and winnowed, indeed re-searched, to evaluate what is
pertinent and applicable under local conditions. The blind importation of
inappropriate technology can do more harm than good. Witness, for instance,
the wasteful and destructive effect of using heavy, energy-intensive tillage
machinery on soils for which it was not designed (e.g., arid-zone soils that
are vulnerable to compaction, as well as to both wind-erosion and watererosion). Even where applicable, imported technology still remains to be
modified and adapted to the specific situation of each region. In any case, not
all necessary technology can be imported, and some must be generated locally.
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A case in point is the paucity of our knowledge of tropical soils, owing to the
fact that by far the greater part of agricultural research has so far been
conducted in temperate regions.
The problem of initiating and sustaining agricultural research in
developing countries has both quantitative and qualitative aspects. Analysis of
the quantitative aspects involves the collection and evaluation of data
pertaining to the proper numbers of research workers, facilities, and costs
needed in various locations.
Among the issues in question are the minimal size of research units
needed to constitute a critical mass such that will generate a self-sustaining
chain-reaction of ideas and innovations; the optimal composition and
professional balance needed to answer the specific requirements of a particular
developing country or region; the proper ratio between so-called "basic" and
"applied" research; the desirable blend of local talent with temporary foreign
expertise needed to prime or spur activity in newly organized research teams;
the organizational relationships and interactions among research, teaching,
and extension functions; the basic educational requirements for research
workers, both scientific and technical, and the need for continuing education.
What is offered in the following paragraphs is not a comprehensive
analysis of these issues but a few random thoughts of a more qualitative or
philosophical nature by a working scientist whose experience in agricultural
research spans both developing and developed countries, particularly in the
area of soil and water science.

The Role of Research
It is the role of agricultural and environmental research to generate basic
knowledge of the system to be managed and to apply such knowledge toward
the optimization of all controllable factors so as to achieve a higher level of
efficient production on a sustainable basis without damaging the environment.
Scientific research, fundamental in conception yet practical in outlook, is
needed to adapt or devise methods of management for the specific
requirements of tropical regions, both humid and arid, in either of which case
even a slight modification of water, soil, energy and nutrient relations can spell
the difference between sub-marginal subsistence farming and profitable
production, and where soil erosion and deterioration, salinization as well as
depletion or pollution of surface and groundwater reserves, are constant
hazards.

The Crucial Decision
The most crucial decision in any research program is made at the very
outset, and that is the decision what to research. We all suffer from limited
resources of funding, manpower, skill and time, and when we decide to
commit these to a particular experiment or project, designed in a particular
way, we quite inevitably forfeit the chance to pursue other perhaps more
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promising directions. Hence we ought to pre-search for some predictive leads
ahead of time, as well as to prepare a way to evaluate the information we
expect to obtain in the end.
What should be our research priorities? It is altogether too easy to say we
need more of everything: more research on soil types and their properties, on
crop water and nutrient requirements, on the environmental consequences of
agricultural development systems, etc. We must strive to maximize the
efficiency of water use, of fertilization, of tillage and drainage. And we must
use the soil not only as a production medium but also as a sink wherein waste
products can be recycled while safeguarding the environment. Finally, we
must learn to conserve energy so that agriculture can indeed become a net
producer rather than a net consumer of energy as it has become in certain
over-mechanized and energy-wasteful systems of production.
But what, in any given situation, should be investigated most urgently?
This is a question which scientists ought to consider together. The
combination of several complementary or even seemingly opposed points of
view can help us to recognize the hidden problems and potentialities which
may elude any particular individual. Even a group of scientists working
together in a close-knit unit might eventually develop an inbred mentality or
come under the sway of a dominant individual in an atmosphere which
inhibits the continuous questioning of convention which is the essence of
innovation. Such groups ought to be jarred periodically by confrontation with
exogenous points of view. This is especially important in the case of
developing countries, where a small group can easily become too busy or too
wrapped up in its own concerns and become isolated from the mainstream of
fundamental research. The danger of not doing enough in the face of pressing
need is matched by the danger of attempting to do too much without allowing
time for critical thinking and re-evaluation.
In the task of setting research priorities, we can draw upon the
international scientific community. As science knows no borders, geographical
or political, scientists from various countries ought to be able without
hindrance to communicate their problems and assist their colleagues in need
of information or advice. Moreover, agricultural problems are no longer the
exclusive domain of "agricultural" scientists as they justify the attention of
fundamental scientists and specialists in related disciplines. International
organizations can do much to facilitate the necessary communication between
research workers in developing and developed countries. It is a delicate task to
ensure that such communication be mutual and helpful rather than one-sided
and overbearing.
Scientific conferences devote much time to reporting what has been done,
and too little time to discussing what ought to be done. We hear many
lectures and see many slides in darkened rooms, but are not given many
opportunities to participate actively in panel discussions of a critical and
stimulating nature on the professional and scientific issues of our times.
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Two Fallacies
The first and most dangerous fallacy of research management is to
institute an authoritarian policy of administratively directed research, in
which scientists are assigned tasks which they are expected to perform
unquestioningly. A policy of this sort can stifle the very initiative,
imagination, curiosity and intuition of individual scientists, which constitute
the mother-lode of inventiveness. Such a policy can indeed transform
scientists into obedient technicians joylessly engaged in routine busy-work
without enthusiasm or intellectual challenge, and deprive them of the
motivation to continue learning. In their frustration, scientists caught in this
predicament might be tempted to "retire on the job" prematurely, or engage in
intra- or extra-scientific politics rather than creative activity. The temptation to
institute an authoritarian regime is greater in newly formed institutions in
developing countries, where the inexperience of the staff might provide an
easy rationale for such a policy. However, few individuals or committees are
endowed with such supreme wisdom as to pretend in the long run to know a
subject better than the scientists who are expected to do the work. Research
workers who are prevented from exercising initiative and assuming
responsibility for their own work will remain technicians and indeed never
become scientists in their own right. (The term "scientists" presupposes, of
course, the proven ability to carry out a research project independently. In
general, this requires the successful completion of graduate studies in a
university and a few years of experience.)
Almost equally fallacious is the opposite approach which depends entirely
on each scientist's own hunch or whim. In agricultural research no less than in
economics, excessive laissez-faire can become self-defeating. Almost by
definition, agricultural research implies applied research, which requires its
practitioners to apply themselves as well as their professional expertise toward
the solution of problems of contemporary social significance. Once a problem
has been identified and assessed, a solution should be sought such that will fit
the social and economic realities of each country at each stage of its
development.
Left entirely to their own devices, some scientific workers, for lack of
imagination or an overall view of the field, may tend to spend their entire
careers in repetition of the same kind of experiments they did for their
doctor's degree. Too often, these experiments, however meticulously done,
eventually become trivial and hence wasteful of the necessarily limited
scientific potential of the countries in which they are carried out.
Here again the international scientific community, under the aegis of the
appropriate international organizations, can be of some assistance, subject to
the constraint that such assistance can only be offered but never imposed.

The Positive Approach
An essential freedom of choice must be preserved for scientists who have
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attained a certain level of competence and experience, for research must not
be regimented. But we might offer help to individual scientists by pooling our
brain power in charting out necessary and promising directions. An
atmosphere should be created in which positive inducements rather than
restrictions prevail. Scientists who appear to be making positive contributions
should be encouraged, yet those who do not seem to produce quick results
should not be stifled. Stubborn scientists who obey only the dictates of their
own intuition, even contrary to the judgement of their colleagues or
administrative superiors, should still be given the benefit of the doubt and
allowed some time, though not unlimited, to work out their hunches without
hindrance (like Galileo, they may, after all, turn out to be right!). However, an
objective review of each scientist's performance should be made at the end of,
say, five years. Tenure, if granted, should be earned not once, but continually.
In a world in which new problems often seem to arise without warning,
there are no permanent answers. In research, no "last word" (even if it- is,
momentarily, the latest word) can become the "final word." Hence it is
important to maintain a flexibility of mind and organization and to encourage
continual search and re-search for ever new solutions. Even if such solutions
are known at the outset to be only partial and temporary ones. We must avoid
being locked into formulas, organizational patterns and concepts which can
quickly become outmoded. Dialogue, occasional argument, and intellectual
contest are essential ingredients in that self-fermenting "primordial soup"
which nourishes innovation and which can cause necessity to indeed become
the mother of invention.

Some Specific Suggestions
As science progresses, scientists require access to sources of new
information and ideas wherever they may arise. We cannot assume that the
one-time acquisition of a doctorate from a university suffices for an entire
career, or even a decade, without a program of continuing education. This
may appear to be an automatic process in the large developed countries, but
cannot be taken for granted in many developing countries, where research
scientists in relatively remote locations can easily become isolated from the
mainstream of scientific development.
If we are to avoid the professional stagnation of research workers and of
their projects, we need to institute a program of continuous education. In
addition to internal seminars and frequent reports of ongoing research,
scientific institutes should receive internationally sponsored visits and reviews
by outside scientists and should provide their own scientists with
opportunities for trips to conferences, to leading research centers abroad, and
to pertinent development projects. The international organizations could help
by organizing roving teams of leading scientists of several nationalities in
mutually complementary field, to periodically visit and review the programs
and progress of outlying institutes.
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One technique that can be particularly helpful in the task of pre-searching
for predictive leads prior to actually starting an experimental project in soil
physics is the technique of mathematical simulation. This technique relies on
the use of high-speed computers to provide a comprehensive quantitative
description of the behaviour of dynamic natural systems. When based on
proven mechanisms and sound theory, as well as measurable parameters,
computer simulation can help us to reduce a seemingly incomprehensible
system of almost hopeless complexity to orderly, manageable proportions. In
the process of designing, operating and attempting to validate a simulation
model experimentally, we gain insight into the workings of the system
investigated, and develop criteria for predicting its future behaviour under
various conditions (e.g., in different soils and climates). Thus, simulation
techniques can help to economize, though not to replace, the experimental
program.
Because computer-based simulation is a relatively new concept and
technique, expertise in its use is not yet widely disseminated. Nor is the
necessary access to computer facilities, and to software systems, universally
available. International organizations can be particularly helpful at this
critical state in organizing appropriate courses and demonstrations, and in
making available the necessary facilities to scientists not otherwise endowed
with such facilities.
An international scientific advisory service in computer simulation and in
statistical design and analysis of data, as well as an international data-bank of
useful computer programs, are not inconceivable possibilities.

Conclusion
Properly conceived and carried out, an investment in agricultural
research can be one of the most profitable investments a country can make in
the interest of its own future. Witness the remarkable inventiveness and
productivity of American farming, a miracle wrought and sustained by a mere
10,000 scientists in the agricultural experiment stations of the various states as
well as in the U.S. Department of Agriculture. Yet there is no guarantee. An
investment in hardware—facilities and equipment—as well as in the
recruitment of staff can be to no avail if the ambience lacks the necessary
atmosphere of dedication, inspiration and creativity brought about by a
sympathetic and stimulating management, able and willing to draw upon
international resources in the area of science and technology. Such
management should be composed of scientists, not merely administrators.
Clemenceau once made the remark that war is too important to be left to
the discretion of the generals. We should strive together so as not to give
cause for anyone to say that research is too important to be left to the
direction of the scientists. We ought to remember that science and scientific
institutions are social creations. Agricultural scientists have long tried to be
responsive to the needs of society, and must continue this proud tradition. No
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lesser a scientist than Albert Einstein once said: "It is not enough that we
understand about applied science in order that the creations of our mind shall
be a blessing and not a curse to mankind. Concern for man himself and his
fate must always form the chief interest of all technical endeavours. Never
forget this in the midst of your diagrams and equations!"

Soil Physics Research
and Water Management
G. VACHAUD*

Abstract
A major problem now facing a soil physicist is how to deal with water
management on a large scale, to identify representative hydrodynamical soil
properties and to investigate their variation; to determine average values of
the different terms of the water balance; and to predict, based on those
values, the possible effect of different treatments on water management. This
paper focuses on the present stage of research in soil physics to answer these
questions and to foresee lines of research to be developed in view of actual
gaps.
The presentation centres on three main topics: (1) Identification of soil
hydraulic parameters. Field measurement of the 'water content-water
pressure-hydraulic conductivity" relations is of major importance in the soilplant continuum and in simulating or predicting water flow. Simple, quasiempirical techniques of identification, based on soil textural or structural
parameters, could give a better spatial representation of these parameters
than the techniques being used at present. (2) Averaging over a site. The
recognition of the importance of spatial variability of soil parameters,
vegetative systems, water fluxes and water input has been one of the major
advances of research in soil physics and hydrology during the last decade.
The impact on actual practice has, however, been small. Referring to the
classical work of geostatisticians in the field of ore research, and more
recently in soil physics this paper stresses the importance of a proper method
of sampling. (3) Development of predictive models. Very accurate numerical
models have recently been developed, even to represent complex flow
situations. Such models represent powerful tools to extrapolate results, and
to predict other situations. However, the extent to which a model represents
the reality is limited by the reliability of its transfer coefficients. In this view,
the development of deterministic models using stochastic parameters, initial
and boundary conditions to account for spatial variability is probably the
most important goal that we must attend. Much discussion is presently
taking place on the practical way to treat the parameters; either with MonteCarlo type of estimation, or simply through sensitivity analysis within the
domain of variation.
This presentation will use both recently published examples from the
literature and field results. Soil physics can, in the near future, make an
important contribution to solve problems of water management only if
researchers are willing to contribute more to the practical field
experimentation.
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SOIL physics research has experienced a rapid growth over the last few
decades. In a comprehensive report on the state of the art, Philip (1974)
estimated that in 15 years the scientific activity in this field will be doubled.
Although this figure is difficult to verify, it is backed up by the increase in the
number of students, the creation of new research groups and the rate at which
new journals have been appearing. This phenomenon is simply the result of
the recognition of the important role of soil physics in today's high priority
fields of agronomy, hydrology and the environmental sciences. Considering
water resources management alone (quantitative and qualitative), it is now
clear that an understanding of the physics of heat and mass transfer in the
soil-plant-atmosphere continuum and the characterization of the functions
that define the movement and retention of water in the soil are essential for
any rational approach. Some important applications are plant-water
consumption, groundwater recharge, soil drainage, losses of soil mineral
constituents, transfer of pollutants, salinization hazards, etc.
This Conference offers a special opportunity to take stock of the present
situation and to determine whether this abundance of research has solved the
water resources problems, and if not, to identify the shortcomings and define
the research areas that must be given priority.
1 would first like to cite the conclusions of three earlier papers that have
already considered this question.
Philip (1974) in his paper concluded:
"In these 50 years, soil physics has gained enormously in its selfconfidence, its intellectual power, and its relevance to practical problems of
the real world
In the effort to meet the need (for an adequate quantitative
predictive science), the soil physicist has become more prepared to avail
himself of the general intellectual resources of physical sciences
It must be
conceded, however, that this maturity has not resolved all our difficulties. Our
greatest success has been in the study of local processes . . . and it is clear that
soil physicists must address themselves more to the question as how we may
best use our understanding of small scale processes in attacking (the) larger
problems."
Three years later, in his review entitled "Soil Physics — Reflections and
Perspectives", presented at the Annual Meeting of the American Society of
Agronomy, Swartzendruber (1977) concluded:
"Soil physics presently stands at a stage of great opportunity and
challenge
There is much unfinished business such as just getting under way
with the crucial tasks of testing and validating mathematical and physical
theories under field conditions...."
Finally, Moltz et al. (1979) in their paper presented at the Quadrennial
Meeting of the International Geodesies and Geophysics Union (Canberra)
observed as follows:
"During the past 4 years, notable advances were made in many areas of
unsaturated zone hydrology
In much of this work, it is evident that the
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most universal problem is the measurement and representation of soil
hydraulics properties on a scale useful for application . . . while new
instruments and methods have been devised for making in situ measurements
of soil hydraulic properties, nothing approaching a breakthrough can be
claimed
Will increasingly sophisticated measurements enable us to
gradually apply our conceptual models in a truly representative manner, or
will the resulting measurements to be so ambiguous that they ultimately force
the development of a radically different theory? This is the central question,
and a great deal of future effort will be devoted to obtaining an answer."
Can we now, in 1982, offer the practitioner, whether field investigator,
development engineer or planner, a more optimistic reply concerning our
ability to solve the large-scale problems? Are the necessary tools available to
close the gap between highly developed theoretical, numerical and
experimental techniques at the laboratory level and the empirical handbook
methods used by the practitioner in charge of development projects?
In an attempt to answer these questions, I offer this review of relevant
publications illustrated by field results from work carried out in collaboration
with the Institut Sénégalais de Recherches Agricoles (Centre de Recherches
Agronomiques, Bambey, Senegal), the Ministère de la Recherche of Ivory
Coast, the Institut des Savannes, Centre de Recherches de Bouaké, Ivory
Coast, and the Institut de Recherches Agronomiques Tropicales, Paris. This
research is part of the coordinated program of the Joint "Food and
Agriculture Organization/International Atomic Energy Agency" Division on
"Isotope and Radiation Techniques for Efficient Water and Fertilizer Use in
Semi-arid Regions." As a participant in these field programs, it seems to me
that three essential questions might be posed by a soil physicist in charge of
such development projects:
1. To what extent are the methods used in the measurement and
characterization of the soil properties valid? Can they be simplified
without a loss of information?
2. How should samples be taken on the site in order to obtain
characteristic mean values for the test?
3. How can tne results be extrapolated, especially to predict the influence
of the type of agronomic treatment, crop rotation, tillage, etc., taking
into account the natural spatial variability of the site?
This paper was prepared with these three questions in mind.

Measurement Validity and Parameter Estimation
I would first like to state the following principle:
Only an approach based on a physical model can hope to give an
objective solution useful for extrapolation.
As a result, all exploratory programs must involve the measurement of
descriptive variables and the determination of transfer coefficients. This
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section is limited to the purely hydraulic aspects (for solute flow, refer to
Biggar etal. 1977).
The descriptive variables include the soil volumetric water content (0 in
cm 3 /cm 3 ), and the soil-water pressure (h in cm). Field measurements are now
widely employed, using neutron moisture probes and tensiometers for
repetitive and non-destructive measurements.
The transfer coeficients to be considered are the relationships between
the water pressure and the water content (the h(0) curve that determines the
capacity of the soil to retain water), and between the hydraulic conductivity
and the water content (the K(0) curve that determines the capacity of the soil
to transmit water). These two relationships, referred to as the hydrodynamic
characteristics of a soil, can be determined in the field by well-known methods
(Van Bavel etal 1968; Vachaud etal. 1978).
Two important points that have received very little attention until today
must be looked at closely:
1. What is the representativeness of the measurements of the descriptive
variables (0 and h) in relation to the errors coming from the techniques
used to determine them?
2. What is the uncertainty resulting from error propagation in the
calculation of the hydrodynamic characteristics.
Water Content Measurement Error
The most extensive study appears to have been made by Sinclair and
Williams (1979). From an analysis of variance of functions of stochastic
variables (water content at a given depth, neutron count rate and probe
position), the authors show that the neutron moisture meter readings involved
three variances:
location error, including the spatial variability between different points on
the site (see the next section).
instrument error, due to neutron scattering according to a Poisson
distribution.
calibration error, due to uncertainty in the slope of the calibration curve.
This investigation is applied to two types of problems which will be
encountered throughout this study, i.e., the estimation of water content at an
elevation Z, time t and various locations p, or the estimation of the change in
water content at elevation Z and position p over a time interval At.
The determining factor in the two cases is the variance of the slope of the
calibration curve which can lead to an uncertainty greater than the spatial
variability. The authors show that for any number of samples, a coefficient of
variation of 15% for the slope leads to an estimation variance of up to 4 or
5%, while the location effect (spatial variability) decreases in 1 / n where n is the
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number of measurements. The authors conclude that it is better to limit the
number of measurements and concentrate on an accurate characterization of
the calibration curve.
On this basis, Haverkamp (1981) recently estimated the local error (in one
access tube) in the water content, including a probe positioning uncertainty
terms (±2 cm). Fig. 1 shows the results for two types of soils: an aeolian sand
in Senegal (DIOR soil, Bambey) and a clayey soil in the Ivory Coast (A6,
Bouaké). The calibration curve and the measurement uncertainty (due to the
instrument and the calibration) are given as a function of the measurement for
each of the two soils. The Bouaké soil is more typical of agricultural soils with
relatively low drainability. The slope variance is high (6 X 1Q~3 instead of
6 X 10~5) as it is difficult to obtain a high variation of the 6 range in the field.
As a result, water content measurements with a relative accuracy of less than
10% cannot be hoped for at this site for a given tube.
This point is extremely important. Calibration techniques have generally
fallen behind developments in instrumentation. It should be possible,
following the method developed by Couchat et al. (1975), to offer the
practitioner a less primitive method than those presently used (Williamson
and Turner 1980) and thereby increase the confidence in the measurement
of 0.
Pressure Measurement Error
A similar analysis can be made of tensiometer measurements. Although
there is no calibration error in this case, instrument error (readings) and in
particular position and interpolation errors can become preponderant,
especially for low values of hydraulic head (H = h — z, z being the depth from
the soil surface). Haverkamp (1981) also carried out this calculation for the
two soils already described. Fig. 2 gives an estimation of the errors in h and 6
for the measurement points of the h(0) curves obtained in the field by using
both tensiometers and a neutron probe at the same time.
Error in the Estimation of K(0)
The most widely used method for the field estimation of K(0) is the
"Internal drainage" method (Hillel et al. 1972). The errors in the
measurements of the descriptive variables (water content and pressure) are
obviously propagated in the calculations of the integrals and derivatives with
time (to obtain the flux) or with space (to calculate the hydraulic gradient) in
order to arrive at Darcy's equation:
W

~(d/dt)J 0dz

G

dH/dz |,

The uncertainty in the experimental determination of the K(0) curve was
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Fig. l.a. Neutron moisture meter calibration curves obtained on the sites of Bambey (1),
Senegal (Imbernorl 1981) and Bouake (2), Ivory Coast, (Kalms ei al. 1981).

not taken into account until the study carried out by Fluher et al. (1976)
applying Taylor expansion to the study of the variance.
The importance of this investigation is twofold. First, it gives a relatively
simple means of determining the measurement uncertainty: for a drainage test
on sandy loam, the relative uncertainty (for a 68% confidence interval) varies
from 50% for high water contents to more than 25% for dry soil (a result of
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Fig. l.b. Error in the determination of water content as a function of the count rate for the
curves given in Fig. l.a.

the very high error in the estimation of the flux when the variations in 0 are
low). Secondly, the authors present a measurement optimization strategy that
involves giving the most importance to the water content readings at the
beginning of drainage.
This method was recently improved by Haverkamp (1981), who showed
the advantage of using an objective smoothing function on the data. Fig. 3
shows the experimental values and the uncertainty band for the
characterization of the K(0) relationship of the A6 soil from Bouaké, obtained
either by direct application of the Fluher method or by imposing the
following smoothing constraints:
The variation of the water content with time at a given elevation is
exponential (Nielsen et al. 1973).

0.4
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Fig. 2. Uncertainties in the characterization of the soil water pressure-water content relationship
obtained at the site of Bouake, Ivory Coast, during an internal drainage experiment,
(from Haverkamp, 1981).

The hydraulic head profile in space corresponds to a third degree
polynomial with a zero slope at the soil surface.
Considering the experimental constraints, many articles have been
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published on the estimation of the K(0) relationship as a function of h(0). A
review was published by Mualem (1978). These estimation methods led to
many test programs aimed at establishing their validity with respect to test
measurements (Brust et al. 1968; Green and Corey 1971; Rogowski
1971; Roullier et al. 1972; Nielsen et al. 1973; Campbell 1974; Clapp and
Homberger 1978; Parkes and Waters 1980). However, these comparisons are
on the whole biased as they include no estimation of the measurement
uncertainty band.

Methods for Estimating the Hydrodynamic Characteristics
Given the magnitude of the experimental uncertainty bands, it appears
worthwhile to continue along the lines of the previous attempts and look for
direct approximations of the functions h(0) and K(0).
In my opinion, all a priori attempts at estimating h(0) from pore
interconnection theories and capillary models are doomed to fail as they
depend on arbitrary parameters for the transfer from the microscopic to the
macroscopic scale. Furthermore, the uncertainty in h(0) is much less than in
K(0), it can be easily measured and represents the intrinsic characteristics of
the poral interspace.
On the other hand, a physically based approximation of the K(0)
relationship would appear to be as good as a measurement. At present, two
parallel approaches can be used:
A capillary type model based on an estimation of K(0) from the h(0)
relationship. The model which appears to have the most well-founded
physical basis is that of Mualem, later used by Van Genuchten (1979).
The Millington-Quirk model (see Nielsen 1973) has also been widely used.
An empirical model (an exponential or power law for the K(0)
variation correlated with soil texture parameters (Clapp and Homberger 1978).
In both cases the practitioner is at best confronted with a model with two
parameters that must be determined:
(i) A Calibration Parameter
The most important measurement to calibrate the model is the hydraulic
conductivity at saturation. Note that measurement of this fundamental value
still includes very high uncertainties and more accurate methods should be
found as soon as possible. Infiltration tests require large areas to obtain
negligible lateral seepage effects (Imbernon 1981). Well permeameter tests
(Talsma and Hallam 1980) give highly local measurements and involve an
identification technique which is not always valid. Crust method tests (Baker
and Bouma 1976) and air-entry permeameter tests are extremely delicate and
very local.
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(ii) A Shape Parameter
The shape parameter is either fixed arbitrarily or by calibration using an
experimental curve.
In our work, we have applied two procedures:
A characterization of the hydraulic conductivity at saturation and of the
shape parameter by numerical simulation of an infiltration test with an
iterative least squares fitting to the infiltration curve (Haverkamp et al.
1979).
A correlation between the conductivity, the shape parameter (both
determined by least squares method using an experimental K(0)
relationship) and a soil texture parameter (Fig. 4) (Vachaud et al. 1982).
The first method represents a lighter procedure for the characterization of
K(0) while the second can be used to extrapolate point measurements. Both
methods have proved to be highly effective.
As a conclusion for the first part of this report, the following two points
must be emphasized:
Although the first point might seem trivial, it concerns the fact that
measurements are not free of errors, which becomes important when the
practitioner is interested in differences either at a point (measurement of
water consumption or of flux) or between a number of points (cultivar
comparisons or averaging techniques).
The second point concerns the use of information coming from the
knowledge of the K(0) relationship. In spite of the high uncertainty, this
relationship gives order of magnitude approximations of the possible
fluxes. Numerical simulation should be able to give the limiting values of
probable flows by means of sensitivity analysis. Nevertheless, the use of
K(0) relationship to make an a posteriori determination of the flux values
using Darcy's equation in the low water content range is doubtful as the
uncertainty in K(0) is added to that of the gradients (Souza et al. 1979).
Simple estimations based on the conservation equation should be more
representative in any case and much easier, especially for arid conditions,
even if flow through the base of the soil profile is not completely zero
(Vachaud et al. 1982).

Dealing with Spatial Problems
Up to this point we have been concerned with the local scale. Since the
fundamental study by Nielsen et al. (1973), soil physicists have all realized that
it is impossible to characterize behaviour over a parcel by means of a local
measurement. The cumulative probability curve in Fig. 5 shows tensiometric
measurements obtained the same day and at the same depth (60 cm) by a set
of 22 tensiometers distributed over an 1800 m" parcel of land with a uniform
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Empirical correlation between the saturated hydraulic conductivity (K0) and the power
exponent /3 of the K(0) relationship written as K(ö) = Ko (6/0o)Pas a function of the silt
+ clay content (A+L, <20/u) for 10 sites in the sandy soil of the North-Central part of
Senegal.

cultivar of rainfed rice in Bouaké. The ±V band corresponds to hydraulic
head measurements from —214 cm to —597 cm (mean, —405 cm").
This type of variation for water content or flux measurements is
characteristic of the spatial heterogeneity of the soil-water properties and has
been reported by many investigators. In addition to the reference article by
Nielsen et al. (1973), other papers which should be cited include Rogowski
(1972), Biggar and Nielsen (1976), Carvallo et al. (1976), Sharma et al. (1980),
and Imbernon (1981). Note that by spatial heterogeneity we refer to a
stochastic heterogeneity in an apparently uniform domain, which is stationary
(independent of position and time) (Philip 1980).
In spite of the rather pessimistic viewpoint of Philip (1980) that "no
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9 cm 3 /cm 3
Fig. 4b.

Application of fig.4a for two sites of characterization in Bambey, M2, with a mean silt
content of 5.9%, M4, with a mean silt content of 15.8%. Figures are experimental
points. Continuous line is obtained from Fig. 4.a.

conceivable process of averaging sample values of parameters can give a
useful estimate of the flow behaviour of the total system," all of today's
research work tends towards a methodology that can be used to estimate the
mean behaviour of a homogeneous media equivalent to the stochastic system,
and to define the uncertainty band for the results. This approach requires
knowledge of the heterogeneity structure defined by the frequency distribution
of the variable (Fig. 5) and its spatial or temporal autocorrelation function.
In this field, the recent contribution of geostatistics (David 1977) has been
of prime importance in the development of analysis techniques, especially
concerning the desophistication in the use of variograms or correlograms to
define the limiting distance after which two points are no longer
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Fig. 5. Cumulative distribution of probability for 22 hydraulic head measurements (tensiometer
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rainfed rice at Bouake, Ivory Coast. The continuous line corresponds to a normal
distribution with a mean of -405.6 cm and a standard deviation of ±191.7 cm. (from
Kalms el al. 1981)
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autocorrelated. The knowledge of this "range" is fundamental, as the classical
statistical analysis methods (variance, standard deviation, test of validity) can
only be applied to observed values beyond this range. Inside this distance,
weighting techniques must be used to account for autocorrelation between
measurements, which has in particular led to the use of the kriging technique
(Delhomme 1979; Hajrasuliha et al. 1980). For example, Fig. 6 shows three
types of spatial correlograms obtained at Bambey in Senegal (Imbernon 1981)
concerning pairs of samples at different lag distances for the silt and clay
content, the sorptivity and the water content measured at a given depth and a
given day. The range for this site is about 25 m. Hajrasuliha et al. (1980)
found an autocorrelation range of about 400 m for soil salinity measurements
at one of the test sites. In another area, all the measures were autocorrelated
up to a distance of 800 m. the variograms showing a significant drift.
Knowledge of the autocorrelation function is also very important in the
design of the sampling procedure, as measurements spaced at a distance less
than the range are of no use if classical analysis techniques are to be used.
Note, however, that the basic concept of autocorrelation range may be biased.
A recent study by Gajem et al. (1981) shows that the range of the domain of
influence can depend on the spacing between measurements. The range went
from 57.5 cm for the measurement of the 15 bar water content, with a spacing
of 20 cm between measurements, to 4600 cm for the water content in the field
with a spacing of 200 cm during an exploratory program carried out at
Tucson, whereas the two quantities are highly correlated.
For independent measurements, the frequency distribution must be
known in order to determine the mean and the standard deviation. Extensive
work carried out under the direction of D.R. Nielsen has made us all aware of
the fact that the retention terms (water content and storage) are generally
normally distributed while the transfer terms (flux and conductivity) are lognormally distributed. Fig. 7 shows the histogram of water flux measurements
obtained by Imbernon (1981) in Bambey (Senegal) at a depth of 110 cm, 5
days after the end of infiltration tests carried out under identical conditions at
22 points over an area of 1 ha. The parameters of the log-normal distribution
take on the following values when fitted to the measurement points:
—estimation of the mean: 14.4 mm/day
—68% confidence interval: 5.25 to 39.4 mm/day
An estimation based on a normal distribution would have given a mean of
26.2 and a 68% confidence interval from 10.5 to 42 mm/day, corresponding to
an error of 100% for the mean.
Vachaud et al. (1982) give another example obtained on the same site,
concerning the estimation of nitrogen losses for a peanut crop. For six
measurements taken over one hectare, the cumulative loss over the
growing season varied from 2 to 70 kg/ha for the different measurement
points, with a mean of 14.6 kg/ha (Fig. 8).
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Fig. 6. Spatial correlograms obtained in a 1 ha site of sandy soil deposit at Bambey, Senegal,
and relative to the study of:
— the mean silt and clay fraction on 0-110 cm
— the sorptivity (from 22 double ring infiltromet'er tests)
— the water content at 110 cm, 5 days after the end of infiltration
(from Imbernon, 1981).
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Frequency distribution of water flux measured at 110 cm, 5 days after the end of an
infiltration in the site of Bambey, Senegal (24 experiments on 1 ha). The plain line
corresponds to the log normal distribution. The hatched area is the domain of
uncertainty on the experimental values with p = 0.68.

7b.

Evaluation of the estimation of the mean water flux q (corresponding to Fig. 7.a) as a
function of the number of sampling, assuming a probability of 0.68.

SOIL PHYSICS RESEARCH AND WATER MANAGEMENT

JULY

49

AUG

Fig. 8. Estimation of cumulative nitrogen losses under peanut from 6 indepent sites of
measurements (neutron moisture meter, tensiometers solute concentration cells) at a depth
of 110 cm under a one hectare field of sandy soil at Bambey, Senegal, (from Vachaud et al.
1982).

A final example is taken from tests carried out at Bouaké (Ivory Coast)
involving a comparative study of water consumption for two varieties of
rainfed rice on two 1800 m2 areas with the same soil and with six neutron
moisture probe measurements for each variety (Kalms et ai 1981). Fig. 9
shows the cumulative probability distribution for water storage from 0 to 90
cm and the storage variation over a period of 2 weeks. Three points can be
noted: these measurements follow a normal distribution, the variability in
the soil completely covers any possible differences between varieties, and the
variance in the storage variation (consumption) is much less than the variance
in the storage. The last point can only be explained by the existence of a very
strong covariance between measurement sites, probably due to a smoothing of
the spatial heterogeneity by root extraction.
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Fig. 9. Cumulative probability distribution of the values of the total soil water storage in the first
metre measured at two dates (Nov. 17 and Nov. 30, 1980), and of the total change of waterstorage during the interval, obtained at Bouake, Ivory Coast, for two cultivars of rainfed rice
(IRAT 13, and Iguape CATETO) from 11 neutron access tubes (from Kalms et al. 1981).

An important problem for the practitioner is the determination of the
number of measurements required for the estimation of the mean within a
given uncertainty band around its real value.
For a normal distribution, the problem is easily solved as the variance of
the estimation of the mean a(X) is related to the variance of the distribution
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by a(X) = a (X)/\/n, where n is the number of measurements. Knowing a(X),
it is therefore easy to determine the n necessary to obtain a certain value of
a(X). a(X) obviously approaches 0 as n approaches infinity.
For a log-normal distribution, the problem is much more difficult as the
geometric mean and the standard deviation are non-consistent (functions of
the shape of the distribution, via its dissymetry) and biased (for a, which is
also a function of n). Landwehr (1978) presented an in-depth study of the
properties of this type of distribution, especially the influence of n on the
estimation of the mean and the errors that result if a normal distribution is
used. The influence of the dissymetry factor is very clear. The tables made by
Sichel (1966) and presented by David (1977, pp. 36, 38) are perhaps of greater
practical value and can be .used to determine estimation factors for a given
population and variance to obtain a mean within 90% of its true value at
probability levels of 90 and 95%.
The problem can also be dealt with by a purely numerical approach using
the generation of a large number of samples by Monte-Carlo simulation taken
at random from the distribution function, and studying the statistical
properties of the solution according to its size. Fig. 7b shows the results of
such a calculation presented by Imbernon (1981) for drainage flux values
obtained at Bambey. It can be seen from this figure that at least 5
measurements are necessary (corresponding to a mean flux estimation
between 9 and 23 mm/day for a 68% confidence interval) and it is of no use to
increase the sample size above 20 measurements (corresponding to a mean
flux estimation between 12 and 18 mm/day).
Hajrasuliha et al. (1980) used the same type of analysis to show that about
50 measurements were necessary to estimate the mean salinity to within ±20%
(with a probability of 68%) for a 150 ha site in southwestern Iran, while the
initial exploratory program involved 232 samples. Warrick and AmoozegarFard (1979) have presented results from another such Monte-Carlo analysis
which clearly show that for a given sample size (100) during a drainage test,
the estimation of the mean varies with time (and thus with the flux value). The
estimation varies from ±50% to ±14% (for a 95% probability) while the mean
flux varies from 32 to 0.44 mm/day with a variance going from 6.27 to 0.073.
The main disadvantage of the Monte-Carlo type methods is the difficulty in
generalizing, as each result represents a particular distribution. This type of
analysis is, however, extremely useful in preliminary explorations and defining
the sample size that meets the needs of the planner. For a given development
project, it is in my opinion essential to determine either the acceptable
uncertainty band for the estimation of the mean, or the maximum number of
measurements that is practically possible and then determine the feasibility of
the project.
Thus, the work carried out over the last 4 or 5 years clearly shows that a
major effort must be made before any project to characterize a site is
undertaken. A single field measurement is never representative of the average
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phenomenon. Owing to the strong log-normal character of the distributions
that define the structure of certain parameters, a relatively high sample
number is required (order of 10). Several points should be emphasized:
1. In order to simplify the procedures, it is possible to look for
correlations between certain hydraulic parameters and the easy-to-measure
structural properties (porosity) or textural properties (pore size) (Imbernon
1981). Initial tests involving samples for pore size analysis and determination
of water content per weight along one or two diagonal transepts, taken at
regular intervals of about 10 metres, can be used for a simple definition of the
autocorrelation range and the essential distribution functions.
2. Results from Senegal and the Ivory Coast indicate that in certain cases
a point may exist that characterizes the mean behaviour of the parcel
(Vachaud et al. 1982). The location of this point comes from a systematic
study of the cumulative probability diagrams. Such behaviour can greatly
simplify the procedures and serve as a guide for the exploratory program.
3. Preliminary testing can be used to determine in advance the chances of
success for an exploratory program, especially for comparative tests. The
natural variance of water content can be such that possible differences in
water consumption for different cultivars are less than the significant change
of soil water storage (Kalms et al. 1981). In any case, classical Fisher test type
comparative studies with n treatments (n approximately 6) and n repetitions,
are in my opinion doomed to fail in advance, at least concerning the
measurements in the soil. This is due to the sample size necessary for each
treatment in order to obtain representative estimates of the mean value of the
uncertainty bands. For the same number of measurements, a very large gain
in information will be obtained by decreasing the number of treatments and
increasing accordingly the number of repetitions far enough to avoid
autocorrelation.

Extrapolation by Simulation
Simulation modelling can be considered as the preferred tool in
development project work as it can be used to simulate different strategies
(concerning treatments), leading to a fast determination of their influence
without heavy exploratory programs. This is, however, only possible if the
model is an accurate representation of the physical processes involved and of
the characteristics of the media.
If we limit ourselves to the basic physical phenomena of water transfer in
porous media (infiltration, drainage, groundwater recharge and, under certain
conditions, solute flow), numerical models which represent well the physical
processes are now available. This is probably the soil physics field which has
witnessed the most progress over recent years. The review report by Molz et
al. (1979) fully describes the state of the art.
Attempts to apply these models to field conditions have, however, up to
present been almost total failures. This is due essentially to two reasons:
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Difficulties in taking into account the stochastic characteristic of the
transfer coefficients, and of the initial and boundary conditions in a
deterministic model.
Difficulties in simulating the complex behaviour of the soil-plantatmosphere system in the presence of growing vegetation.
I will not however finish on a pessimistic note as there are at present
several lines of research in soil physics, hydrology and geohydrology which
have not yet led to field applications but which have been the subject of
methodological studies which may soon be exploitable.
One approach, introduced by Freeze (1975), uses a Monte-Carlo method
to take into account the effect of spatial heterogeneity by random sampling of
the variables from a known distribution function to obtain a mean value from
all the partial solutions. This type of approach was successfully applied to the
study of dispersion in aquifers (Tang and Pinder 1979). In hydrology, Smith
and Hebbert (1979) studied the effect of the stochastic input (rainfall) and the
influence of the spatial heterogeneity of the soil on runoff. More recently, this
technique was used by Amoozegar-Fard et al. (1981) to study solute transport
in a porous medium as part of a sensitivity study on the uncertainty in values
of water velocity and of the diffusivity coefficient for the prediction of solute
transport. The use of a stochastic velocity distribution led to a solution which
was very different from the one obtained using a deterministic value,
especially for the time for the arrival of solute at a given depth.
Another approach, which is in my opinion more easily applicable in the
field, especially in sensitivity studies, is based on the scaling factor theory and
on the coalescence of the variability of the h(0) and K(0) relationships towards
a mean relationship characteristic of the site. As opposed to the preceding
method, the simulation model is based on the solution of a purely
deterministic scaled variable equation. The distribution function of the scaling
factor is used to obtain the real characteristic value (pressure h) from the
scaled mean characteristic value (pressure h) for each measurement point. This
method was developed by D.R. Nielsen, A.T. Warrick and their colleagues,
and is presented in detail in a paper by Simmons et al. (1979). It represents
one of this decade's most important contributions to soil physics. As an
illustration, this technique was used on the 22 infiltration tests carried out on
the Bambey site in Senegal (hmbernon 1981) and Fig. 10 shows both the
infiltration curves obtained at each basic site and the scaled infiltration curve
for the site.
Examples showing the possibilities of this method were recently presented
by Warrick and Amoozegar-Fard (1979) for the calculation of simulated
infiltration components, for a 150-ha site already characterized by Nielsen
et al. (1973). Two important results should be pointed out:
For a constant head infiltration condition (h = 0) on the entire site.
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Fig. 11a shows the infiltration rate and the uncertainty band for 25% (lower
curve) and 75% of the probable values.
For gravity drainage at the same site and under the same conditions,
Fig. l i b shows the drainage outflow curves (mean, 25% and 75%)
simulated for a depth of 180 cm.
The same type of calculation was also presented by Sharma and
Luxmoore (1979); however, their objective was more ambitious, involving a
simulation of the entire hydrologie cycle (including plants), with an artificial
value of the scale factor distribution function. The results can only be
considered in relative terms but nevertheless show the high sensitivity of the
water balance terms to the coefficient of variation of the scaling factor
distribution. AH else being equal (mean values, initial and boundary
conditions) the runoff can vary from 1 to 6 when the coefficient of variation of
the scale factor on a site goes from 0.3 to 1.5.
Such results clearly show that numerical modelling and the
characterization of parameters in the field represent two indispensable and
highly related tools. Although the models presently available could be further
simplified, they can play a major role in project dimensioning as long as
realistic parameters are used. By means of sensitivity studies, these models can
also be used to determine parameters to be measured along with their number
and the importance of the quality of the measurements.
In my opinion, validation studies are urgently required and should be
carried out as soon as possible on test zones in order to determine the
possibilities and the limits of these methods.
In conclusion, soil physics research in the 1980s has entered a phase where
we can be optimistic about the possibilities of finding practical solutions to
water resource development problems.
Any fieldman is much more aware of the complexity of the physical
medium than the soil physicist. Confronted by the impossibility of proposing
a solution for these complex phenomena, the physicists at first devoted
themselves, in the laboratory, to understanding the deterministic aspects of
the transfers and to developing simplified but accurate models, while the
practitioners continued to use empirical methods which were sufficient for a
particular site but difficult to extrapolate. The contribution of geostatistics
was an essential catalyst in the evolution of soil physics. I have tried to show
in this report that, thanks to these contributions, we can now quantify the
complexity of the natural environment, characterize the independent
variables, determine the validity of the measurements, extend the results from
point values to mean values, optimize sampling and finally make models
capable of simulating the processes involved.
A great deal of research is still required at the laboratory level, concerning
the study of the soil-plant-atmosphere relationships, the processes involved in
the decomposition of organic matter and denitrification, the kinetics of
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Infiltration measurements obtained in the site of Bambey from 24 double ring
infiltration tests on 1 ha, together with the mean value, and the domain of uncertainty
with p = 0.68.

Fig. 10b.

Reduced infiltration curve from Fig. 9.a, using the model of Sharma el al. 1980. (from
Imbernon, 1981)
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Estimation of mean values of velocity, and of the 25-75 percentile range computed
from the spatial characteristics of the Panoche clay loam under:
— constant flux infiltration at Z = 0
— gravity drainage at Z = 180 cm
by courtesy of A.T. Warrick, 1979
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exchanges between soil and solution, etc. In the quantitative domain of water
resources, research can be made operational in a very short time if enough
measurements are available to reinforce or invalidate present theories. For
this, it is imperative that researchers leave the laboratories and put their
potential to work for the practitioners and planners by attacking the context
of the field reality.
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Soil Physics Research:
A Leap into the Future
Without the Academia of the Past
DONALD R. NIELSEN*

Abstract
CONSIDERING the reviews and suggestions made by the three panelists of
Commission I—Whither Soil Physics Research—it is concluded that
adequate information regarding the principles of soil physics is available.
Having selected soil samples and limited field sites with the view that they
were "typical," we fall critically short of understanding how to analyze and
monitor the behaviour of an entire field. It is suggested that we accelerate
field research involving the application of spatial and temporal observations
of soil temperature and soil water for improved management practices. A
leap into the future requires increased field experimentation with greater
emphasis given to regionalized variable analysis not necessarily using small
field plots. Identifying the spatial and temporal variance structures of soil
physical properties and linking them to existing or improved soil mapping
units will hasten the development of field technology.

MY colleagues, Dr. Prihar from the subcontinent of Asia, Dr. Vachaud from
Europe, and Dr. Hillel from North America, have adequately documented
where we have been in soil physics research, and from their views, where we
are going. They have cited the contribution made worldwide by our soil physics
peers, have given a clear description of the commitment and untiring efforts of
countless soil physicists to understand and to uncover the physical processes that
dominate our topsoil, and have described avenues of research that they believe
are the most promising for the future. Dr. Hillel reminds us that science and
scientific institutions are social creations which often face difficulty in identifying
research priorities. Administrative mandates and the academic whims of
scientists are inadequate for setting the course of future research. He also
points out that research on tropical soils falls far short of that being
conducted on temperate soils. He suggests that a world community of soil
physicists spend more time simulating with the aid of computers the
behaviour of our land resources — a view with which I completely agree,
with the caveat that the simulators spend equal efforts experimentally
verifying their numerical outputs. Dr. Prihar, focusing on the physical
environment of increasing crop production, reminds us that research should
address several factors impinging concomitantly on the crop rather than the
more traditional approach of holding all parameters constant with the
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exception of one. He speaks of the "reference state" of the crop production
system and the improvement of our understanding of natural or farmer-made
episodes that change or modify, positively or negatively, the reference state.
Dr. Vachaud has indicated where we should proceed in terms of water
management. He stresses the stochastic nature of the soil-water regime, and
alternative directions of future research that deal with a more adequate
assessment of the spatial and temporal variations of soil water across the
landscape — a view which I strongly endorse. In fact, I do not disagree with
any of the panel members of this Commission, but believe that we are capable
of making progress more rapidly if we combine the rigour and determinism of
soil physics of the past several decades with a more realistic and pragmatic
view of the manner in which the soils of a cultivated field, of a watershed, or
of any other portion of the landscape behave. Using small samples or columns
of soil in the laboratory together with small field plots, we have a rather
thorough knowledge of the principles that govern soil physical processes. On
the other hand, having selected those soil samples and field plots with the view
that they are typical of an area, we fall critically short of understanding how
to analyze the behaviour of an entire field. The technology of sampling an
entire field is at its infancy. Scientific criteria for the number, size, spacing and
frequency of observations have not been identified. Too long have we judged
soil management practices by only one criterion — the average crop yield. If
we are to judge the "health" of a field, or to what Dr. Prihar refers as the
reference state, we need to develop a field technology that allows the
identification and monitoring of changes in the soil physical environment. The
changes may be episodal or subtle. We need to take measurements and think
more in terms of rates integrated over space and time and somewhat less in
terms of capacities. For example, the concept of field capacity served well to
conserve water in irrigated agriculture, but nowadays how the flux of water
and its solutes at a critical soil depth changes during and between growing
seasons is of greater importance. Although a soil profile's water content can
be ascertained with neutronmeter observations at several different times to
yield changes in water storage, such observations do not necessarily lead to
the rate at which water is moving through the profile. As Dr. Hillel suggests,
the technology developed at one field site still needs to be modified and
adapted to specific situations over other regions. To accomplish that
suggestion, we need to modify our deterministic procedures that deal with
state variables, such as pressure, volume, and temperature, to include their
uncertainty at any location x, y, and z as well as at time t. Instead of always
trying to reduce measurements and concepts to a simple mean value, it is
imperative that we emphasize their variance structure — a point Dr. Vachaud
stressed in his presentation.
To leap into the future without the academia of the past implies that we
need to modify our present research activities. Here are a few examples that
illustrate the implication. For soil physicists it means that we can no longer
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ignore the water-solute soil particle interactions when dealing with the
Richards' equation. And if we say we consider them, we should not enjoy the
luxury of choosing a soil-water system within which those interactions are
always negligibly small. Real soils in the arid and semi-arid reaches of the
world as well as those in the tropics where even the surface-charge density of
soil particles depends upon solute concentration and pH cannot be optimally
studied without embracing the water-solute-solid interactions. A second
example is that we should accelerate our efforts in the held and de-emphasize
experiments using small, hand-packed soil columns in the laboratory or the
glasshouse. Pragmatic considerations associated with nonuniform rainfall and
irrigation applications, spatial variability of field soils, quality of water in the
laboratory versus that in the field, and our inability to match field boundary
conditions in the laboratory dictate greater field activity. A third example is
that the modellers and simulators should withdraw somewhat from their
computer consoles and that the experimentalists should occasionally step into
the computer centre. A fourth example is that we should be increasing the size
of our traditionally small plots to that of the entire field and switch, where
appropriate, from Fisher statistics to regionalized variable analyses. We should
be designing our experiments with greater emphasis on the scale of the
observation stemming from autocorrelations rather than at the outset
assuming that all observations are spatially or temporally independent.
And, if we decrease some of the academia of the past, what directions
should we leap? From my view, there are several alternatives which
nevertheless are linked together in one way or another to enhance technology
of managing land and water resources. Research on soil temperature and soil
water will receive the greatest attention during this decade. Two motivating
forces dictate that attention. The first is the greater availability of satellite and
other overflight imagery data collected daily or more frequently that are
capable of reflecting pixel sizes as small as 1 m to as large as 1 km2 or larger.
The second force stems from society's demand to improve our environmental
citizenship and to reduce the cost of wanted and unwanted organic and.
inorganic additives or wastes applied to the soil. Both of these forces demand
a broader view than is the normal custom in soil physics research. Broader in
terms of area; extent of the problem; and the time dimension, particularly as
water quality and groundwater recharge is examined in the vadose zone as a
result of management practices at the soil surface.
What kind of soil temperature research is envisioned? Spatial and
temporal autocorrelations of data sets from overflight and ground
observations will identify scales of observations and will provide a basis for
spatial and temporal cross-correlations. Such analyses will address the
question of how many, how big, and how often do we sample to characterize
the behaviour of field soils. When the soil temperature is correlated with the
soil-water content, the above analyses will prescribe the number and
frequency of temperature observations that are of comparable quality to the
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number and frequency of soil-water content observations. From the above
autocorrelations, power spectral analyses will reveal repetitive cycles of events
across the field — the impact of equally-spaced furrows, ridges of soil
compaction or loosening associated with tillage implements and/or
machinery, and repetitive variations in soil-mapping units. With such
analyses, future observations can be optimized in terms of cost and
effectiveness for better management decisions.
When thermal overflight imagery is related to crop-water stress, poor
drainage, soil temperature, soil-water evaporation, etc., kriging and co-kriging
techniques will be used to identify areal patterns of equal behaviour across a
field. Hence, these techniques will offer greater opportunity for delineating
areas of a field that should be treated alike or preferentially compared with
other unlike areas. The statistical analyses suggested above are not limited to
temperature data but owing to the ease of their observation relative to the
measurement of other physical parameters across the landscape, analyses of
temperature data will be the most common initially.
What kind of soil water research is envisioned? There has been a recent
thrust directed toward the analysis of "so-called" preferential flow paths
through natural soil profiles. The existence of preferential flow paths has long
been recognized through publications dating back at least a century, but their
present-day resurgence stems from a perceived need to more thoroughly
understand the leaching process under a variety of natural- and humancontrolled conditions. The desire to reduce leaching losses of plant nutrients,
to control leachates in waste disposal systems, and to predict or perhaps
control the quality of water recharging groundwater aquifers motivate such
soil-water research. Understanding and controlling the leaching process is
exceptionally difficult owing to (1) the unusual nature of soil-water transport
and (2) the lack of attention given by soil physicists as regards the scales of
observation of the soil-water flux, soil-water content, hydraulic conductivity,
hydraulic gradients, solute concentrations, etc. The unusual nature of soilwater transport is reflected by the value of the hydraulic conductivity being
extremely dependent upon soil-water content. With the cooperation of more
than a dozen soil physicists, we have recently found that a crude, world
average of many soils for K(0) (cm/day) is
K = 30 exp [76(0 - 0.32)]
where K is the field-measured hydraulic conductivity, 6 the volumetric soilwater content, and 0.32 the value of 80 during steady-state leaching with the
soil surface ponded with water. We also found, that on the average for each
field soil analyzed, the standard deviation of 60 was about 0.022 cm 3 /cm 3
stemming from experimental uncertainties and spatial variabilities of the field
soil. Assuming the other parameters in the above equation were without error
(which indeed is not true), if the value of (8 - 0.32) were uncertain by ±0.022,
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the value of K would range from 6 to 160 cm/day. It is not uncommon to
observe differences in 0 of 0.05 cm 3 /cm 3 even in a relatively small field plot.
Hence, solute associated with the soil water may easily travel 10 to 100 times
faster (or slower) than that indicated by the mean hydraulic conductivity or
infiltration rate.
Coupling the above discussion with the lack of attention given to scales of
observation of soil water and solute parameters, it is logical that we have had
difficulty in understanding and monitoring the leaching process. The scale of
observation is a parameter stemming from auto-correlations that defines
statistically the size of the region exemplified by a single observation. Unless
observations of K (or soil-water flux) represent an ensemble of soil pores that
is statistically the same region for which a concentration of solutes pertains,
the mass transport of solutes is not the product of the water flux and the soil
solution concentration. Leaching equations based upon lumped mass
conservation parameters or kinetic parameters will not be reconciled with
experimental observations until their scales of observation have been
conceptually and experimentally reconciled. Such reconciliation is the focus of
future soil-water research.
An additional leap in soil physics research is anticipated when we revise
the formulation of our deterministic equations to include the stochastic nature
of field observations. Owing to the heterogeneity of field soils as well as the
nonuniformity of rainfall, climate and other factors, it may well be fruitless to
tenaciously hold to the concept that if enough samples are taken, a suitable
mean value of the parameter in question may be obtained. For example, even
several hundred observations of the hydraulic conductivity may not guarantee
a sufficiently small fiducial limit of its mean for a particular problem. Several
alternatives are available that avoid the necessity of knowing mean values
exactly. First, instead of using K(0) in Richards' equation as an expected,
deterministic value, two terms could be used — a best estimate of the mean
plus a random function term. The same kind of representation could be given
for 0 and the matric potential. In this way, the Richards' equation would be
divided into two parts — the traditional equation based upon expected values,
and a second part containing both expected terms and random function
terms. The solution of both equations for particular initial and boundary
conditions could then more realistically be calibrated with field data taking
into account its so-called erratic behaviour without its a priori smoothing
according to an arbitrary procedure.
A second example of including the stochastic nature of field observations
into equations is to write the hydraulic conductivity in a Taylor's expansion
around the estimate of its mean. Taking only the first three terms of the
expansion would allow consideration of its behaviour in terms of the spatial
coordinates. A third example would allow K(0) to be represented by its
expected value plus a measure of its variance that could be expressed in terms
of the spatial coordinates. Still a fourth example is to express K(0) in terms of
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its scale mean assuming an extended similar • media concept where the
stochastic nature of K across a field is expressed in terms of one or more scale
factors. Further analyses of the scale factors revealing the presence or absence
of their variance structure across a field would allow more effective
monitoring schemes.
The above examples are not academic, and are being used routinely in
research applications outside the field of soil science. Some soil physicists are
already using them. But, by and large, when experiments are conducted in the
field, either adequate soil data are not collected or large masses of data are
often collected which are never fully analyzed to provide broader generalities
and improved technology. We should take advantage of the spatial and
temporal variability of field soils, and not ignore it. By its analysis, better
instrumentation and more robust equations can be devised to signal better
management practices in the field. With them (a) soil physical behaviour can
be predicted with stated levels of probability, (b) at any one or number of sites
within a field the expectation of an observed value can be judged on the basis
of the field variance and not the probable instrument error, and (c)
management recommendations will be couched in terms of different levels of
probability and risk commensurate with agriculture itself.
In conclusion, how do we leap from the present to the future? In addition
to the suggestions implicit in the foregoing, I suggest we examine and coalesce
field data from other disciplines in soil science as well as those from soil
physics. We need to link our observations with those of our soil science peers,
and particularly those in soil genesis, morphology and classification. Tying
spatial and temporal soil variability with logical accuracy and application of
regionalized variable analysis to soil mapping units leading to an improved
monitoring capability for our land resources is indeed one of the major thrusts
to be tackled by our International Soil Science Society. And hopefully, by
1986, at our next worldwide meeting, a symposium between at least
Commissions I and V will manifest that endeavour.

Commission II

Soil Chemistry

Quo Vadis
Soil Organic Matter Research?
M. SCHNITZEL

Abstract
WHILE it is generally recognised that organic matter is an important soil
component, the chemistry of soil organic matter remains a neglected field of
soil research. The intractability of soil organic matter is usually cited as the
cause of this neglect. But the recent commercial availability of advanced and
sophisticated instruments such as Nuclear Magnetic Resonance (NMR) and
Electron Spin Resonance (ESR) spectrometers and the gas chromatographmass spectrometer-computer system have opened up new possibilities for
shedding light on the chemical structure and reactions of soil organic matter
components, especially humic and fulvic acids. The purpose of this talk is to
highlight some recent developments in three areas of soil organic matter
research: (a) the solid state 13C NMR spectroscopy of humic materials; (b)
the role of free radicals in the synthesis of humic substances; and (c)
mechanisms of mineral-organic interactions.
By solid state l3 C NMR spectroscopy it is now possible to obtain
important structural information on proportions of aliphatic and aromatic
C, aromaticity and reactions of humic materials with other organics and
with inorganics without having to dissolve and fractionate the humic
materials. With the aid of ESR spectroscopy it can be shown that the ratedetermining step in the synthesis of humic acids from relatively simple
phenols and phenolic acids is the formation of semiquinone radicals, which
then couple to form stable humic acid polymers.
ESR spectra also show that metals such as Mn(Il) and Co form outer
sphere complexes with fulvic acid while Cu(II) and Fe(III) form inner sphere
complexes. Research on soil organic matter continues to challenge the
curiosity and ingenuity of scientists from many disciplines. A more adequate
knowledge of the chemistry of soil organic matter is needed for a better
understanding and a more efficient utilization of soils.

AT the last Congress at Edmonton a distinguished soil scientist (Greenland
1978) referred to some failures of soil science. 'He explained that those failures
arose from problems being either too difficult, being approached in the wrong
way or wrongly formulated. The first failure that he mentioned was the
continued inability of soil chemists to establish the chemical structure of
humic materials in soils. He conceded that progress in this field required
substantial resources and that where these were available, some knowledge
was gradually accumulating. Over the years, soil scientists have exhibited a
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benign neglect toward soil organic matter chemistry although it is widely
accepted that soil organic matter affects many reactions that occur in soils.
With the advanced and sophisticated instruments that have become available
recently, important new information on the chemical structure and reactions
of soil organic matter can now be generated. It is, therefore, important that
soil scientists change their views about the intractability of the soil organic
matter problem and approach this important field of soil science in a spirit of
optimism and enthusiasm. Thus, significant and exciting developments are
now occurring. The purpose of my talk is to indicate some of these
developments and to suggest to you that a more adequate knowledge of soil
organic matter chemistry will lead to a better understanding of the soil system
and to a more efficient use of this most valuable resource. I shall attempt to
highlight in my talk recent advances in the following three areas of soil
organic matter research: (i) The solid state ' 3 C NMR spectroscopy of humic
materials; (2) the role of free radicals; and (3) mineral-organic interactions.

Nuclear Magnetic Resonance (NMR) Spectroscopy of Humic
Substances
Nuclear magnetic resonance (NMR) spectroscopy is a most valuable
technique for elucidating the chemical structure of organic molecules. Its first
application to humic and fulvic acid dates back to the early 1960's when
Barton and Schnitzer (1963) recorded 'H-NMR spectra of methylated fulvic
acid and fractions separated from it. Four types of protons were observed:
signals at 8 = 3.7 and 3.9 ppm were assigned to OCH3 groups of methylated
phenolic OH and CO2H groups, while peaks at 6— 1.25 and 0.9 ppm were
thought to originate from polymethylene and methyl groups at the end of
methylene chains. In a later study (Schnitzer and Skinner 1968), in which
methylated fulvic acid fractions previously separated on Sephaiex gels were
analyzed, the presence of the four types of protons mentioned above was
confirmed. No aromatic protons were detected in any of the fractions. The
explanation offered for this was that either the aromatic rings were fully
substituted by atoms other than H or that free radicals, which are present in
appreciable concentrations in the fulvic acid and the fractions separated from
it, interfered with the NMR signals. About 10 years later, much improved
spectra were obtained by Vila et al. (1976) with the aid of the Fourier
transform technique. One of the main difficulties with the use of NMR had
been the low sensitivity of the method and the insolubility of humic materials.
But recent developments in the NMR spectroscopy of solids have
demonstrated that high resolution 13C NMR spectra of organic solids can be
obtained and that problems of low sensitivity can be overcome by the
combined techniques of cross polarization, which enhances sensitivity, and
high power proton decoupling, which reduces line broadening. Another
important development was the introduction of high speed sample rotation
where the spinning axis was oriented at the "magic angle" (54.7°) with respect
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to the external magnetic field (Andrew 1972). The combination of all of these
techniques, cross polarization and magic angle sample spinning, (CPMAS),
makes it now possible to obtain high resolution spectra on solid samples. The
new technique can be used for the quantitative structural analysis of humic
materials from widely differing sources. Aromatic C signals can be clearly
distinguished from those of carboxyl, ether, methoxyl and aliphatic C, and
carbon aromaticities can be measured. It is thus possible to compare
aromaticities measured by the non-destructive C NMR method with those
based on oxidative degradation or other methods.
CPMAS l3 C NMR spectra of two humic and one fulvic acids extracted
from the O and Bh horizons of a Spodosol soil are shown in Fig. 1. In all
spectra, well-defined signals are those of unsubstituted aliphatic C (0-50 ppm),
ether and carbohydrate C (60-72 ppm and 106 ppm), aromatic C (130 ppm),
oxygen-substituted C of phenols (150 ppm), carboxyl C (175 ppm) and
carbonyl C (180-200 ppm). The two humic acids, curves 1 and 2, are especially
rich in aliphatic and carbohydrate C, while the fulvic acid (curve 3) is relatively
enriched in aromatic and carboxyl C. The carbon aromaticity for each
material was calculated by integrating peak areas. Carboxyl and carbonyl C
were considered as aromatic C. Aromaticities for the two humic acids
calculated from curves 1 and 2 in Fig. 1 were 59 and 57%, respectively, while
the aromaticity of the fulvic acid (curve 3) was 68%. These aromaticity values
pgree reasonably well with those determined by chemical degradation of the
"mean" humic and fulvic acid, which were 69 and 71%, respectively (Schnitzer
1977).
The signals for phenolic C in the three curves in Fig. 1 were weaker than
had been expected from chemical analyses. It is possible that phenolic OH
groups are overestimated by chemical methods or that stable free radicals,
which appear to be semiquinones, broaden the signals under the conditions of
CPMAS analysis. These problems require further investigation. It is clear
that CPMAS 13C NMR is a most promising technique for understanding the
chemical structure of humic materials and the reactions of these materials
with organics and inorganics in soils. It may eventually be possible to record a
NMR spectrum on a whole soil sample without having to extract the organic
matter.

Free Radicals in Humic Materials
Humic substances are rich in free radicals (Rex 1960; Steelink and Tollin
1967; Riffaldi and Schnitzer 1972) which, most likely, play important roles in
polymerization-depolymerization reactions, in reactions with other organic
molecules, including pesticides and toxic pollutants, and inorganics, and in
the physiological effects that these substances are known to exert (Schnitzer
1978). ESR spectra of aqueous humic and fulvic acid solutions usually consist
of single lines devoid of hyperfine splitting (Fig. 2), with g-values ranging from
2.0031 to 2.0045, line widths from 2.0 to 5.0 G and free radical concentrations
from 1.4 X10 17 to 37.4 X 1017 spins/g (Senesi and Schnitzer 1977).
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Fig. 1. CMPAS ' 3 C NMR spectra of a humic acid extracted from a Spodosol O horizon (curve
1); a humic acid extracted from a Spdosol Bh horizon (curve 2); and a fulvic acid
extracted from a Spodosol Bh horizon (curve 3).
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Fig. 2. ESR spectrum of a humic acid.

The Synthesis of Humic Substances
It is generally accepted that humic substances result from the chemical
and biological degradation of plant and animal residues and from synthetic
activities of microorganisms. The products so formed tend to associate to
form complex chemical structures that are more stable than the starting
materials. Little is known at this time about the mechanism(s) of the major
chemical and biochemical reactions that are involved in the synthesis of humic
materials. Recent work done in our laboratory has allowed us to gain new
insight into the very important process of humification or humic acid
formation.
About 2 years ago, we (Mathur and Schnitzer 1978) prepared analogues of
"humic acids" from phenols, quinones and salicylic acid by chemical
oxidation. The two oxidants that produced synthetic "humic acids" that
resembled natural humic acid most closely were Ag20 and K2S2O8, both of
which are known to effect the oxidative coupling of phenols by one-electron
transfer reactions at low temperatures (Chang and Allan 1971). The initial
step in these reactions is the formation of semiquinones and semiquinone ions
(at higher pH), which then couple to form more complex molecules. Not all
semiquinones participate in coupling reactions; a portion is stabilized as free
radicals and it is these that give ESR signals. It is also noteworthy that
oxidative phenol coupling proceeds most favourably under relatively mild

72

WHITHER SOIL RESEARCH

conditions and in the presence of small amounts of oxidants, conditions that
resemble those occurring in soils.
Senesi and Schnitzer (1977) showed that humic substances contain two
types of free radicals: (a) permanent ones with long life spans, apparently
stabilized by the structural network of humic materials; and (b) transient ones,
with relatively short lives, which can be generated by chemical reduction,
irradiation and raising the pH. ÈSR parameters of both permanent and
transient free radicals in humic materials are similar and are characteristic of
substituted semiquinones and semiquinone ions, depending on the pH of the
system.
In a recent investigation, Schnitzer and Lévesque (1979) showed that the
free radical content of peat soils in various stages of decomposition was
directly proportional to the pyrophosphate index or the degree of
decomposition (Fig. 3). Additional work showed that the free radical content
per unit weight of peat increased as the peat became more humified or as
nor
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Fig. 3. Plot of ESR peak height vs Na4P207 index for freeze-dried N ^ P Ï O ? extracts of ten peats.
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more humic acid was formed. Products resulting from the alkaline cupric
oxide oxidation of Na4P207 extracts from the more humified peats, contained
greater proportions of phenols than those resulting from the oxidation of the
Na4P2Ü7 extracts of the less humified peats. This study showed that the free
radicals were associated with phenolics in humic materials.
From the information presented above it appears that the ratedetermining step in the synthesis, by oxidative polymerization, of humic acids
from simple phenols and phenolic acids is the formation of a semiquinone
radical which in alkaline solution is stabilized as the semiquinone ion. We are
dealing here with a one-electron transfer reaction, that is, the phenol is
oxidized to the semiquinone. If another electron could be transferred, the
semiquinone would be oxidized to the quinone. But this electron is most of
the time not available. If it were available, we would find rich accumulations
of quinones in humic acids instead of experiencing great difficulties in
detecting these compounds.
Thus, some semiquinones, which are normally relatively unstable, will
couple with each other to form a stable humic acid polymer. Because the
coupling of radicals requires no activation energy in contrast to electron
transfer reactions (Chang and Allan 1971), coupling of semiquinones rather
than the formation of quinones should be the preferred reaction path. This is
indeed what we find. Free radicals in soils are formed by the chemical and/ or
biological dehydrogenation of phenolic OH groups to yield semiquinones.
While the free radicals are formed more readily at higher pH levels, they are
also present, although in lower concentrations, in aqueous solutions and
solids of humic and fulvic acids at all pH levels normally found in soils. The
reaction scheme discussed above is summarized in Fig. 4.
humic polymers

(slow)
reduction

^
Oxidation

Fig. 4. The synthesis of humic substances.
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From our data it appears that during the first stage of humification humic
acid is formed, whereas the second stage of humification involves the chemical
and/or enzymatic oxidation of humic acid to fulvic acid. Thus, free radicals
are sensitive probes that permit us to shed new light on the mechanism of
humification.

Mineral-Organic Interactions
Humic substances interact with metal ions, metal oxides, metal
hydroxides and clay minerals to form associations with widely differing
chemical and biological stabilities. These interaction products affect the
moisture and aeration regime of soils, exchange capacity, nutrient availability,
chemical and biological degradation as well as many other reactions that
occur in these systems. Of the three major humic fractions (humic acid, fulvic
acid and humin) only fulvic acid is completely soluble in water when low in
ash at pH values prevailing in soils. Fulvic acid extracted from Bh horizons of
Spodosols is low in N and in carbohydrates, so that it is essentially a "pure"
humic material. On the basis of these characteristics and the preponderance of
CO2H and OH groups (Table 1), this fulvic acid is a most suitable humic
material for investigating metal-organic interactions in soils and waters.
Table 1. Analytical characteristics of a fulvic acid extracted from the Bh
horizon of a Spodosol
Elemental composition % (dry, ash-free)
Carbon
Hydrogen
Nitrogen
Sulfur
Oxygen

50.9
3.3
0.7

0.3
44.8

Oxygen-containing functional groups (meq/g dry, ash-free)
Total acidity
Carboxyl
Total hydroxyl
Phenolic hydroxyl
Alcoholic hydroxyl
Total carbonyl
Quinone
Ketonic carbonyl
Methoxyl

12.4
9.1
6.9
3.3
3.6
3.1
0.6

2.5
0.1

Other characteristics
E4/E6 ratio*

Free radicals (spins/g X 1018)
Line width (G)
g-value
*Ratio of optical densities at 465 and 665 nm.

7.1
0.2
5.0
2.0038
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The purpose of this discussion is to present an account of our knowledge
of mineral-organic reaction mechanisms and how our current views have been
affected by advances in NMR and ESR spectroscopy.
Reactions between metals and minerals and humic substances can occur
via one or more of the following reaction mechanisms: (a) formation of watersoluble simple metal-organic complexes; (b) formation of water-soluble mixed
ligand complexes; (c) sorption on and desorption from water-insoluble humic
acids and metal-humate complexes; (d) ion exchange; (e) adsorption on
external mineral surfaces; and (f) adsorption in clay in interlayers.
I shall limit this discussion, because of lack of time, to items (a), (b)
and (c).
Water-soluble Simple Metal-organic Complexes
Reactions in water near pH 7 between di- and trivalent metal ions and
humic acid or fulvic acid are likely to proceed by either one, two or
simultaneously all four of the reaction mechanisms shown in Fig. 5, taking
divalent metal ion M2+ as example. According to reaction 1, one CO2H group
reacts with one metal ion to form an organic salt or monodentate complex.
Equation 2 describes a reaction in which one CO2H and one adjacent OH
group react simultaneously with the metal ion to form a bidentate complex or
chelate. According to equation 3, two adjacent CO2H groups interact
simultaneously with the metal ion to also form a bidentate chelate. Equation 4
shows a situation in which the metal ion Mn+ is linked to the fulvic acid in
addition to electrostatic bonding also through a water molecule in its primary
hydration shell via a hydrogen bond to a C = O group. This type of
interaction is of special importance when the cation has a high solution energy
and so retains its primary hydration shell.
Mixed Ligand Complexes
The formation of metal-fulvic acid-phosphate complexes was first
described by Lévesque and Schnitzer (1967). It is likely that in soils an
appreciable portion of the total P exists in the form of such complexes but it
is difficult to demonstrate this because of the low P content of soils. The
formation and stability of mixed ligand (Y) has been studied by Manning and
Ramamoorthy (1973). Secondary ligands investigated were citrate, tartrate,
salicylate, phosphate, nitrilotriacetate, aspartate and glycine. In neutral and
weakly acidic solutions mixed complexes predominated over simple
complexes. Values of equilibrium constants for mixed complexes with citrate,
phosphate and nitrilotriacetate were particularly high compared with simple
complexes. The relatively high concentrations of HCO3 and SO42 in some soil
solutions could lead to the formation of mixed Cu2+-fulvic acid-HCOi and
Cu2+ -fulvic acid-S0 4 complexes. There is increasing evidence that mixed
complexes are important in the transport of trace metals in soils and in the
uptake of nutrients. Furthermore, the formation of mixed complexes will
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Fig. 5. Major metal-organic reaction mechanisms.

prevent the precipitation of metal ions by hydrolysis at higher pH levels and
will also interfere with the precipitation of insoluble metal phosphates,
sulfates and carbonates. More information on the occurrence and properties
of mixed ligand complexes in soils is needed.
Sorption and Desorption
One of the major characteristics of humic acids (HA) is their ability to
sorb inorganic and organic substances. I shall confine this discussion to the
sorption of metal ions. In a recent investigation, Kerndorff and Schnitzer
(1980) examined the interaction of humic acid with an aqueous solution
containing equimolar concentrations of 11 different metal ions. The order of
sorption of the metal ions on the humic acid depended on the p"H, the metal
and humic acid concentrations. At pH 3.7, the order was: Hg = Fe(III) > Al
> Pb > CT > Cd = Zn = Ni > Co = Mn. At pH 5.8, the order was: Hg= Fe = Pb =
Al = Cr = Cu >Cd >Zn >Ni >Co >Mn. Hg and Fe were always most readily
removed, while Co and Mn were sorbed least readily. It is likely that the metal
ions sorbed by HA are subsequently available in the soil for desorption by
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water-soluble fulvic acid. Similarly, fulvic acid will desorb metal ions sorbed
on surfaces of inorganic soil constituents such as clays and hydrous oxides.
Fulvic acid tends to form water-soluble and water-insoluble complexes
with metals depending of the fulvic acid/metal ratios. In general, fulvic
acid/metal weight ratios of >2 favour the formation of water-soluble
complexes; at lower ratios water-insoluble complexes are formed (Schnitzer
and Kerndorff 1981). The order in which metal ions form water-insoluble
complexes with fulvic acid depends on the pH. At pH 6 it is: Fe(III) = Cr =
Al > P b = Cu > H g >Zn = Ni = Co = Cd = Mn. This order correlates with the
valences, 1st hydrolysis constants and effective hydrated diameters of the
metal ions (Schnitzer and Kerndorff 1981).

Novel Reaction Mechanisms Indicated by NMR and ESR
Methods
Until a few years ago metal-organic interactions in soils were interpreted
in terms of metal-complexation or possibly chelation (see Fig. 5). More
recently, different views have been expressed. Gamble et al. (1976) have shown
by NMR measurements that Mn(II) forms an outer sphere complex with
fulvic acid (Fig. 6), while Cu forms an inner sphere complex (Fig. 7) with
the same material. Similarly, Gamble et al. (1976) and McBride (1978)

COO"

I

coo-

I ^OH

H 2 0 - Mn 2 t -OH

H

.°;,i

Fig. 6. An outer sphere metal-fulvic acid complex.

concluded from ESR measurements that Mn(II), rather than forming chelates
with humic materials, was bound in fully hydrated form [as Mn(H 2 0)6t| by
electrostatic bonding only. An outer sphere complex is one in which the ion is
bound electrostatically to the polyanion (such as humic or fulvic acid) without
displacement of water of coordination from the ion by a negatively charged
functional group. In an inner sphere complex, by contrast, ligand functional
groups may enter into coordination positions and displace strongly

9
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O
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Fig. 7. An inner sphere metal-fulvic acid complex.
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coordinated H2O molecules from around the metal ion. From these
observations it appears that Fe(III), Cr(III), Al and Cu form inner sphere
complexes with humic materials while Ni, Co, Cd and Mn form outer sphere
complexes. Yet, much remains to be learned about the nature of the binding
sites and the interactions of metals with these binding sites.
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Towards a Conceptual Framework
for Soil Chemistry: the Use of Models,
Taking Silica, Aluminium and
Organic Compounds as Examples
M. RAUPACH*

Abstract
THE role and limitations of models to study the physical chemistry of soils
are considered. Models are given for dissolution reactions of clays whereby
the action of one hydrogen ion releases four molecules of silica. Models for
aluminium and organic molecules at clay surfaces are also discussed. The
desirability of working towards a total conceptual framework for soil
chemistry is stressed.

I HAVE been asked to focus my presentation on those aspects of research in
physical chemistry which have helped to solve problems concerned with soil
management and led to increases in soil productivity. A number of books
have recently been published which summarize our present knowledge of
physical chemistry in relation to soils work (Bolt 1979; Greenland and Hayes
1978; Theng 1974, 1979; Lindsay 1979), so it is superfluous to review the
whole field, especially as this was done at the last Congress (Greenland 1978)
and also elsewhere by Arnold (1977).

Application of Physical Chemistry to Soils and Clays
Bolt's (1979) attempt to analyse in detail the existing theory of basic
physical chemistry as used for soils work, in order to expose assumptions and
to weigh their validity, is particularly welcome. In view of his emphasis, I wish
to consider further the point where the results of work on physical chemistry
meet up with their applications to soils research, and to examine the way in
which physical chemistry can add to our knowledge of soils. As we attempt
this we will be aware that the contributions of physical chemistry to soils work
also need to be seen in the context of other branches of science. But first, the
very basis of the method used to study physical chemistry needs to be briefly
mentioned.

Models Used for Physical Chemistry
Historically, the development of physical chemistry to study the

*CSlRO, Division of Soils, Private Bag No. 2, Glen Osmond 5064, Australia.
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behaviour of particular systems evolved in the following way. First, empirical
correlations were perceived between observations in the system studied. This
was followed by the proposal of a model to explain the relationship. This
model was next improved by the use of physically interpretable parameters to
achieve better agreement with the observations. Step by step the model was
modified further to obtain improved agreement with yet more carefully
measured sets of experimental data. At all times the model was required to be
compatible with models used elsewhere in physical chemistry to explain the
operation of other systems.
Since physical chemistry attaches much importance to the physical
meanings of the parameters introduced into its models, it is necessary that the
systems studied are defined precisely, and the values of the intensive and
extensive variables accurately known. Systematic studies involving the
deliberate alteration of these variables form part of the process of refinement
by which accurate and acceptable models have evolved.

Models for Soils
Workers tried to follow a similar pattern in the development of soil
chemistry. This has turned out to be much more difficult than for physical
chemistry for several reasons, such as those that follow.
Soil systems are complex; therefore, it is difficult to suggest the kind of exact
definition that physical chemists are used to. Soils vary widely in nature; they are
mixtures of materials; the composition of these individual materials is apt to vary,
and so are the proportions of the mix. Soils are open svstems and accession or
depletion of components occurs freely with time. Chemical reactions in soils
are not simple but complex, so that hardly ever does one single chemical
reaction take place in isolation. This causes changes to take place in various
components of the system. These are among the reasons that make it difficult
to define a soil system exactly.
Even if we choose to work on just one soil, such complications usually
prevent us from obtaining sets of experimental data under strictly controlled
conditions and where a single uniquely defined process is operating in
isolation. Even an acceptable model for the main process taking place can
only achieve a relatively poor degree of fit to the actual empirical correlation
observed, because contributions from other simultaneous reactions are not
accounted for by the model. In the face of this we cannot be sure of how good
the fit for a single reaction is, and so the kind of refinement process used in
the models for physical chemistry cannot be applied. Averaging the results
over a number of relatively similar soils does not really help to resolve this
difficulty. In addition, the lack of definition within the soil system makes it
difficult to attach physical meanings to the parameters used in the model. For
these reasons, an approach similar to that used for physical chemistry cannot
be used successfully to elucidate models for work in soils.
This means that, at best, the model we arrive at for a particular soil
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process will be somewhat complicated. Hopefully it may possibly incorporate
some physically interpretable parameters as for physical chemistry, but this
time for several processes believed to be going on simultaneously.
There are statistical procedures for establishing empirical relationships in
complex systems, e.g., multivariate techniques offer opportunities to cope with
several variables changing at the same time, provided that they can all be
measured; much care is necessary in interpreting the results of such
procedures.

A Conceptual Framework
It has been argued (Suckling et al. 1978) that our minds have distinct
limitations in dealing with complicated systems (like the soil); apart from a
surprising lapse of time of about 5 seconds to transfer an item from our longterm memory store to our short-term memory, humans can only keep
available about seven basic units of information in their short-term memories
at any one time.
These limitations are one reason for the temptation to fragment our work
so that we consider, one at a time, various sub-systems, each a distinct
(physical chemistry) entity.
Hopefully again, results on these sub-systems are to be pieced together
step by step on some future occasion to tell us about the functioning of the
whole complexity.
But just as the models of physical chemistry are required to form a
coherent framework when fitted together, we should attempt to acquire a
more or less complete conceptual framework of the soil to properly apply
scientific reasoning to it. This is in spite of all of the above difficulties and
complexities. The framework should describe details of how the soil functions
as well as is presently possible. It is very important to work towards
establishing such a framework from various sub-systems because it is the
means whereby we encode reality and grapple with the complexity of the soil.
While such a conceptual framework is not yet a reality, many interesting
details of the sub-systems have now been assembled. Therefore to elucidate
the exact mechanisms of processes in soil-soil solution systems becomes
one of the main tasks of physical chemists working with soils.
It should not be overlooked that occasionally new ventures into physical
chemistry and the use of some of its newer techniques, where they apply, can
offer dramatic advances for some of the sub-systems in our conceptual
framework. For example, whereas localized vibrational modes in impure
crystals have been studied from several points of view, such as providing a
direct technique to investigate lattice forces (Turrell 1972), and although the
chemistry of imperfect crystals has received detailed study (Kroger 1964), the
relevance of impure crystalline states to soils work has not yet been fully
realized; however, see Evans et al. (1979).
If new excursions into chemistry are necessary, these are to be related to
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other facets of our soils knowledge, and are required to have an adequate
basis of experimental fact.

The Various Scales of Models
of Soil Behaviour
A further disparity between physical chemistry and soils investigations is
the difference of the scales to which the models apply. Physical chemistry is
concerned with models of events on a molecular scale, but our conceptual
framework of the soil, while set up on a molecular scale, is required to apply
to events on a much wider scale which may extend to studies on whole
landscapes. Recent literature shows that much effort is given to setting up
models of how the soil functions in contexts involving plant communities, soil
and landscape, the aim being to evaluate various inputs, outflows and losses
of water or nutrients from the system. These computer calculations need as
inputs, basic soil information, such as solution nutrient levels and rates of
release or binding of nutrients by the soil, together with the most plausible
framework for soil processes that can be presently devised.
Identification of soil processes leading to accrual or wastage of nutrients
from parts of the soil profile which are critical for plant growth, places us in
the best possible position to alter the nutrient regimes. This justifies a more
vigorous research effort to unravel the exact details of soil processes so that,
once field experimentation or nutrient or water balances have disclosed
important bottlenecks due to the soil, we can work out how to manipulate the
system so as to alleviate them. Along with this goes the possibility that
detailed study of the consequences of the remedial measures may be
desirable.
As an example, soil pH is well known to vary spatially and temporally.
The interpretation of a simple measurement like soil pH depends upon a
number of concepts of physical chemistry such as equilibrium, definition of
the pH scale, and the magnitude of junction and suspension effects. In
particular, if we wish to consider changing this pH value, we should think of
what reactions give rise to it, and the extra-chemical changes which might
follow in the soil if we alter the pH by adding acid or alkali. Also it may be of
interest to bear the suspension effect in mind for other interpretations of the
measurements. This effect was accounted for theoretically by Overbeek (1953,
1956) and qualitatively by Bloksma (1957) and its reversal for divalent cation
clay systems was quantitatively explained (Raupach 1957) using the
Henderson equation.

Applications of Physical Chemistry
to Soils
The following scheme summarizes the main areas in which physical
chemistry is applied to study the soil.
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Soil solution

Soil surface

Ion concentrations
and activities.
Solute and water
diffusion and flow.
Ion hydrolysis and
polymerization.
Linkage with other surfaces. Exchangeable ions.
Soil structure Aggregation. Intercalates,
Flocculation.
Complexes.
Fixation.
Hydrolysis and
polymer formation.

Soil solid

Soil profile

83

Adsorption.
Chromatography and flow
in columns.
Solubility.
Electrical phenomena.
Formation of new phases.

Solid phase composition
and crystal structure
of: clay minerals,
oxides and hydroxides
Substitution in solids
and imperfect crystals. I
Variability.
Models of profile.
Models of ecosystems.

These areas have the following main practical applications:
pH and soil acidity
Salinity
Drainage and water availability
Erosion
Soil as a sink; pollution
Fertilizers
Nutrient uptake and availability
Improvement of methods of soil analysis.
The relationship of these applications to productivity is well known. The
important question for physical chemistry is not only its contribution to the
knowledge of these applications, but what happens as we try to change one
aspect of the soil, at the same time altering another. Again this brings us to
the importance of a conceptual framework for the soil.
Practical Experimentation
Consider the above from another viewpoint, that of a scientist designing
and interpreting experiments. To him the use of physical chemistry in soils
work has an elusive quality because several important aspects of his
understanding of soil systems are stretched uncomfortably in the process.
Examples are:
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1. Our application may not be quite suitable for the physical chemistry
that we would like to use; e.g. we may be tempted to assume equilibrium, but
not have it, or be doubtful whether we do have it because the reaction studied
is slow.
2. The parameters to be inserted into a clear and relevant relationship of
physical chemistry may be difficult to evaluate; e.g., diffusion coefficients or
the position of the plane of shear in electrokinetic phenomena.
3. Because the parameters are not easy to evaluate, a choice between the
use of two alternative physical chemistry models may be difficult; e.g., the
choice between a constant charge and constant potential double layer model is
sometimes not clear-cut in clay systems; or it may not be evident whether
adsorption or solubility concepts should be used to determine the status of
certain ions in the soil solution.
4. Our lack of knowledge of the exact process going on in the soil system
may be more profound than the relatively simple choice between two models:
we may not know very much at all of the reactions taking place; e.g., the
chemistry of such common soil constituents as silicon and aluminium, and the
interaction of their ions with others in the soil solution is not resolved and
continues to be widely discussed in the literature.

The Broad Status of Present Knowledge
In attempting to treat chemical thermodynamics so that it could be
applied to soils, Babcock (1963) expressed the view that the theoretical aspects
of soil chemistry were in a confused state because no single approach to the
physical chemistry of soil colloids had gained acceptance in the literature up
to that time. Our understanding of the narrow zone between the solid and the
outer solution continues to be incomplete (Arnold 1977), more because unity
between the various sub-systems is wanting, than because models for the
individual sub-systems are grossly lacking. The broad basis for models of clays
has been established structurally and chemically, in spite of some difficulties
that remain.
Most of the many models available to account for cation adsorption by
soil components stem from results on aqueous and mineral systems; for these
diffuse double layer models are satisfactory and account for gross valency effects.
However, ion-specific adsorption in the first layer gives problems, particularly
for the more highly charged cations. Several aspects of systems with assemblages
of clay particles present difficulties, e.g., exchange reactions in clays
containing little free water, and swelling pressures in clay pastes where the
inter-particle geometry is uncertain. Double-layer theory successfully accounts
for co-ion exclusion phenomena (Bolt 1979).
By comparison, models for oxide/hydroxide systems are not as adequate;
possible slow reorganizations of the solids or their surfaces either by
themselves or in the presence of adsorbed ionic species like phosphate and/ or
silicate continues to need attention.
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The sub-microscopic properties of clay and soil systems in force fields
such as electrostatic ones are important in soils since it is the effective sum of
these properties that gives rise to the macroscopic and observable properties
of soils and clays. Partition functions and statistical mechanical principles
may aid this study (Harmsen 1979; Barrer and Klinowski 1977).
There has been some speculation about the determination of solubility
and solid phase dissolution reactions from power relationships between ionic
activities or molar concentrations in solutions in equilibrium with solid
phases; these relationships are often expressed as negative logarithmic activity
diagrams. Various lines predicted for solubility equilibria can be calculated for
such diagrams. The crucial point is that there is agreement between these
predictions and experimental data from soil and clay systems. Even then,
while it is tempting to conclude that a certain solid phase dissolution reaction
is taking place, the proposed reaction remains a preliminary model until its
generality can be demonstrated. The model then requires support from
independent chemical evidence before it can be taken seriously to be a
reasonable representation of fact. This process of generalization and
verification is an essential part of the use of models.
The development of models for dynamic systems in order to explain the
movement of solvent fronts through soil columns and the transportation and
accumulation of solutes thereby, brings us closer to our aim of a conceptual
model, able to account for the variable properties of soils as found in nature
(Bolt 1979; van Genuchten and Cleary 1979).

Discussion of Some Soil-Soil Solution Reactions
Since it is desirable to discuss examples of reactions at the soil surface in a
little detail, the remainder of the paper will deal with a limited number of
cases where models of various kinds are being applied to soils work.
Silica
In view of the universal occurrence of silicate structures and since
phosphate and silicate reactions have some similarities, it is surprising that the
solution chemistry of silicon has been given a relatively small amount of
attention. Early work mostly accepted that the solubility of silica in soils
followed that for amorphous silica, so that the solubility was more or less
constant with increasing pH up to the pH where the formation of silicate ions
with increasing alkalinity allowed soluble silicon to increase sharply.
Yet the relationship observed between soluble silicon and the pH was not
as simple as this in soil clay systems. Raupach (1957) showed that in these
systems, the soluble silicon decreased with increasing pH by about one pSi
unit for a rise of 4 pH units from pH 3 up to pH 7. It was not until the advent
of stability diagrams for clays that mechanisms to explain this empirical
relationship emerged for systems with ideal clay compositions. The following
decomposition of montmorillonite to give kaolinite:
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3Cao.33Al4.67Si7.3302o(OH)4(s) + 23 H 2 0 + 2 H+ =
montmorillonite
7Al2Si205(OH)4(s) + 8H4SiO„ + Ca2+
kaolinite

has an equilibrium constant log K = 15.4 (Stumm and Moragan 1970). This
equilibrium constant may be expressed in terms of solution activities: 4 pSi — (pH
- Vi pCa) = 7.7, to give an expression fitting the empirical relationship if pCa is
constant.
The form of this relationship is supported by a large amount of data on
soil clays and clay minerals as will now be briefly shown.
Tucker's (1964) results for illitic soil clays were similar to those of
Raupach (1957) whose clay was separated from a soil horizon and contained
mainly nontronite. Tucker's clays were from four soils and had been degraded
naturally to varying degrees, as judged from their potassium contents, X-ray
scatter and surface areas. The clay with the illite having the highest degree of
crystallinity was nearest to the kaolinite-gibbsite boundary in the stability
diagram (Fig. 1) where the results of a kaolinite containing lateritic podzolic
soil were also located. The other three illitic clays gave similar relationships
between pH and pSi but the results moved closer to the kaolinitemontmorillonite boundary as the degradation of the illite increased and the
apparent crystallinity of the clay became poorer.
The literature of the last decade contains many analyses of solutions "in
equilibrium" with various clay systems. Occasionally results were monitored
from both the undersaturated and supersaturated states to make quite sure of
the equilibrium condition (e.g., Kittrick 1971a, b). Calculations of free
energies from these various analyses have been made giving the boundaries of
the stability diagrams from which estimates of the composition of the soil
solution may be made. Measurements made under equilibrium conditions
should fall within areas of the diagrams for reactions involving single solid
phases, and along the appropriate boundaries for those with two coexisting
solid phases. In practice the various results on soil clays fell along lines
parallel to the boundaries. Variations in the position of the boundaries may be
ascribed to differences in the free energy values of the solid phases or to other
factors such as lack of equilibrium. Some workers have been very doubtful
about whether equilibrium was a reality, e.g., Reesman (1974) working on
illites thought that "to assume true equilibrium in these mineral systems is
folly. No such condition has been proven, nor can it be."
Nevertheless "equilibrium" solution activities continue to be used to
calculate free energy values for the formation of various minerals.
In addition to the assumption of equilibrium such calculations also rely
on the use of valid equations for the reactions, identifying the various solid
phases and ionic species in solution. These equations appear to be relatively
easy to write using ideal clay formulae, but real clays almost always have
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Amorphous silica

pH-1/2pCa

Fig. 1. Results of Tucker (1964) confirming the relationship found for ( p H - I 2pCa)or(pH—pNa)
and pSi by Raupach (1957). The following four illitic clay soils were used in order of increasing degradation: Belalie (+) slight (well crystalline); Willalooka (A) slight; Urrbrae (•)
moderate; Mclaren Vale (o) high (poorly crystalline). The suspensions used were in 0.0033
M CaCb and contained 10 millimoles of total potassium/1. For the other equilibrium
constants used see Raupach (in press). Results used in the literature to calculate the free
energy of formation of various solid mineral phases are also represented by the following
encircled symbols: A Arizona montmorillonite, W Wyoming montmorillonite, from Huang
and Keller (1973); E Belle Fourche and D Aberdeen montmorillonites, from both
supersaturation and undersaturation, from Kittrick (1971a, b). Data are also given from
Raupach and Piper (1959) for a lateritic podzolic soil (smaller o) which contained kaolinite
and gibbsite; for further results on soils see Raupach (in press). Mattigod and Kittrick's
(1979) results for muscovite are shown by the larger full circles.

complicated compositions and present real difficulties. As an example, Huang
and Keller (1973) gave the following equation for the dissolution of Wyoming
montmorillonite at pH 8.2:
(Nao.27Cao.loKo.02)(All.52Fe30.19Mgo.22)(Si3.94Alo.06)0,o(OH)2

+

10.46H2O =

0.27Na++0.10Ca2++0.02K++0.46H++0.22Mg2+
+ 1.58Al(OH)4+0.19Fe(OH)2++3.94H4SiO4.
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Various assumptions may be made about the right hand side of this equation.
These assumptions will influence the estimation of a free energy value for the
montmorillonite because activities of the correct ionic species have to be used
for the calculation.
Other influences affect the free energy of solids, such as the formation of a
double layer, the presence of lattice defects and the size of the particles. All
the above possibilities would appear to limit the usefulness of free energy data
for clay and soil systems.
In the course of considering the effect of particle size, Schindler (1967)
indicated that the aqueous solubility of a substance is greatly reduced when it
becomes a minor constituent of a solid solution. Lippmann (1977) suggested
that the dissolving solid whose composition is complicated, ought to be
thought of as a mixture of end member states because non-fractional
exponents should be used in solubility product expressions.
Now, surprisingly, the above pH-pSi relationships are valid
experimentally for a variety of 2 : 1 layer silicate clays including obviously
impure members and mixtures of minerals as are inevitably found in soils
(Fig. 1). The relationships are further supported by a recent careful set of data
on muscovite by Mattigod and Kittrick (1979). They established that their
system was at equilibrium, but observed that their activity ratios were not
compatible with a dissolution reaction based on the original chemical
composition of the muscovite used. No new phases could be detected by X-ray
diffraction or by infrared spectroscopy, so that in their opinion a new
muscovite phase was not a likely explanation. As shown in Fig. 1, Mattigod
and Kittrick's results agree with the relationship between pH — 1/2 pCa and pSi
for Willalooka illite, which in turn lies on the same line as predicted from
experimental data at single points on four montmorillonites.
This means that, in spite of the various complications of using solubility
products and of calculating free energies, a simple and universal dissolution
process is operating for pSi over the pH - 1/2 pCa range 0-7.
The following explanation for this relationship was proposed by Raupach
(in press). The decomposition of illite or montmorillonite takes place when
one hydrogen ion reacts with one isomorphously substituted positive lattice
ion, whose valency is one less than normal occupancy. For pH < 9.2, the
following model reactions were proposed for the attack by a single proton on
octahedral and tetrahedral substitutions in which the enclosed portions of the
equations are not in solution, but combined as part of the clay:
(i) Octahedral substitution of magnesium for aluminium:
Clay
Na [AIMgSi4Oio(OH)2]"

+ 7H 2 0 + H

+ 4H 4 Si0 4 + NaH
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(ii) Tetrahedral substitution of aluminium for silicon:

Clay

Clay
4[AI 2 Si 4 0,o(OH) 2 ]
2[Na + (AI 3 Si3O 10 (OH)2)":

+ 2 3 H 2 0 + 2H

7[AI 2 Si 2 O 5 (0H)4]

+ 8H4Si04
+ 2Na +

Both these reactions give the required relations using pNa for Vi pCa:
4pSi — (pH — pNa) = constant, in the solution phase.
According to reaction (i), four silicons are released for each magnesium
ion attacked, because there are four silicons attached via oxygen bridges to
each octahedral ion as shown in Fig. 2. The space thus created in the
octahedral layer houses a magnesium ion (see Fig. 3).

Fig. 2. Diagram of the unit containing four silicon atoms released for each octahedral magnesium
ion attacked by a hydrogen iron.

According to reaction (ii), four silicons are released on the removal of a
tetrahedrally substituted aluminium ion by stripping the silicons from the
lattice to leave the kaolinite structure as a residue in that locality as shown in
Fig. 4. Thus, areas of kaolinite are created by the action of hydrogen ions on
montmorillonite by either of the reactions of Fig. 4 in agreement with many
studies on weathering. This eventually brings such a clay to the

CD
O

X

—

Oxygen
Silicon

Z
m
y:

m

+ H+ + HH 2 0

Hydroxyl

Fig. 3. Diagrammatic sketch of the decomposition of an octahedral magnesium ion in a
montmorillonite type lattice by the action of a hydrogen ion with the release of four silicic
acid molecules.
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Exlra Octahedral A l 3 +

Fig. 4. Plane view of a montmorillonite type lattice, showing the attack of a tetrahedral aluminium
ion by a hydrogen ion with the release of four silicic acid molecules. Two alternative courses
are given for the reaction, one releasing aluminium hydroxide into the system, and the other
incorporating the aluminium ion into the octahedral layer.

montmorillonite-kaolinite boundary of the stability diagram without any
addition of kaolinite to the system being required.
Model reactions may also be given to account for the alkaline side of the
pH-pSi relationships; reaction with a hydroxyl ion causes an octahedral
aluminium ion to revert to the aluminate form as will be shown presently in
reverse when silicic acid is adsorbed onto aluminium hydroxide; as this
happens three molecules of silicic acid are released from the clay (Raupach, in
press).
These models are the most likely ones to explain these empirical
observations in the face of all the present evidence. However, all models are
subject to alteration or change if new evidence cannot be explained by them.
Oxides and Hydroxides
It is important to indicate shortcomings in our knowledge of oxide and
hydroxide components, such as aluminium and iron. The difficulties are
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mainly concerned with surface phenomena and the processes leading up to the
formation of surface phases; they are illustrated for iron by Dousma and de
Bruyn's (1979) work on the development *of a colloidal a FeOOH phase from
Fe3+ salt solutions on the addition of base. They observed four consecutive
stages: (i) hydrolysis of Fe3+ to monomeric and dimeric species, (ii) a rapid
reversible growth to large polymers, (iii) formation from the polymers of a
colloidal FeOOH phase by surface nucleation controlled growth processes,
(iv) flocculation of the colloidal FeOOH. Dousma and de Bruyn were
conscious of the crudeness of the growth models they used, of their ignorance
of a relation between the interfacial tension of the solid/solution interface, the
surface potential, and the pH, and also of the true solubility product of the
small hydroxide particles. Since these particles ceased to grow further once
they reached 20-40 A and were stable after one year, they seemed to be
thermodynamically stable. They concluded that this thermodynamic stability
was related to a drastic lowering of the interfacial tension by ionic adsorption
in the electrical double layer at a pH far removed from the pH at the zero
point of charge. In other words, we have the familiar phenomenon of colloid
stability conferred by a double layer.
Aluminium can substitute for iron in lattices of its oxides and hydroxides
(Norrish and Taylor 1961); other replacements are common, e.g., by silicon
(Murad 1979) and titanium (Fitzpatrick et al. 1978). Cornell et al. (1976)
found that acid dissolution occurred with increasing difficulty on the (001),
(010) and (100) crystal faces of goethite a FeOOH on which the coordination
of the OH groups was single, single and double, and single, double and triple,
respectively. Foreign ions change the surface functional groups, and restrict
both crystal development and anion retention along certain directions (Taylor
1981, personal communication). In soil systems, frequent dissolution and
precipitation reactions are likely, and are doubtless one of the reasons for the
subtle variations of iron oxide/hydroxide minerals found with small apparent
changes in soil-forming factors; details have yet to be worked out.
Reviews of the literature on aluminium are given in the books cited
above; brief summaries of the current position are to be found in papers by
Brown and Newman (1973), Nair and Prenzel (1978), Bache and Sharp (1976)
and Brindley and Kao (1980). There has been a major research effort to try to
define the various species of aluminium ions in simple salt solutions and in
equilibrium with aluminium hydroxides, clay minerals and soils. A large
number of species, mostly multivalent hydroxy-polymers incorporating
coordinated water, have been proposed. Possibly some factors, such as those
which drastically alter the degree of polymerization (e.g., heating in the
preparative stages) and the increased hydrolysis found at surfaces, have
complicated the interpretation of aluminium systems; greater degrees of
hydrolysis have been found at various surfaces, e.g., clay (Ragland and
Coleman, 1960; Brown and Newman, 1973), soils (Raupach 1963c), silica
(Dalton et al. 1962) and aluminium hydroxide (Raupach 1963d). Apparently,
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transformations involving hydrogen ions are easier at surfaces than in solution
because of specific effects such as charge transfer and steric relationships.
Dilute aluminium salt solutions containing a hydrogen ion accepting buffer,
such as carbon dioxide-carbonic acid, undergo hydrolysis and polymer
formation to give aluminium species similar to those from the prolonged
dissolution of aluminium hydroxide (Raupach 1963b).
Brown and Newman (1973) found that partially hydrolysed aluminium
species were much more strongly adsorbed by Wyoming bentonite than the
unhydrolysed cation; their cation exchange capacity decreased by 0.44 me for
every mg atom of aluminium adsorbed but not exchanged by calcium or
barium ions. This led them to suggest that non-exchangeable aluminium had
the formula [A^OH)".»^ where p is an integer. Evidence for basic polymers
in solution, such as A104Ali2(OH)24+ has been reported by Akitt et al. (1972)
using nuclear magnetic resonance.
In the early stages of the reaction and where the OH/Al ratio is less than
2, monomeric ions such as Al(OH)2+ and Al(OH)2 with coordinated water
molecules attached, are likely to be present, e.g., conductivity measurements
on aluminium hydroxide sol showed the monomer Al(OH)2+ in solution
(Raupach 1963d). With higher ratios of OH/Al as are usually found at higher
pH values, the various polymeric forms found suggest progressive development
towards Al(OH)3 (Brindley and Kao 1980). Such polymers may be held tightly
by clays if their positive charge matches the negative charge distribution of the
clay(Hsu 1968).
It is, therefore, not surprising that the pH found in dilute aluminium salt
solutions is similar to that from the solubility of Al(OH)3 and of gibbsite, for
the same total aluminium present in solution (Fig. 5). Both the results from
Al(OH)3 and from soils appear to follow a relationship, pAlm - 2 pH = —4.76,
where the first term is the negative logarithm of the number of moles of
aluminium per litre. Assuming that this aluminium is effectively Al(OH)2+ and
inserting the accepted value for the first hydrolysis constant of Al3+, the
expression pAl3+ - 3 pH = -9.76 may be calculated; this is to be compared
with the value of —9.66 for the right hand side for the solubility of amorphous
Al(OH)3 (Lindsay 1979). In the laboratory Al(OH)3 systems shown in Fig. 5,
the solid surface phase is not well crystalline, pAlm — 2 pH = —3.04 being the
expectation for gibbsite. The soil results given in Fig. 5 indicate "equilibrium"
with a similar poorly crystalline Al(OH)3 surface phase.
The reduction of aluminium solubility which is observed on adsorbing
several layers of silica on aluminium hydroxide (Fig. 6) shows that it may be
worth investigating whether a definite reaction is taking place (involving
divalent aluminate ions?) rather than an adsorption process on a variety of
sites, as illustrated by the curve suggested by Bowden et al. (1980) for the
adsorption of less than one layer of silica on goethite. However, up to three
layers of silica are adsorbed on aluminium hydroxide (Hingston and Raupach
1967) and in spite of the greater amount, the maximum amount adsorbed is at
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Fig. 5. Relationships between pH and pAU from data on soils, clays, the solubility of gibbsite, and
the hydrolysis of dilute aluminium salt solutions: acid surface soils of Bache (1974), Insch
(o),Countesswells ( • ) a n d Cawdor (V), the respective infilled symbols representing subsoils
and curve A being drawn through the data for Cawdor; gibbsite reacted with 0.01 M K2SO4
or 0.03 M KC1 for 1230 to 8480 hr from the data of Raupach (1963) (X) and curve B; dilute
aluminium salt solutions (Raupach 1963b): theoretical curve (C) and experimental curves
with (D) and without (E) admitting atmospheric CO2; the reaction of AlCh solutions with
Ca-montmorillonite without pH adjustment (Bloom el al. 1977) (+), the added Al3+ being
greater than the exchange positions present for the upper three of these points; from solid
aluminium hydroxide (Raupach 1963b) (A) for which one further point at pAlm = 5.9, pH =
6.6 lies to the right on a continuation of curve D.

pH 9-10 in both cases. At pH 9.2, one molecule of H+ was shown to be
released for every three molecules of Si(OH)4 reacting, thus they found:
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pH

Fig. 6. The variation with pH of (a) equilibrium soluble aluminium concentration, for Al(OH)3
alone (o) and for Al(OH)3 containing adsorbed Si0 2 (A); and (b) Si0 2 adsorbed/ unit area of
Al(OH)3 ( • ) . Note that in (a) lines with slopes +2 and - 1 respectively, show the results
obtained in solubility studies by Raupach (1963a); in (b) the broken curve gives results for
silica adsorption on goethite (Bowden et al. 1980), and the number of adsorbed layers is
indicated from Hingston and Raupach (1967).
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Coatings of silica are of much interest and relatively little is known about
them; Pyman et al. (1979) recently suggested coatings of silica on iron and
aluminium oxides to explain zero points of charge which were lower than they
anticipated.

Organic Molecules
Complexes formed with organic molecules are also important to maintain
levels of soluble cations in the soil solution. The most common cations
influenced by complex formation are aluminium, calcium and magnesium
(Norvell 1972), metal cations such as various Fe3+ and Fe + species and the
trace elements (Lindsay 1979). The complexes affect both adsorption and
solubilization and involve one or more bonds of various kinds between the ion
and the organic molecule. Complex formation is difficult to study in soils
because of problems of identifying the complexing groups and of measuring
their stability, especially when miscellaneous groups are present. Chelates are
used to estimate metal ion activities in soils where these are below
conventional detection limits, or in the presence of unknown complexes
(Lindsay 1979).
The reactions between organic molecules and various minerals have a
voluminous literature, recently well reviewed by Lagaly (1979) for silica,
Theng (1974, 1979) for clays and Barrer (1978) for zeolites and clay minerals.
These studies provide useful information on the reactivity of clay systems.
Guest organic cations at clay surfaces are constrained by a number of
forces in addition to electrostatic attractive forces, such as ion or surface
solvation, hydrogen bond formation and van der Waals forces, either between
adjacent organic molecules or with the surface. Two further influences may
affect the spatial relationship between the organic ions or molecules and the
clay surface. The first is electron transfer; clays have the ability to donate
electrons from sites where transition metal ions which are isomorphously
substituted in the clay lattice, are in the lower valency state, and to accept
electrons from sites where aluminium is situated at crystal edges, or where
transition metals are in the higher valency state (Solomon, 1968). Aluminium
in octahedral coordination acts as a Lewis acid if its coordinated water
molecules are removed by drying, to give an acid site for reaction with other
polar molecules. Such effects may be important in soils as they dry out;
however, in the silicate sheet interlayer complexes with transition metal ions
in the lower valency state catalyzed the polymerization of organic hydroxymonomers in the presence of water, limited amounts pf which, according to
Solomon, increased the rate of polymerization. The second influence is simply
one of space-filling. The space between aluminosilicate sheets has to be
completely filled with organic and inorganic cations and associated water
molecule structures, propping the sheets open against the attractive force
acting between adjacent sheets. The residual water may be strongly structured,
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or just occupy interstices at strategic points in the arrangement of organic
cations and/or molecules.
Looking at organic molecules as solvates or ligands, short chain
uncharged polar organic molecules are adsorbed by clays because they react
with exchangeable cations, rather than with the surface oxygens of the silicate
lattice which are weakly electron donating (Theng 1974). These polar organic
molecules compete with water for the same sites around exchangeable cations,
so that their adsorption depends, among other factors, on the polarizing
power of the cation. As water is removed from clay-organic aqueous systems,
simple cations eventually polarize water molecules in their primary
dissociation shells to such an extent that the water dissociates to give
protons. These protons may then react with either the surface or with some of
the bound organic molecules (Farmer and Mortland 1966).
As the molecular size of organic molecules bound to the clay is increased,
the opportunity for van der Waals interactions also increases; bound organic
molecules then orientate themselves so as to satisfy local polarities and to
maximize the number of points of contact for these additive forces, either with
the adsorbing surface, or with neighbouring organic molecules. Weak but
suitably directed hydrogen bonds may also contribute to favourable
orientations by further linkages of the organic molecules with the surface or
with one another.
These orientations and surface spatial arrangements have been deduced
from measurements of d(001) spacings using X-ray diffraction and by
qualitative assessment of the directions of transition moments of particular
infrared vibrations of the organic cations with respect to the basal plane of
uniaxial clay films. In the past these directions have been obtained from
differences in the intensity of infrared absorption bands on tilting the clay
films in the incident beam. A more refined quantitative method is now
available and will be discussed below; modern interpretations are based on
this and also on Fourier syntheses giving electron density projections along
001 in the form of a one-dimensional contour. Attempts at more sophisticated
two- or three-dimensional Fourier syntheses have not been successful because
of severe limitations on the system to meet the demands of this kind of study.
The difference between the basal spacing of the clay-organic complex and
the thickness of an unadorned aluminosilicate layer (9.5 A for
montmorillonite) has been termed.the A value (MacEwan 1944). On the
presumption that organic compounds lie either flat or upright on the surface
(and tilted orientations may actually be preferred), Greene-Kelly (1955)
concluded from an examination of 61 aromatic compounds that the A values
were shorter than those calculated from the sum of the van der Waals radii by
0.5 A (an amount which did not differ greatly between the compounds) per
contact between the organic and the silicate surface. This shortening could not
be ascribed to hydrogen bonding as had been attempted (Theng 1974), since
the C-H stretching bands in the infrared spectrum would then be expected to
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have shifted to lower frequencies on adsorption of the organic molecules; this
was not observed (e.g., Farmer and Ahlrichs 1969), intermolecular interaction
being more important for this kind of linkage than that between the organic
molecule and the clay surface. In the case of ornithine having one positive
charge by which it is attracted to a clay (vermiculite) surface, the carbon chain
is parallel to the surface and about 3.0 A away from the surface oxygen atoms
measured from atom centre to atom centre (Raupach and Janik 1976), a
distance which is 0.5 A closer than normal van der Waals contacts would
allow. The infrared spectrum of the ornithine-vermiculite complex shows that
the C-H stretching frequencies to be suppressed on adsorption rather than
displaced to longer wavelengths as expected if hydrogen bonds were to form.
There was a reduction of the intensity at these frequencies because the
hydrogens of half of the CH2 groups were keyed tightly between the surface
oxygen atoms (Fripiat et al. 1969). For paraquat-vermiculite complexes, the
distance of the closest aromatic carbon atom to the plane of the surface
oxygen centres is 3.1 A, but on heating to 80°, collapsed to 2.4 A (Raupach et
al. 1979). There is still room for the paraquat molecule of the collapsed phase
to fit into the interlayer because the molecule was tilted and twisted about its
central C-C bond so allowing the hydrogens attached to the aromatic ring to
fall into spaces between the oxygen atoms on the silicate surface; seen along
the bond which is at an angle to the surface, the C-H..O(surface) distance was
normal for van der Waals contacts at 3.5 A for both the paraquat and
ornithine complexes.
Serratosa et al. (1970) found that for the octyl ammonium cation
adsorbed on Llanto vermiculite and heated to 65°, the nitrogen was 0.15 A
closer to the centre of the surface oxygen atoms than in the fully expanded
unheated phase. The —NH3 groups were sited above the OH groups lying in
the ditrigonal holes with the nitrogens 4.65 A from the centre of the
octahedral layer in the collapsed phase. In both the expanded and collapsed
phases, the stretching frequency of the underlying OH groups was perturbed,
being raised from a normal value of 3680/cm to 3710/cm in the expanded
phase and to 3725/ cm in the collapsed phase; these latter frequencies
corresponded with N..HO distances of 3.74 and 3.59, respectively, this OH
being in the octahedral layer. Johns and Gupta (1967) who determined these
distances, also gave the N..O distance to the surface oxygens as 3.00 A
between atom centres if the nitrogen was located centrally over the ditrigonal
hole. They compared this with 3.26 A for ammonium vermiculite and thought
that the shortening of the bond was because of hydrogen bond formation.
Laby and Walker (1970), however, showed that shorter N..0 distances of 2.85
A for h e x y l a m m o n i u m batavite (Weiss 1958) and 2.82 A for
hexamethylenediammonium vermiculite (Haase et al. 1963) were not
consistent with strong hydrogen bonding. It thus appears that while OH
groups in the clay structure can be perturbed by cations, hydrogen bond
formation with carbon or nitrogen atoms may not be as important as was
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previously thought and is just one of a number of factors linking molecules
with the surface. It is important that an effort be made to visualize all of these
factors in their total context because these insights will help us to form a
generalized model of the surface behaviour of clays.
Further details on the geometrical relationships between adsorbed organic
molecules and clay surfaces are being worked out using a variety of modern
methods including two which are being used at the author's laboratory.
Using attenuated total reflectance infrared spectroscopy with single
reflection germanium or KRS-5 optics and polarized radiation, it is possible
to determine the angles at which transition moments are orientated with respect
to the basal surface of uniaxially mounted films or crystals to within about 5°
in favourable circumstances. Comparison with X-ray diffraction results has
given good agreement for crystals of a metal-organic complex (Slade et al.
1973), and for complexes with vermiculite of three amino acids (Raupach et
al. 1975; Raupach and Janik 1976; Slade et al. 1976) and cetyl pyridinium
bromide (Slade et al. 1978), and with paraquat complexes with vermiculite
and montmorillonite (Raupach et al. 1979). Work is in progress on claybenzidine complexes.
These studies use infrared results along with X-ray diffraction findings
which show extra reflections due to superlattice effects in a number of the
above complexes with vermiculite. Detailed analysis of these additional
reflections allows repeat distances of events in the assemblage of adsorbed
organic molecules to be determined with respect to the unit cell structure of
the underlying clay.
A combination of these two techniques has proved to be more powerful
than their separate use and the possibility of such combinations of suitable
methods should be examined when planning future work on soils and clays.
The experience which has been built up now allows us to extend the infrared
technique to other less perfect layer lattice clay systems which react differently
from vermiculite and where the more sophisticated X-ray methods are not
easy to apply because of these imperfections.

Conclusion
The above discussion emphasizes the importance of the wholeness of the
framework on which soil chemical behaviour is modelled. Although the
examples used are discussed in some detail, there has always been the attempt
to see the results as applying to a medium which is less than perfect and with
many dislocations and substitutions. It is towards work on these more
imperfect systems that future physical chemistry will tend.
In spite of difficulties, physical chemistry has been, and will continue to be
an important contributor to soil productivity. It has helped to give a
framework to aid decision-making on how to modify and to manage the soil,
even though the actual application of these modifications is properly the field
of technology. Two brief examples suffice.
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In Australian agriculture, the full recognition of the importance of
phosphatic fertilizers, and the successful use of legume-superphosphate
management practices for both crops and pastures, has depended on the
accumulated knowledge of the chemistry of phosphorus, nitrogen and sulphur
in soils (Williams and Raupach, in press); future management strategies will
rely on detailed assessments of soil processes in this system.
No other country has derived as much benefit from the use of trace
elements as Australia, and management practices have evolved from
observation, practical experimentation and application of the appropriate
chemistry. Generally, simple addition of trace elements with superphosphate
dressings suffices, but for forests or on difficult soils such as calcareous or
alkaline ones, repeated foliar sprays may be necessary in addition. Foliar
monitoring of trace elements is desirable.
Increased productivity will come from more efficient fertilizer use, and
from more precision in recognizing nutrient deficiencies and in estimating
fertilizer balances for optimum production. The use of leguminous pastures to
improve soil fertility initiates a series of changes, some advantageous, and
others disadvantageous. To understand the chemistry of these soil processes
gives a logical basis for adapting management practices to a wide variety of
soils and conditions.
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Soil Chemistry Research
and Food Production
N.N. GOSWAMI*
Abstract
AN attempt has been made in this paper to give a bird's-eye view into the
several facets of soil chemistry research that have had an impact on
agricultural production. The achievements in the fields of ion exchange, soil
acidity and sodicity; physical chemistry of nutrient availability; nutrient
movement and mechanism of ion uptake by plant; soil tests and fertilizer
recommendations; and varietal tolerance to nutrient toxicities and
deficiencies as related to soil chemistry, have been briefly reviewed. Attention
has also been drawn to the need for intensified research in certain specific
areas so that the gains from such efforts can be harnessed for increased food
production on a sustained basis in the future.
DR J.S. KANWAR, President of the International Society of Soil Science and
Chairman of this Congress, had once said that the four-letter word SOIL
could be expanded to mean the "Soul of Infinite Life." Nothing can be truer
than this statement, emphasizing the importance of soil and its management
for sustaining humanity on the earth's surface. Delivering the Presidential
Address on the occasion of the 35th Annual General Meeting of the Indian
Society of Soil Science on the Challenge to Soil Scientists in the Seventies he
further observed: "A soil scientist has to look upon the soil as a natural
resource which has determined the course of history and rise and fall of the
civilizations. A scientist who considers the soil as a mixture of mineral matter,
organic matter, water and air only and does not have in view its complex
relationship to water, plant and animal and microbe inhabiting it, fails to
realize the dominant role that soil science plays in sharing the destiny of
mankind" (Kanwar 1971). Twenty years ago, Bradfield (1961) also warned the
soil scientists to take to applied and problem-solving research so that their
research could be of direct relevance to increased agricultural production.
Similar advice came from Kellog (1975) who even categorized research into
three groups: (i) original basic research, (ii) original applied research, and
(iii) nonbasic, nonapplied research to attach status and importance to the
researches of applied nature directly related to agricultural production.

In the early fifties when I was a graduate student in agriculture, I came
across a statement, "Agriculture is our profession, the soil our salvation."

•Division of Soil Science and Agricultural Chemistry, Indian Agricultural Research Institute, New
Delhi, India.
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Soon after I started my ABC of soils ( not Joffe's) with some of the famous
texts of those days written by Lyon, Buckman and Brady; A.D. Hall; J.W.
Robinson, and above all the Bible (in my opinion) of complete soil science —
the "Soil Conditions and Plant Growth" by Sir E. John Russell. It was during
this time that I learnt the enunciations (which have now become axioms) of
the great Justus von Liebig, and the work of Boussingalt, Lawes and Gilbert.
Soil chemistry research in its strict sense had not started then as a separate
subdiscipline of soil science, but, rather, as a branch of agricultural chemistry
(or more precisely as chemistry in relation to agriculture).
Soil chemistry, distinct from soil fertility was recognized in 1850 by
Thompson and Way. Contributing to the understanding of soil fertility is an
important goal of soil chemistry as man's primary food supply has been, and
probably always will be, from plants that derive their mineral nutrients from
soils.
Soil chemistry research in relation to food production must, therefore,
relate to precise understanding and defining of the (i) ionic environment in the
soil and conditions optimum for plant growth, (ii) mechanisms regulating
reactivity of plant-available nutrients in soils — ion activities and ratios,
chelation and complex formation, solubility product, ion pair formation, etc.,
(iii) the reactions (and interactions) between soil-fertilizer-chemicals, (iv)
nutrient mobility and uptake — rates of uptake and their relation to plant
parameters, particularly that of the root, and (v) quantification of the intensity
of agriculture.

Achievements
An excellent account of the significant accomplishments and
contribution of soil chemistry towards agricultural production has been given
by Thomas (1977) and Viets Jr. (1977). Highlighting the landmarks in soil
chemistry and fertility research, Viets Jr. (1977) observed that among the
developments put to practical use have been extension of list of essential
elements, soil and plant tissue testing for better guidance of fertilizer usage,
which help to explain fertilizer placement effect, fixation, residual availability
and fertilizer efficiency. Our present high-yielding agriculture is dependent on
the best cultivars, soil, water and plant management alternatives and plant
protection. The evergrowing need for more food and natural fibre still remains
the greatest problem. This need involves further intensification of agriculture,
maximization of yields and expansion of the agriculture onto kinds of soils
having unprecedented soil fertility problems. The conservation of fossil fuel
energy, the management of nitrogen to improve efficiency of uptake, and to
minimize denitrification and groundwater pollution and finally the
development of cultivars that tolerate adverse soil conditions uncorrectable
economically with traditional fertilizer and amendments are also necessary
developments.
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Basic Laws Governing Crop Production
As the first major achievement in the domain of Soil Science in relation to
crop production, Liebig's "Law of Minimum" is essentially a contribution of
the soil (or agricultural) chemists. The "Law of Diminishing Returns" of
Mitscherlich is also widely applied and used in soil science though it relates to
the field of economics. Blackman's "Law of Limiting Factor" in the field of
plant physiology is another similar phenomenon in that it lays stress on the
importance of "interactions" of factors in crop production, which has been
stressed by many outstanding soil scientists such as Kellog (1975) and
Bradfield (1961) in the last 25-30 years. Bray (1948, 1954) unified these laws by
his brilliant exposition of the significance of the Law of Minimum and the
Law of Diminishing Returns by introducing the so-called "mobility" and
"elasticity" concepts. To him we also owe the definition of the term
"availability".
Ion Exchange, Soil Acidity and Sodicity
Another landmark in soil chemistry research was the discovery of "ion
exchange" phenomenon in soil by Way (1850). C.E. Marshall, H. Jenny, S.
Mattson and several others made significant contributions in bringing new
concepts and their applications to practical agriculture. The famous quotation
of C.E. Marshall, "Cation exchange is next in importance only to
photosynthesis in the whole domain of agriculture" signifies the role of soil
chemists in food production. Subsequent developments in the concepts and
theories of soil acidity are due to some of the great soil chemists such as J.N.
Mukherjee, C.E. Marshall, A. Mehlich, E. Truog, H. Jenny and M.L.
Jackson, to name only a few, who had clearly brought out the role of
aluminium in soil acidity (see reviews by McLean 1976; Thomas 1977).
Application of cation exchange phenomenon in the reclamation of sodic soils,
contact exchange theory of Jenny and Overstreet (1939) and variants of it
such as the root interception of Barber et al. (1963), application of the theory
of ion exchange and CEC of plant root, and ionic relationships of soil and
plant by Mattson (1973, 1974, 1976) stand as significant contributions of soil
chemistry research in food production. Thomas (1977) has presented a
chronological development and critical review on some of these topics.
Studies on nature of soil acidity and its relationship with soil properties,
crop tolerance to soil acidity, and lime requirement of acid soils have
improved our knowledge in the management of these soils for crop
production. Some of the recent data indicate that the pH-dependent acidity
constitutes a greater proportion of the total titratable acidity in Spodosols and
Mollisols while Alfisols have more of exchange acidity. The author's work
(unpublished) has shown that lime requirement based on exchange acidity (N
KC1 extraction) with a lime factor between 1 and 2 is most suitable for the low
CEC acid soils of India. The method of Shoemaker et al. (1961) has been
found to overestimate the lime requirement for such soils. Probably no other
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area of specialization of soil science — certainly not in soil chemistry — has
witnessed such great changes in such a short period of time as Al in soil
(McLean 1976).
Another notable achievement has been in the area of problem soils,
particularly that of the salt-affected ones. A modified procedure of gypsum
requirement of sodic .soils developed at the Central Soil Salinity Research
Institute, Karnal, has been claimed to give more realistic estimate (Abrol and
Bhumbla 1978). The work at this Institute has further shown that if a proper
choice of crop is made, it is sufficient to add gypsum to improve only the
surface 15 cm soil, thereby reducing the cost of reclamation considerably and
for most deteriorated sodic soils 10-15 tons of gypsum/ha is adequate to start
cropping with rice and wheat in a rotation (Tables 1, 2).
Table 1. Rice yield as affected by gypsum
(Abrol and Bhumbla 1971)

application

Gypsum added
tons/ha

Rice yield
q/ha

0
7.5
15.0
22.5

2.37
14.31
27.66
30.96

30.0

31.17

in sodic

soil*

*pH 10.5, gypsum requirement 60 t/ha

Table 2. Production potential in a highly sodic soil with application of 13
tonnes gypsum/ha to barley (Khosla et al. 1973)
Depth of
mixing (cm)

pH

10
20
30

9.3
9.5
9.9

ESP
25
37
75

Grain yield (t/ha)
Rice
Barley
2.6
2.5
0.5

7.0
6.1
5.6

Wheat
3.3
3.2
2.0

Physical Chemistry of Nutrient Availability
A major achievement in soil chemistry is the elucidation and application
of ionic equilibria, solubility product principle, law of mass action, negative
adsorption (or anion exclusion) and above all application of thermodynamics
to the study of soil solid-solution system. The contribution of Schofield is
possibly the most outstanding along with that of Beckett, Woodruff, Aslyng
and others. Like ion exchange, Schofield's "Ratio Law" and concept of
"Nutrient potential" have had equally immense implications in the field of soil
chemistry in relation to crop production. The so-called ratio law (Schofield
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1947) is itself an excellent example of unifying concept and it has played a
notable role in overcoming the impasse which had been reached regarding the
quantitative effect of dilution on the composition of soil solution, the effect on
pH of changing the electrolytic concentration, and in the development of
quantity-intensity in soil-plant studies (Arnold 1977).
According to Talibudeen (1974), the life-time of a crop is characterized by
well-defined growth stages, during each stage the plant has a work potential
defining its strength to assimilate and use a nutrient from the soil.
Interactions, positive or negative, between nutrients play their recognized
parts in defining the magnitude of this work.
Soil chemists have in recent years emphasized the importance of
maintaining nutrient concentration in solution at an adequate level for
growing plants. Rates of uptake are directly proportional to the nutrient
concentrations at the root surface although the proportionality factor varies
for different concentrating regions or on the absorbing power of the root (Nye
and Tinker 1977). A high buffer capacity indicates that a nutrient is strongly
adsorbed on the solid phase, and with little of it being in solution has low
mobility. Although some of the conclusions are already known in agricultural
practice, these physico-chemical principles do provide a rational basis for
practical fertilizer usage. According to Barber (1974), plant root properties
affect the soil nutrient level and its distribution for adequate supply of
nutrients to the plant.
Tracing the classical theory of Whitney and Cameron, Khasawneh (1971)
highlighted the importance of soil solution in the mineral nutrition of plants
by bringing in a synthesis of the concepts of ion activity ratios and Q-l
parameters in relation to nutrient uptake. The unified parameter, the "supply
parameter", suggested by Khasawneh and Copeland (1973) deserves special
mention.
The cation exchange capacity of plant roots has been the subject of
extensive study by soil chemists in view of its importance in the effective use
of fertilizers and in the assessment of potassium compatibility of legumes and
grasses under mixed cropping (Gray et al. 1953). Crooke et al. (1960, 1962)
have shown that root CEC is usually correlated with the content of N in the
top of the plant, the total cation, the ash, the excess base and the total trace
element. Kanwar (1970) cited the classical example of two varieties of wheat,
viz., C.273 and C.591 in Punjab (India), wherein the former showed typical
deficiencies of K in a soil while the latter did not suffer at all. Gopalakrishnan
et al. (1970) observed that the capsularis (Corchorus sp.) species of jute has
higher root CEC than the olitorius species, which is responsible for the
differential uptake of Ca and K and difference in the nutrient requirements per
quintal of fibre production, as well as disease incidence arising due to an
imbalance in K/Ca ratio. Rao and Rao (1971) related root CEC to lower
K/Ca ratio and higher sugarcane yield of var. CO-1287 as compared with the
low yield of CO-508.
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Nutrient Movement and Mechanism of Ion Uptake
In the area of ion movement in soil and uptake by plant root, the
contributions of S.A. Barber, J.B. Passioura, S.R. Olsen, and P.H. Nye and
their associates are outstanding. The fullest understanding of Bray's "mobility
concept" could be obtained in the relative importance in the mechanism of
movement (mass flow or diffusion) of different ions. Credit must also go to
Maurice Fried for the development of concept of 'A' value, and to E. Epstein
for unravelling some of the complexities in the soil-plant interface, with
regard to ion uptake. Fried and Broeshart (1967), and Nye and Tinker (1977)
have highlighted the role of soil chemistry research in food production. The
relative importance of mass flow, diffusion or root interception in the
movement of ions in the soil and the influence of soil moisture, structure, bulk
density, solution concentration, adsorption-desorption behaviour of ions, and
the buffer power of the soil have great practical significance in soil and water
management and time and method of fertilizer application. It is in these
concepts that one finds a physico-chemical basis for placement of phosphate
at planting/ seeding, split application of phosphate, the need for maintaining a
higher P concentration at the early stage of crop growth and application of
relatively higher doses of phosphate in some soils of high clay content or those
dominant in Al or Fe.
Current ideas on the behaviour of nutrients in soils in relation to crop
uptake owe much to Bray (1954) who stressed the importance of the relative
mobility of nutrients in relation to the form of the root system, and to
Schofield (1955), who suggested that the availability of a nutrient may be
determined by the appropriate chemical potential and its rate of decrease with
nutrient withdrawal. Q-I parameters link together these two approaches and
provide a foundation for defining nutrient behaviour in soil, upon which the
detailed pattern of nutrient supply can be built.
Soil Tests and Fertilizer Recommendations
Perhaps the most important contribution of soil chemistry research in the
realm of "Production Soil Science" has been the soil tests (rather, the
chemical soil tests). Just as Schofield's "ratio law" and "potential" concepts
have given a sound theoretical basis for the "nutrient availability", so also the
"prescription procedure" of Truog (1960) had for the first time provided a
rational basis for the quantitative approach to "soil test" based fertilizer
recommendation. Ramamoorthy et al. (1967, 1971, 1975) further refined this
concept. Again, if Olsen's sodium bicarbonate method for extraction of
"available" phosphorus in the soil has stood the test of time and by and large
widely adapted and suited irrespective of soil or crop situations, phosphorus
fractionation procedure of Chang and Jackson (Truog's school again!) has
helped in providing a physical and chemical basis for this test by relating it to
plant available discrete forms (fractions) of soil P. Hundreds of research
papers following Chang and Jackson's (or the modified version of Peterson
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and Corey 1966) procedure vindicate the usefulness and importance of the
study of fractions of native soil P or those formed on transformation of applied
fertilizer P in the soil. In practice, the "critical level" concept of Cate and
Nelson (1965, 1971) and the "targeted yield" approach of Ramamoorthy et al.
(1967) have made fertilizer recommendations more precise and meaningful.
The usefulness of the critical level concept in fertilizer recommendations can
be judged from the example given in Table 3.
Table 3. Critical level for soil phosphorus and yield response of rice and wheat
to fertilizer phosphorus (Goswami et al. 1971)
Soil group

No. of trials

Critical level
(kg PzOs/ha)
Olsen value

Response (kg/ha) to 60 kg
PzOi/ha over 120kgN/ha
Below C.L.
Above C.L.

25
17

15
18

2078
3187

140
684

38
30

30
33

1102
1954

711
760

84
59

17
17

1839
788

1056
238

(district)
RICE
Red
Shimoga
Chittoor
Black
Nizamabad
West Godavari
WHEAT
Alluvial
Ludhiana
Mehsana

Intensive research at the Indian Agricultural Research Institute, New
Delhi, India, on soil test and crop response correlation and targeted yield
approach has provided the basic, data for the nutrient requirement in kg for
each quintal of grain to be produced, the expected contribution of the soil
nutrient based on soil test values and the percentage of applied fertilizer
nutrient that the particular crop variety is able to utilize (Table 4). The actual
quantum of grain harvested against the predetermined yield target for some of
the high yielding varieties of wheat is shown in Table 5. This approach has the
unique advantage in that the farmer can decide upon the yield target
commensurate with his resource availability and constraints.
The low efficiency of soil available nutrients and applied fertilizer
nutrients indicates that there is ample scope to improve it and this should be
an area where the soil chemists with all their modern concepts, tools and
techniques at hand should jump upon.
Soil chemists have succeeded in developing more or less suitable soil tests
for phosphorus and to a certain extent potassium (Olsen or Bray for P and
ammonium acetate method for K) but there seems to be apparently no
suitable method for N. Reason for this is not difficult to find. Bulk of the soil
N is in the soil organic matter which itself is highly heterogeneous, having
various fractions of different decomposability or biodegradability and
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Table 4. Basic data for soil test-based fertilizer recommendations for targeted
yield of wheat (Singh and Sharma 1978)
Variety

Sonalika
(HD-1553)
Arjun
HD-2009
Pratap
(HD-1981)
HD-2177

Nutrient requirement
in kg ]1L' quintal of
grain production

Per cent contribution
from the soil
avai able nutrients

Per cent contribution
from fertilizer
nutrients

P:CK

K:0

N

p?o5

K.O

26.2

77.1

37.1

41.7

20.4

126.0

4.80

60.1

73.2

88.3

34.5

12.2

113.0

0.84

3.98

53.6

66.4

54.8

45.1

18.3

77.2

1.03

4.47

25.1

56.3

45.5

51.3

21.0

210.3

N

P:Os

K>0

N

2.12

0.83

2.62

2.73

0.73

3.08

2.27

Table 5. Follow-up experiments on wheat based on targeted yield approach
(Singh and Sharma 1978)
Variety

Soil test values
N
P
(kg/ha)

K

Fertilizer doses
1' O
N
K;0
(kg/ha)

(q/ha)

Yield
obtained
(q/ha)

46
43

4
22

35
45

38
47

+ 8.5
+ 4.4

73

—

50
55
60
65

47
59
65
66

- 6.0
+ 7.2

76
40

6
43
54

47
101
156

24
27
48

IS
38
71

45
50
60

42
50
52

76
1 19
160

93
142
163

25
47
70

40
50
60

44
47

Sonalika
(HD-1553)

277
244

11
16

194
201

3
X7

Arjun
(HD-2009)

203
189
1SX
INI

Id
25
21
25

225
242
225
236

42
106
147
199

214
202
213

22

251
257
279
230
228
222

Pratap
(HD-1981)

HD-2177

206
20')
216

25
28
17
17
21

—

Yield
targeted

61

Per cent
deviation

+ 8.3
+ 1.5
-

6.6

—
-13.3
+ 9.8
- 5.1
+ 2.0

susceptibility to chemical hydrolysis. Schnitzer ("Quo vadis Soil Organic
Matter Research") and Greenland ("The Continuing Nitrogen Enigma") will
be discussing these aspects in this Congress. In spite of considerable advance
in soil chemistry (biochemistry and microbiology also) since the time Allison
(1955) spoke about the "enigma of soil nitrogen", there seems to be still many
a gap in our understanding of the N forms that are unidentified or
"unknown". It may be mentioned that soil chemistry research on metalorganic matter complexes, their stability and influence on the ionic equilibria
in the soil solid-soil solution phase in relation to pH and redox potential has
unravelled the complexity of reactions that some of the micronutrient ions
(Fe, Zn, Cu) undergo in the soil and have thus helped our understanding of
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their availability. As regards the soil test for micronutrients, DTPA method of
Lindsay and Norvell (1969) has been found useful for diagnosis of
micronutrient deficiencies and making fertilizer recommendations.
Closely linked with the development of soil tests has been the so-called 'A'
value concept of Fried and Dean (1952) which uses radioisotopes. The
empirical soil tests of yesterday which were developed with the objective that
they would extract the same amount of nutrient that a crop would extract
have received much support and more and more refinements have been made.
I would like to underscore in this context the development of the P
fractionation scheme by Chang and Jackson (1957), following which soil
chemists have tried to provide a sound physico-chemical basis to the
phosphorus soil tests.
We have moved far from the days of Whitney and Cameron and eminent
soil chemists like C.E. Marshall, H. Jenny, F. Adams, R.W. Pearson and F.E.
Khasawneh have given a new meaning to the concept of soil solution in
relation to plant growth (see Khasawneh 1971). The application of adsorption
isotherms and Q-I curves has unravelled many a significant point in our
understanding of the fixation and release of P and K in the soil.
The recent developments in the mechanisms of ion transport rates, and
the involvement of plant properties have given a new dimension to the
concept of nutrient availability, though many of them have not been
translated into management practices relevant to crop production.
In their attempt to find explanation for the anomalous behaviour with
respect to fertilizer response in soils of high fertility, soil chemists in India
have observed that hexosamine fraction of soil N is correlated with rice and
that of amino acid fraction with wheat yield. In a similar approach, the
correlation between plant uptake of P and Fe-P for rice and Ca-P for wheat
has been observed. These findings are very significant in improving the soil
test procedures and also in suggesting suitable multiple cropping sequence.
Micronutrients in Intensive Agriculture
The sixth major contribution of soil chemists has been the study of
interactions of micronutrients. Most noteworthy are the P-Zn and Fe-Zn
interactions, which are usually negative resulting in Zn deficiency in crop
plants. That the soil chemists have played a pivotal role in the success of the
so-called green revolution in India is borne out from the story of zinc. The
"miracle" varieties of wheat and rice did not give expected yields without the
application of small amounts of Zn. For a detailed account of the research on
micronutrients, the "Micronutrients in Agriculture" edited by Mortvedt et al.
(1972) is an excellent reference. Indian research on nutrient interactions has
been reviewed by Kanwar and Randhawa (1974), Randhawa and Meelu
(1975), Takkar and Randhawa (1978), Katyal and Randhawa (1979), Mehta
(1974), and Katyal and Sharma (1979). A few illustrations will show the
importance of zinc in food production (Tables 6, 7).
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Table 6. Grain yield of rice with or without N, P, K and /or zinc in farmers'
fields in Philippines (Katyal and Ponnamperuma 1974)
Treatment

Field No.

Zn

1
2
3
Grain yield (t/ha)

NI'K

No
No
Yes
No
No
Yes
Yes
Yes
EDTA + (NH 4 )2C0 3 extractable Zn (ppm)

1.6
0.0
3.9
5.1
0.5

3.0
2.2
5.1
6.1
0.7

1.0
1.8
5.4
6.7
0.8

4

5

6

4.1
3.9
4.7
5.1
2.8

3.1
4.X
4.0
5.0
1.3

2.:
3.'
3.'
4.1

0.1

Table 7. Effect of application of zinc, gypsum and farmyard manure on the
yield of rice grown in a highly sodic soil (Dargan et al. 1976)
Treatment
Control
FYM 25 t/ha
FYM 50 t/ha
Gypsum 11 t/ha
Gypsum + FYM 25 t/ha
Gypsum + FYM 50 t/ha

Grain yield (t ha)
No zinc

Zinc

5.4
6.6
7.7
6.7
7.7
8.4

7.2
7.X

8.5
8.9
9.2
8.9

FYM or gypsum applied to preceding berseem crop; Zn applied to rice @ 45 kg zinc sulphate/ha.

Possibly, the most significant research on the equilibria of Zn in soil is the
finding by Norvell and Lindsay (1969) who related zinc concentration in soil
to pH; Zn2+ = 106(H+)2. This relationship shows that the solubility of Zn in
soil is highly pH-dependent and decreases 100-fold for each unit increase in
pH, i.e., 10"4 M at pH 5 to 10"8 M at pH 7.
Swaminathan (1970) observed, "The success of intensive agriculture may
be judged by our ability to harvest the benefits from positive interactions,
leaving no nutrient deficiency symptoms uncorrected and by improving the
efficiency of applied nutrients. Whether it is between nutrients or between
inputs, synergy has been found to be a useful concept."
Sustained Soil Productivity and Minimizing Risks in Agricultural Production
Soil chemistry research in relation to long-range effect of application of
fertilizers and pesticides on soil and its environment needs greater attention
for dealing with problems of the future. The results of the old Permanent
Manurial Experiments and the Long-Term Fertilizer Experiments in India
have brought out clearly the effect of continuous application of phosphorus in
building up sustained productivity. Cooke (1979) reported that soils enriched
in phosphate and potash can often produce larger yields than soils poorer in P
or K, however much fresh fertilizer is used. The gains from residues are
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greatest in soils where poorer structure hinders mobility of P and K. and
diminishes root-fertilizer contact.
There are mainly two kinds of risks in agricultural production: (i) risk
depending on production techniques, and (ii) risk depending on marketing
and price conditions. The former is probably of greater magnitude especially
caused by great variation in yield in different seasons and years, the extent
depending upon the soil properties.
Soil-Plant Adjustments
In recent years, soil chemists have turned towards a more economical
solution to the soil toxicities and deficiencies using principle of varietal
tolerances. Varietal tolerance to toxicities of Al may be comparable to salt
tolerance but the varietal tolerance for P deficiency may be related to more
efficient utilization of soil P (Koyama et al. 1973; Gines et al. 1977). The
varieties may also have the preferential ability to take up different types of
phosphate. For example, rice var. H-4, noted for its tolerance for P deficiency
on acidic soil, was the most susceptible one on an alkaline soil (Katyal et al.
1975).
Brar et al. (1974) observed differential responses of maize cultivars to Zn.
The less responsive local variety absorbed more Zn from the deficient soil and
had narrow P/Zn, Fe/Zn and Mn/Zn ratios in plant issue than the more
responsive hybrid Ganga-5.
Iron deficiency and Mn and Al toxicities on acid soils are mineral-induced
plant stresses that limit the rice yield on dry land. Howeler and Cadavid (1976)
reported that Al tolerant cultivars had higher levels of P and Ca and lower
levels of Al in their shoots than Al-susceptible ones. It is important to study
the mechanism of the varietal differences with respect to different stresses, and
toxicities. A few typical examples are cited here to explain how this kind of
soil chemistry research has helped understanding of the nutritional problems
of crop plants (Tables 8, 9).
It is now well established that except for strongly acidic soils, liming is not
generally needed for rice. On the other hand, some of the crops which are
highly responsive to liming are not grown to a large extent in these areas.
Table 8. Interaction effect of Ca X Al and Ca X variety on Al content (ppm) in
wheat tops (Tripathi and Pande 1971)
Treatment

0
0
600
1200
1800
C D . at 5%

Variety

Al (ppm)
45.50
29.33
20.83
14.17
4.1 1

10

Sonora-64 S-227

56.00
41.50
33.67
20.17

57.67
38.83
28.33
19.33

43.83
32.00
26.17
15.00
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Table 9. Inhibition* of the adsorption of K+, Mg++, Ca** and Al3+ in the lupine,
horsebean and sorghum by a treatment with 15 ppm Al (Guerrier 1979)
Plants
Sensitive crop
Tolerant crop
Indifferent crop

Horse bean ( Vicia faba minor L.)
Yellow lupine (Lupinus luteus L.)
Sorghum (Sorghum dochna F.)

•Inhibition =
Ci =

(Cs Oppm - Cs 15 ppm)/C s 0 ppm
Capacity of saturation in element.

A1 J +

Ca* +

Mg++

K

(%)

(%)

(%)

(%)

82
63
50

70
41
30

82
35
29

40
17
24

Evolving suitable cropping patterns and crop adjustments is, therefore, a
necessity keeping in view the ecological conditions. Management of acid soils
could be viewed from two angles: (i) matching the crop plant to the existing
soil situation, and (ii) amelioration of the soil condition to suit the crop. In
the first approach, the genotypic variability of crop species or varieties within
the same species is utilized and no attempt is made to alter the soil properties.
The crop species/varieties which are more tolerant to soil acidity and
problems associated with it are grown. This is a cheaper and economical
method but is likely to be of importance more in a subsistence agriculture.
The exploitation of soil X plant genotype interaction can be a valuable
tool under certain conditions. For example, the growth of maize is not
adversely affected when Al saturation of the effective CEC of the soil is less
than about 45% and soybean and cotton 20%. Brassicas and potato are
relatively more tolerant to high Al in the soil solution while sugarbeet and
barley are sensitive ones. Foy and Brown (1964) and Foy (1974) have
discussed the varietal differences in sunflower with respect to their sensitivity
to Al. Kalyansona variety of wheat has been found to be relatively more
tolerant to acidity than Sonora-64 (Tripathi and Pande 1971). The ability of
crop species to adapt themselves to soil acidity is related to their ability to
thrive at a low level of P or be able to grow in low concentration of Ca or in
their ability to prevent Al from entering the cell by precipitating it at the root
surface. The Al-sensitive varieties, on the other hand, lower the soil pH near
the roots.
In the other approach where it is intended to ameliorate the soil acidity by
liming, crops which are highly responsive to liming should be included as the
first ones in the rotation since the effect of lime lasts for about 4 to 6 years.
The cropping pattern should be so chosen as to realize maximum benefit from
liming and also from the standpoint of economics of liming. Mandal et al.
(1975) from Bihar (India) made extensive studies on the management of acidic
red loam soils and observed that good crops of maize, sorghum, pigeonpea,
soybean and cotton could be grown with lime and fertilizer application under
rainfed conditions. According to them, pigeonpea, soybean and cotton are
highly responsive to liming; chickpea, lentil, peas, groundnut and maize are
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medium responsive; and small millets, rice and potato are least responsive. To
realize maximum benefits from liming under rainfed conditions, it was
suggested that groundnut, cotton, soybean or pigeonpea may be grown in the
first two years, followed by maize, sorghum, black gram or green gram; while
crops like rice, small millets or potato which show little or no response to
liming may be grown in the last phase of the rotation when the residual effect
of lime is little. Most results suggest that wheat is more responsive to liming
than rice or maize.
Varietal differences in tolerance to salinity are as important as the varietal
difference to acidity, liming and Al toxicity. Dravid et al. (1976), Goswami
et al. (1977), Kamath et al. (1977) and Oza et al. (1979) have observed marked
differences in different varieties of maize and wheat in their tolerance to
salinity. Differential responses of rice varieties to phosphorus (Goswami 1975)
and of wheat to N (Singh and Anderson 1973) have also been reported.
Recent work at IRRI by Ponnamperuma and Solivas (1980) shows that
IR-43 is a moderately tolerant variety to iron toxicity in acid sulphate soils
and application of manganese dioxide (100 kg/ha) and lime (5 t/ha) could
alleviate this problem. The contribution of Brown and Jones (1962) and
Ambler and Brown (1969) in USA on the genetic control of Fe nutrition is
well known. In India, Agarwala and Sharma (1979) have also done some
outstanding work on the varietal susceptibility or tolerance to micronutrient
deficiencies and toxicities.

Tasks Ahead
The increase in food production in the future has to be achieved to a great
extent through vertical expansion (including increased cropping intensity) and
much less through horizontal expansion. Increase in yield on the same piece
of land will involve greater use of fertilizers, water, chemicals and involve
tremendous amount of intensive farm operations and capital investments with
their attendant problems. Obviously, more and more newer problems which
are hitherto unknown would appear on the surface with the increase in
intensity of cropping and higher agricultural production. This would involve a
great deal of exploitable agriculture, and unless the anticipated problems can
be foreseen and suitable remedies adopted in advance, the soil will be
impoverished, depleted or even degraded. Thus, if the beginning of the green
revolution was set forth by the "miracle" varieties of the plant scientists, the
permanency of it for a sustained production, i.e., maintenance of the new
yield "plateau", would be the responsibility of the soil scientists. The recent
past has been primarily the "era" of the breeders while the next decades will
be the era of the soil scientists who would be responsible for sustaining the
green revolution. The "passive" role of the soil scientists has to turn to an
"active" one and they must think of both preventive and curative measures of
the problems of soil degradation, and contamination for maintaining the soil
health. The problems associated with deficiencies of secondary nutrients and
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micronutrients, nutrient interactions, and pesticide residues have to be
tackled; and production has to be stepped up many times more from the same
area without detriment to the environments and ecological balance.
The Seventeenth Session of the FAO Conference held in 1973 in Rome
(FAO 1977) concluded that "the major environmental problems facing
agriculture were not only the avoidance of environmental pollution but the
ensuring, in the development process, of the maintenance of the production
capacity of the basic natural resources for food and agriculture through
rational management and conservation measures." The soil chemistry research
should, therefore, generate approaches and methods that make production
possible on a sustained basis through a better understanding of the production
capacity of the natural resources under various ecosystems. It should not only
aim at improving the per hectare yield of crops in the cultivated area of the
world, but more so concentrate on removing the soil limitations or constraints
in the varying set-up of climatic restraints and farming systems. The problems
of Oxic soils with regard to acidity, Al toxicity and P fixation; those of
Vertisols for P fixation, zinc deficiency and tillage (the last one is basically a
task of soil physicists); and those of acid sulphate soils for multinutrient toxicities
and deficiencies: and those of Andic (Ando) soils with regard to P fixation would
need greater attention.
Further, since the increased agricultural production has to come largely
from the existing cultivated land through intensive cropping, fertilization and
application of chemicals, or through reclamation of problem soils, the cost of
production is bound to increase. The soil chemists have therefore to
concentrate research on increasing the efficiency of fertilizers so that application
of fertilizer is not only productive but remunerative. There seems to be
ample scope for increasing the efficiency of fertilizer nitrogen and
phosphorus which is rather very low and till now there has been little
breakthrough. Increasing dependence on biological N fixation and organic
recycling will no doubt supplement the fertilizer requirements. Yet without
substantial increase in use of fertilizer, the achievable target of food
production is not likely to be met. In this context, it is apt to quote Viets, Jr.
(1977) who observed, "I am certain that we cannot solve current and future
problems in soil fertility and soil productivity by a nostalgic return to some or
all of the practices we used in some former time. We cannot replace much of
the commercial fertilizer with organic wastes. We cannot substitute the horse
for the tractor. I doubt if we can substitute biotic N2 fixation for the N fixed
industrially. If the field of soil fertility and progress in it goes to sleep, we as
scientists, will not be meeting our obligations."
The problems that the soil chemists will have to tackle at least in the next
two decades will be the same in kind, but to an increasing degree, as Kanwar
(1971) visualized years ago, namely, (1) to maximize productivity per unit area
per unit time, (2) to restore, improve and modify the productivity of the land
which has deteriorated, and (3) to prevent any degradation of the
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environments as a result of man's short-sighted policies and consequences of
the technological revolution and population explosion.
Crowther (1953) stated, "The task of a soil chemist is not merely to
distinguish responsive and unresponsive soils but to make recommendations
demonstrably better than those likely to be made by the farmer and his other
advisers." It involves, "general recommendations for each crop and region and
to approximate adjustments for changing prices, past treatments and
information derived from soil surveys and soil analyses." Kanwar (1971)
reiterated these views and asked the soil chemists to quantify the relationships
between soil test and fertilizer requirement of a crop for a targeted yield, and
Cooke (1979) lamented that, 'ignorance of the factors affecting soil fertility, and
inability fully to control them, is a challenge to soil scientists." Soil chemistry
research must address itself to these tasks in the future. Solutions to such
problems only will prove its contribution to and importance in food
production.

Epilogue
The research in soil chemistry is yet to make its mark in a big way in
increasing the food production as compared with what has been possible in
the field of, say, genetics and plant breeding, and has slowly picked up
momentum that culminated in the development of concepts such as ion
exchange in soil and across plant roots, nutrient potentials and the associated
ideas of thermodynamic nature in soil-plant system, as well as solute and
water transport in soil-root systems. These developments have done a great
deal to elucidate the nature of soil system so that proper management
recommendations for potential crop yields have become possible in many
instances. However, a field of soil chemistry research which can claim a very
substantial contribution to food production has remained to date largely hitand-miss one, in the area of soil testing. No generalisation worth the name has
emerged out of a volume of work reported in this field. Nevertheless, the soil
test methods are indispensable for making suitable fertilizer recommendations.
Much, of course, remains to be done to improve these methods, especially with
reference to their adaptability to different soil situations and to improve their
prediction value.
Nutrient dynamics in the soil under the influence of added fertilizers and
amendments has been studied quite extensively; but yet the efficiency of
fertilizer use by crops is low, particularly that of phosphorus. In view of great
importance attached to phosphorus in the stability of agricultural production
and land productivity, global shortage of raw materials of this non-renewable
resource and cost, soil chemistry research must be directed towards a solution
of the phosphorus problem. Unfortunately, all the outstanding research on
phosphorus aided by most modern tools and techniques and application of
physical chemistry has done little to improve the efficiency of utilization of
phosphorus.
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Soil testing is really 'soil science testing' because this is a phase where
basic research in soil chemistry culminates and applied research on soil
fertility generates, and the combined research efforts of soil chemists and soil
fertility experts is reflected in, and translated to farmers as, fertilizer
recommendations. Appropriate modifications in fertilizer recommendations
due to interference of other factors, positive or negative, affecting nutrient
availability to plant such as adverse soil physical, chemical or biological
conditions are often necessary. Soil chemistry research must be able to find
answers to such problems. A beginning in this direction was made at the
Indian Agricultural Research Institute, New Delhi, more than a decade ago
and the experience has been invaluable.
Everyone in the globe treads on the soil for support. In the field of
science, let us, the soil scientists, prove our worth by not allowing others to
tread on us by getting an opportunity to decry our work; but instead soil
science should provide the basic support to other disciplines connected with
agricultural production. This would require a great deal of devoted and
fruitful research that have an impact on agricultural production. A day should
come again, a nostalgic return to the pre-eminent position of the time of
Liebig where we started from, when all would recognize and openly confess,
"Soil is not dust alone, it is the essence of life; and soil research is the key to
food production."
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Commission III

Soil Biology

i

The Continuing
Nitrogen Enigma
D.J. GREENLAND AND I. WATANABE*

Abstract
NITROGEN balance sheets established from soil, crop and leachate analyses
for upland sites indicate a net loss, whereas similar studies in rice paddies
indicate a net gain. Thus there are negative and positive engimas in nitrogen
balance studies. To resolve these enigmas, collaborative, interdisciplinary
studies of carefully defined systems using a range of techniques are required.
Nitrogen balance studies in the tropics (flooded rice in particular) are
especially necessary to characterize adequately the plant-soil ecosystem. The
importance of this ecosystem in world food production is obvious.
Information derived from these studies is useful in assessing the impact of
modern agricultural technology on the ecosystem, and on the nitrogen cycle
in particular. Nitrogen balance studies provide a long-term measure of
nitrogen fertility, and this knowledge is essential in selecting cropping
systems, and devising nitrogen fertilizer practices which will complement,
not depress, fixation.

the failures of soil science is our inability to establish accurate
nitrogen balances for field systems (Greenland 1978). This is still true in spite
of the application of a wide range of new techniques to the problem. In this
paper we review some of the factors which contribute to the enigma and
indicate some of the reasons why we have failed to obtain good measurements
of the nitrogen balance in different systems. We also consider how far our
failure to establish properly balanced accounts of nitrogen fluxes is important
so far as agricultural production is concerned, and the implications in relation
to the need for future research activities.
This Congress is being held in Asia, where 85% of the rice produced in
the world is grown, and where the dominant farming system is the production
of rice in flooded conditions. We, therefore, give particular attention to the
nitrogen enigma in the rice paddies.
AMONGST

The Origins of the Enigma
The origins of the enigma are associated with three difficulties: (1) the
difficulty of measuring the change in the total nitrogen content of a given mass
of soil with an error significantly less than the magnitude of the change
occurring in a limited period of years, (2) the difficulty of measuring the

*The International Rice Research Institute, Los Banos, Philippines.
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amount of nitrogen added to a soil-plant system by biological nitrogen
fixation and (3) the difficulty of measuring losses of nitrogen from a soil-plant
system by volatilization.
The complete nitrogen balance equation can be written (Greenland 1977)
thus:
N?-N, = F + S + R

+ M + D - C - L - V - E

(1)

where
N2 = nitrogen content of the given mass of soil at time t2;
Ni = nitrogen content of the given mass of soil at time ti;
F = total nitrogen converted from gaseous to combined form by
microorganisms;
S = nitrogen returned to the mass surface soil from subsoil by plant
roots or in upward movement of the soil solution;
R = combined nitrogen added to soil mass in rainfall and irrigated
water;
M = nitrogen added in manures, seeds, and fertilizers;
D = nitrogen added in dust;
C = nitrogen removed from the given mass of soil by crops and
standing vegetation;
L = nitrogen lost from the given mass of soil in leachates;
V = nitrogen lost by volatilization; and
E = nitrogen removed with eroded soil.
To establish a "balance" all terms in the equation need to be measured
over a period of years. The change in soil nitrogen content is unlikely to
exceed the error in its measurement unless the study is made over several
years, or unless the change is unusually large compared with the nitrogen
content of the soil. A crude balance is readily obtained from long-term field
experiments, assuming that most terms are negligible and that
N2 - Ni -

F - C

(2)

This in fact seldom produces a balance. If the "imbalance" is positive, the
assumption is often made that fixation must be large. If it is negative, the
leaching is most commonly assumed to be dominant. However, use of
lysimeters in an attempt to measure leaching losses also failed to provide a
balance, the results of most experiments showing losses in addition to
leaching. These results were described by Allison (1955) in his review of "The
Enigma of Soil Nitrogen Balance Sheets." Although lysimeter studies enable
leachates from a known mass of soil to be monitored, conditions in lysimeters,
as in pot experiments, are usually artificial. The artificiality of such systems,
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and the difficulty of establishing physical conditions in the lysimeter or pot
similar to those in the field, have long been recognized (Kohnke et al. 1940;
Burford 1977). The physical condition largely determines the magnitude of the
leaching and volatilization losses, so that studies in such systems often yield
results very different from those obtained in the field. In more recently
constructed lysimeters provisions is often made to monitor the soil atmosphere
(Cannell et al. 1980) so that some estimate of volatilization can be obtained.
Nitrous oxide losses can be followed, but evolution of nitrogen against the
atmospheric nitrogen content is difficult to assess. 15N labelling of nitrate
added t o ' the lysimeter can enable N2 evolved by denitrification to be
recognized (Rolston et al. 1978), but dilution processes produce several
difficulties in interpretation of the results.
Gas lysimeters (Ross et al. 1964; Stefanson and Greenland 1970; Martin
and Ross 1968) can be used to measure evolution N2 as well as N2O by
replacing the nitrogen initially inside the lysimeter with argon or other inert
gas. Again, there are problems of the artificiality of the pot system in which
the plants must be grown in the lysimeter;
The difficulties associated with field and lysimeter studies have led to a
great deal of laboratory work designed to elucidate the factors controlling the
processes that affect the nitrogen balance.
The study by Bremner and Shaw (1958) of the factors affecting
denitrification is an excellent example of this approach. While the study
demonstrated the potential importance of factors such as availability of
organic substrata and absence of oxygen, it provided no information about
when and where these conditions occur in the field. Thus, while we have
known for many years what are the significant factors controlling the
biological denitrification process, we still do not know the magnitude of
denitrification losses in any soil-plant system in the field.
Large number of studies using 15N and the acetylene-ethylene tehnique
(Hauck and Bremner 1976) have demonstrated how widely the nitrogenase
enzyme system is distributed, and how difficult it is to predict N fixation from
microbiological counts. The acetylene-ethylene technique in particular has in
fact been widely used in both field and laboratory studies, and has enabled a
great deal of new information to be obtained about nitrogen fixation, but it
has still not enabled us to quantify the contribution of fixation to field
nitrogen balance sheets. It enables us to measure the size of the nitrogenase
engine, and how fast it is running at any one time, but does not tell us how far
and how fast it has travelled in the past or will travel in the future.
In addition to the problems of measuring volatilization (V) and fixation
(F), and the errors associated with the determination of soil nitrogen contents
(N2 and Ni), the mass of soil to be included in a field balance study presents a
problem. If only a shallow depth is used, the question of measuring S, the
movement of nitrogen into the soil-plant system from below the defined
surface layers, arises.
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The Nitrogen Enigma in the Paddies
Wetland rice is grown under flooded conditions during most of its
growing season, thus creating a unique agricultural system in the field. It has
long been recognized that flooded rice soils maintain their fertility for many
years of continuous cropping. For example, long-term "three elements (NPK)
experiments" in Japan have shown that wetland rice fields not receiving
nitrogen fertilizer produced on an average 70% of the yield of the NPK-fertilized
fields, whereas from no-nitrogen upland fields (upland rice or wheat or barley)
only 40% of the yields of the NPK-fertilized fields were obtained (Mitsui
1954). Why are the wetland fields more fertile in respect to nitrogen than the
dryland fields? Higher nitrogen fixation in wetland conditions has long been
considered to be the reason for the maintenance of higher nitrogen levels.
Fertility experiments have been conducted for long periods in most provincial
agricultural experiment stations in Japan. For some of these experiments and
others in the Philippines and Thailand, soil nitrogen changes have been
determined and compared to crop N removal (Table 1). The following
conclusions may be drawn:
1. In no-nitrogen fertilized plots, net gains of soil nitrogen from 20 to 70
kg N/ha per year were obtained, except for a peat soil at Sorachi.
2. The addition of phosphorus and potassium increased nitrogen gains.
3. In most heavily nitrogen-fertilized treatments, net losses of nitrogen
occurred.
Nitrogen balance data from long-term fertility plots must be, however,
reckoned with care. Problems are related to errors in sampling and analysis,
and the role of subsoils, as discussed above. Because total soil nitrogen
constitutes a large proportion of the nitrogen in the rice-soil system, errors
associated with field sampling, and in analysis, can affect greatly the
calculation of nitrogen balance. A 5% error, which commonly arises from field
sampling, may correspond to 100-200 kg N/ha. Changes will exceed this only if
the duration of the experiments is sufficiently long. Most of the Japanese data
on soil nitrogen appear to be significant because the experiments were made
for sufficiently long periods.
In many nitrogen balance sheet calculations, soil nitrogen changes in the
subsoil are not taken into consideration. A high positive nitrogen balance in
Sorachi, where a peat layer was located below the soil surface, suggests that
nitrogen contributions from the subsoil, S, may not always be negligible.
Sekiya and Shiga (1977) estimated the contributions to paddy rice of nitrogen
from the soil below the plough layer (15 cm) by placing plastic sheets at this
depth. Except for a volcanic ash soil (5%), the contribution from below the
plough layer to nitrogen uptake by rice plants grown in flooded conditions
was 20-30% of the total plant nitrogen. Similar trials were made in the fields
of the International Rice Research Institute at Los Baiios in the Philippines,

THE CONTINUING NITROGEN ENIGMA

127

Table 1. Soil N changes and N removal in paddy rice fertility experiments
Annual
cropping
pattern

Duration
(years)

Treatment

Aomori"
Japan
(41°N)

Wetland
rice

21

PK

Kagawa"
Japan
(34° N)

Wetland
rice and
barley

Site

NPK
21

PK
NPK

Kg N/ha/year
N added Soil
as
change
fertilizer

Plant
uptake

Balance
(N; - N , ) - C

0

-20

45

+ 25

57

-35

66

- 25

0

-42

+ 38

157

-18

80
(55)*
154

-21

(%)
12

Sorachi'
Japan
(45° N)

Wetland
rice

Ishikawad
Japan
(36° N)

Wetland
rice

Shiga'
Japan
(35° N)

Wetland 40
rice and
wheat

PK
NPK

22

Unfertilized
PK
CaPK
NPKCa

2 wetland
rice

Maligaya'
Philippines
(16° N)

2 wetland
rice

Chainat'
Thailand
(15° N)

2 wetland
rice
Wetland
rice and
fallow

-44

142

+ 98

39

-51

136

+ 46

0

-34

53

+ 19

0
0
100

-30
-34
-15

64
72
119

+ 34
+ 38
+ 4

41
(30)
67
(51)
112
(74)

+ 39

Unfertilized

0

-

PK

0

-13.1

152

+ 2.2

NPK
Los Bafios'
Philippines
(14°N)

0

1.7

+ 55
- 37

Unfertilized

0

+30

116

+ 146

8.5

Unfertilized

0

+30

91

+ 121

2

-N

0

+47

58

+ 63

2
2

+N
-N

24(1
0

+39
+28

139
36

- 62
+ 57

12

'Koyama and App (1979); b Ando (1975); 'Inatsu and Watanabe (1969); "Konishi and Seino
(1961); Takahashi (1979, personal communication); 'Koyama and App (1979); 'Firth et al. (1973);
•Figures in parentheses are N uptake by rice.
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where the A horizon develops to 55 cm depth. Total nitrogen upto 75 cm was 5.1
ton N/ha, and 2.3 ton N/ha was distributed within surface 20 cm. Rice (grain)
yield in the absence of the plastic sheets was 4.3 ton/ha and N uptake was 80
kg/ha, whereas the rice yield with plastic sheets at 20 cm was 2.7 ton/ha,
containing 40 kg N/ha. Assuming no effects of the plastic sheet, other than to
restrict access of subsoil N to the plant, the contribution of subsoil to soil N
supply was 50% (IRRI 1981).
In other experiments at IRRI, an average of 60 kg N/ha per crop was
absorbed by 24 successive rice crops (12 years) receiving no fertilizer N. Ten
kg N/ha was supplied annually in rain and irrigation, so that the remaining 50
kg N/ha had to be accounted for. The soil nitrogen content to 20 cm did not
change during this period (Koyama and App 1979). Nitrogen must, therefore,
have come from the atmosphere, the subsoil, or both. Although such crop
removals are commonly attributed to contributions by fixation of atmospheric
nitrogen, the experiment mentioned above shows that the.contribution of
subsoils may also need to be considered.
In other experiments at IRRI, Los Banos, the total nitrogen content of
the soil has been followed for several years, while 14 rice crops have been
grown. The soil increased in nitrogen content throughout the period, and to a
greater extent when the rice straw was incorporated after each crop, than
when it was removed (Fig. 1). The increase in nitrogen content in the soil, and
the quantities removed in the harvested crop, indicate a rate of nitrogen gain
in excess of 50 kg per crop.
Table 2 gives some other samples of soil nitrogen changes and N removal
N %

2

4

6

8

10

12

14

CROP SEQUENCE

Fig. 1. Changes in soil nitrogen content of the Maahas clay at IRRI, Los Banos, Philippines, during
7 years and production of 14 crops (IRRI 1980).
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Table 2. Grain yield and N uptake in long-term fertility plots in the absence
of fertilizer nitrogen
Country

Site

Number of
crops
(number of
crops/ year)

Treatment**

Yield
(t/ha)

Per crop
uptake
(Kg N/ha)

Japan

Shiga'
Miyagi

40(1)
33(1)

Kagawa'
Aomori
Sorachf
(peat)
Konosu
Hokkaido'

21(1)
21(1)

PK
-NPK
PK
-NPK
-NPK
-NPK

3.5
1.6
2.1
2.8
2.3
5.6

51
37
42
53
45
142

50(1)
41(1)

Aichi'

41(1)

Hyogo'

26(1)

Saitama'

47(1)

Fukui'

48(1)

-NPK
-NPK
PK
-NPK
PK
-NPK
PK
-NPK
lime only
-NPK
lime only

2.0
2.1
2.3
1.4
2.3
3.2
3.4
1.8
2.3
2.5
3.3

40*
41*
46*
29*
46*
63*
67*
37*
47*
50*
66*

12(1)

Average

49
(except

8

24(2)
17(2)

-NPK
-NPK

3.9
3.1

78*
62*

-NPK
PK
-NPK
PK
-NPK
PK

2.7
3 I
2.1
2.5
0.8
1 7

55*
62*
42*
50*
16*
34*

Average

51

Philippines

Los Banos
Maligaya8

Thailand

Chainat"

20(2)

Supanburi

20(2)

Klong Luang
(acid sulfate)

20(2)
20(2)

142)

(except 16)
"Takahashi, personal communication; bYomogita (1971); c Ando (1975); dKoyama and App
(1979); 'Inatsu and Watanabe (1969); 'Yamaguchi (1979); BKoyama and App (1979); "Cholitkul el
al. (1980); «Estimated; **NPK: Without N, P and K.

from fertility trials in Japan, the Philippines and Thailand. Yanagisawa and
Takahashi (1964) also gave nitrogen uptake data for some fertility trials in
Japan. The average N removal reported from 15 experiment stations was 64
kg N/ha. It may be concluded that a net addition of about 50 kg N/ha per
crop must occur to compensate for nitrogen losses by removal in harvested
plants. Unless the subsoil contribution and soil changes and volatilization and
other losses are determined, nitrogen gains estimated from nitrogen uptake in
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no-nitrogen long-term plots can only give a very approximate guide to
nitrogen fixation occurring in paddy rice systems.

Demonstration of Nitrogen Gains by Various Nitrogen-fixing
Agents
In plot experiments, the sources of nitrogen inputs to flooded soil-rice
systems are easily controlled. Nitrogen balance studies based on Kjeldahl data
have been made for several crops of rice grown in continuously flooded soil in
pots under greenhouse conditions (App et al. 1980). All additions were
carefully monitored. There were no leachate losses. Flooded soil planted to
rice had a statistically significant positive nitrogen balance (Table 3).
In pots where the surface was exposed to sunlight, the nitrogen gain was
higher than in pots where the soil was covered with black cloth. This means
that phototrophic nitrogen fixation in the floodwater and at the soil surface
gave additional gains to those arising from heterotrophic nitrogen-fixing
agents. Heterotrophic nitrogen fixation was insignificant except in the presence
of rice plants.
These data firmly establish the occurrence of heterotrophic nitrogen
fixation in the presence of rice plants, and also reconfirm the importance of
fixation by phototrophic microorganisms in flooded rice-soil systems, earlier
recognized by De (1936) and Shiori et al. (1944). They also afford an
explanation for the natural nitrogen fertility of paddy fields, and indicate that
rice plants can significantly improve the nitrogen economy of flooded soils.
Qualitatively, it is clear that nitrogen-fixing agents, either heterotrophic or
phototrophic, contribute to nitrogen fertility in paddy soils on which wetland
rice is grown for long periods. Modest and stable yields can be supported
without any addition of nitrogen fertilizers.
Addition of Fe and P, which encouraged the growth of phototrophic
microorganisms, increased nitrogen gain. The effect of P may explain the
higher nitrogen gains observed in plots receiving P and K in the long-term
fertility trials (Table 1).
Wetland rice can encourage nitrogen gains by stimulating nitrogen fixation
or by reducing nitrogen losses. It is not possible to determine from net nitrogen
balance data if the rice plant enhances fixation or simultaneously enhances
fixation and reduces nitrogen losses. Evidence that nitrogen fixation was
associated with wetland rice roots was first obtained from acetylene reduction
assays (Yoshida and Ancajas 1971; Rinaudo and Dommergues 1971).
Experiments with 15N2 gas (Ito et al. 1980; Yoshida and Yoneyama 1980;
Eskew et al. 1981) confirmed that nitrogen fixation is associated with the roots
and basal portions of rice plants, and some of the fixed nitrogen becomes
available for grain production. Higher proportions of nitrogen-fixing bacteria
have been found among the heterotrophic bacteria isolated from wetland rice
roots (Watanabe and Barraquio 1979). This provides further evidence that
wetland rice provides favourable conditions for nitrogen fixation.

Table 3. Nitrogen balance sheet for flooded soil planted to rice
N(mg)
Planted
to rice

Exposed
to light

Misc.
inputs

N
balance

(X)

Change in
soil*
±SE b
(Y)

(Z)

(X + Y+ -Z)*

None
Stubble removed
None

997 ± 15*
1042 ± 22*
0"

-795 ± 39*
-875 ± 66"
-243 ± 40"

21
21
0

181***
148**
- 243**"

None
None
None

1175 ± 11"
1148 + 16'
0"

-604 ± 70*
-961 ± 50b
193 ± 82'

27
27
24

544**"
160*b
169*™ b

46
14

None
P, Fe
P, Fe, algae
P, Fe, azolla

1203 ± 12"
1211 ± 4 3 "
1273 ± 33"
1681 ± 2 1 *

-789'±61*
-895 ± 77"
-261 ± 80"
-421 ± 67"

27
92
98
106

387***
723**"
914**1*0
1153**'

32
60
72
69

Supplemental
treatment

Crop'
±SE"

N gain
as % of
crop N

Experiment A (4 crops)

+
+

—

18
14

—

Experiment B (6 crops)

+
+
-

+
+

—

Experiment C (6 crops)

+
+
+
+

+
+
+
+

"Significantly different from zero at the 5 and 1% level represented by * and ** Means followed by the same letter are not significantly different at the 5% level by
the Duncan multiple range test; 'Standard error of mean; cnot significant.

H
X

m

n
c
G
O

c
a

m
Z
rr
C.
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Fate of Biologically Fixed Nitrogen
Estimates of nitrogen fixation, F, from nitrogen balance studies give
limited information about the extent to which crops may benefit. It is also
necessary to know how far the fixed nitrogen becomes part of the inorganic
pool of nitrogen in the soil, and subject to the same influences as inorganic
fertilizer added to the soil, how far it contributes to the labile and less labile
organic nitrogen in the soil, and how far it may be directly transferred to
plants, as may occur when the organisms involved are living on or in the plant
roots. It is unlikely that derepressed N2 fixation (ammonia excreting N2
fixation) takes place in free-living soil microorganisms. Biologically fixed
nitrogen must normally be incorporated into high molecular weight cellular
constituents. Following death of the microorganisms it may be expected to be
mineralized and enter the pool of inorganic N in the soil. Ito and Watanabe
(1981) reported that I5N fixed by heterotrophic bacteria behaves similarly to
fertilizer nitrogen that had been immobilized in the soil organic fraction.
Normally the losses of immobilized nitrogen are much smaller than those of
inorganic nitrogen, so that the losses of biologically fixed nitrogen might be
expected to be smaller than those of fertilizer nitrogen. However,
determination of a balance sheet when ' 5 N labelled cells of blue-green algae
were added to soil in pot experiments (Ito, Cabrera and Watanabe,
unpublished) showed that after one crop of rice, losses of the surface-applied
algal nitrogen were similar to those of chemical fertilizer applied to the water
surface. If this happens with naturally growing algae, gross phototrophic N
fixation must be higher than estimated by net balance studies.
Reports of the availability of nitrogen contributed by associative nitrogen
fixation in rice differ. Yoshida and Yoneyama (1980) reported a high rate of
transfer of fixed nitrogen to ripening grains, but data by Ito, Cabrera and
Watanabe (unpublished) and Eskew et al. (1981) do not confirm this high rate
of transfer. The difference may be due to the fact that the periods of 15N2
feeding were not identical. Yoshida and Yoneyama used the rice plant after
heading, whereas the other studies refer to fixation during earlier growth
stages.

The Nitrogen Equilibrium in Rice Paddies
The quantity of nitrogen mineralized from soil organic matter depends to
some extent on the total nitrogen level in the soil. Cultivation of a virgin soil
high in organic matter often leads to rapid mineralization and large losses of
nitrogen by leaching and in other ways. Thus the initial nitrogen level in a soil
has a very significant effect on the apparent nitrogen balance.
As yet our knowledge of the nitrogen balance in rice paddies is far from
complete. Except where high levels of nitrogen fertilizer are applied, there is
frequently a net gain to the soil-plant system during the life of the rice plant.
Several organisms associated with the addition of nitrogen to the system have
been identified, but their relative importance appears to depend on many
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factors. Heterotrophic, autotrophic and phototrophic organisms may all
contribute. Significant losses also occur from rice paddies. Studies in pots and
the laboratory indicate that substantial losses occur by denitrification.
However, the limited information at present available on nitrous oxide
evolution from rice paddies (Freney and Denmead 1981) indicates that this
process may not be important except where poor water control leads to an
alternation of wet and dry conditions. The volatilization of ammonia from
rice paddies is also a subject of uncertainty. The work by Mikkelsen et al.
(1978) showed that pH increase during day time in floodwater of paddy field
was conducive to ammonia volatilization. The work of Denmead et al. (1977)
has shown the importance of the microclimate in determining whether
ammonia is evolved or absorbed by a crop canopy. More detailed studies of
ammonia volatilization in field conditions are needed to resolve the present
controversies related to the importance of ammonia losses.

Positive and Negative Enigmas
In his review of.nitrogen balance studies prior to 1955, Allison found that
the largest differences between nitrogen added and crop leachate removals
arose when fertilizer was applied. Recoveries of applied nitrogen indicated
unaccounted losses of the order of 15% of the fertilizer applied. In pot
experiments discrepancies were between 0 and 50%, and in the acid field they
were between 50 and 75%. Thus he was writing of a negative enigma. As he
s;iid then, "the main mechanisms of loss are known, (but) quantitative data
relating to each type of loss are inadequate." This remains true. Field studies
of nitrous oxide evolution (Burford and Millington 1968; Denmead 1979;
Freney and Denmead 1981) have demonstrated in a range of conditions that
denitrification occurs. But as N2 as well as N2O is produced, the ratio of N2 to
N2O can vary widely (Galsworthy and Burford 1978), so that it is still difficult
to quantify the losses due to denitrification. Gas lysimetry has enabled some
information to be obtained for a range of conditions (Stefanson 1973) but the
difficulties, expense and complexity of such methods make it unlikely that
they will be widely used. Use of acetylene to inhibit the N2O to N2 reduction
step, so that only N2O is evolved as the product (Yoshinari et al. 1977) may
enable quantitative field measurements of denitrification to be made, but
various uncertainties associated with the use of acetylene as a specific inhibitor
have still to be resolved. Particularly, because acetylene also inhibits
nitrification, the method' cannot be used to study loss of nitrogen by
sequential nitrification and denitrification (Walter et al. 1979). Rolston et al.
(1976) have shown that addition of 15N labelled nitrate to the soil in the field
gives rise to 15N labelled N2 and N 2 0, so that denitrification losses can be
measured. But large amounts of 15NÜ3 have to be used to obtain sufficient
denitrification products to analyze accurately.
Volatilization losses from growing plants have mostly been assumed to be
negligible. Allison (1966) mentio'ns them, but considers only the losses from
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plant roots. Recent studies reviewed by Wetselaar and Farquhar (1980)
indicate that under some conditions, ammonia and other losses from the leaf
surfaces of mature plants may be very significant. More studies of the
conditions in which such losses are important need to be made.
From the review of paddy rice systems by Koyama and App (1979) and
the discussion given here, it can be seen that in flooded conditions there is
normally a net positive nitrogen balance. In the absence of nitrogen fertilizer
application, this may be of the order of 50 kg N/ha per crop. Where three
crops are taken per year, as in the experiments at IRRI, a minimum nitrogen
accretion rate in the soil-plant system of the order of 150 kg N/ha per year
must be occurring. Some may be derived from the subsoil, although it is
probable that most represents the contribution of biologically fixed nitrogen.
Studies of phototrophic and heterotrophic nitrogen-fixing organisms
associated with the paddy rice system suggest that they may contribute
amounts of nitrogen approaching this level, but that the amounts contributed
are unlikely to exceed this. Thus in the rice paddies we have a positive
enigma.
In the rain forests of the humid tropics, and in some tropical grasslands,
significant positive nitrogen balances have also been observed (Greenland
1977). Although recognition of the importance of heterotrophic nitrogen
fixation associated with the roots of certain grasses (Neyra and Dobereiner
1977) has helped to account for the phenomenon, studies of nitrogen-fixing
organisms in the rain forest environment have not fully resolved the problem
of nitrogen accretion in such systems, and so we have another positive enigma
in these areas.

Whither Nitrogen Balance Research?
The importance of resolving the positive and negative enigmas for
agricultural production is great. For many farmers the world over,
expenditure on nitrogen fertilizers represents one of their largest annual cash
requirements. Of the fertilizer nitrogen used often less than half enters the
plant. The resolution of the negative enigma should help us to find ways to
improve the efficiency of recovery. Alternatively, if we could utilize biological
nitrogen fixation more effectively the nitrogen fertilizer bill could be reduced,
or production could be increased without further expenditure. In addition to
the importance of resolving the nitrogen enigmas for increasing agricultural
production efficiency, it is important to be able to predict the extent to which
negative balances are associated with leaching of nitrate into groundwaters
and volatilization of nitrous oxide and ammonia into the atmosphere.
The need for further research on nitrogen fixation has been widely
recognized, and is receiving substantial support at present. It should continue
to do so. The need for further research on nitrogen volatilization processes
has perhaps received rather less attention, and merits more than it is currently
receiving. But do we also need more studies of the nitrogen balance? For
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temperate regions this may be doubtful, but there is certainly a need for more
information for tropical regions.
For the reasons described above, detailed experiments conducted over a
number of years giving critical attention to a proper quantitative
characterization of the soil, hydrological and climatological environment in
which the work is conducted, are necessary, if we are to resolve the various
enigmas. Such studies will involve use of 15N, lysimetry, analysis of the soil
atmosphere and of the atmosphere within and around the crop canopy. In
addition, we also need to seek new methods for quantifying nitrogen fixation
in field systems (Watanabe et al. 1978).
Buresh et al. (1980) concluded from their review of nitrogen fixation in
flooded systems that "differences in methodology and possible errors
associated with assay techniques" made interpretation of nitrogen fixation
rates reported in the literature difficult. There is scope for much further work
directed at the improvement of methods for studying both additional loss
mechanisms affecting the nitrogen balance, and for simplification of 15N
methods for use in such studies.
Modelling of the nitrogen balance in different agro-ecological systems is
undoubtedly important as a guide to determining where the most important
gaps exist in our present information. The interaction between water and
nitrogen often determines the dominant process affecting the nitrogen balance.
Provided that adequate experiments are conducted to enable appropriate
models to be developed, and verified, they will undoubtedly contribute to the
resolution of the enigma of soil nitrogen balance sheets. Again, it is desirable
that these are based on physical characterization of the environments to which
they refer.
In order to obtain comparable information on the components of the
nitrogen balance in different environmental conditions, it is desirable to
develop collaborative studies, using similar methods in different environments.
Coordination of efforts should help to ensure that methods can be critically
compared and assessed, and the effects of different environmental factors on
the components of the nitrogen balance equation determined.
No mention has been made in this paper of the importance of studies of
the contribution of blue-green algae to nitrogen fixation. There is also need
for much further research on the ecology of blue-green algae, and particularly
of the water fern Azolla and its associated Anabaena azollae, and their
contribution to the soil nitrogen balance (Roger and Kulasooriya 1980).
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Scarcely Explored Means of
Increasing the Soil N Pool
through Biological N 2 Fixation
Y.R. DOMMERGUES*

Abstract
THE amount of N added to the soil through biological N2 fixation varies a
great deal. It depends not only on the amount of fixed N2 but also on the
efficiency of N transfer from the N;-fixing system to the soil. To obtain
maximum N2 fixation, it is necessary to eliminate the effect of limiting
factors such as P deficiency and excess of combined N. This objective is best
achieved by simultaneously using biological and chemical technologies. The
transfer of fixed N to soil is minimum with some crops such as grain
legumes. This often leads to N deficit in the soil. By contrast, green
manuring is the most efficient way of transferring fixed N2 to soil. This
practice, however, should be recommended only when the Ni-fixing system is
very active, thus reducing to a minimum the period of time for its growth.
WHEN land is cultivated, the N content of most soils declines progressively to
an equilibrium level which is characteristic of the climate, cultural practices
and soil type. "At equilibrium, essentially all of the N required for plant
growth must come from external sources, namely, through biological fixation
and fertilizer N application" (Stevenson 1965). A major concern of the
present-day agronomists, especially in the tropics, is (1) to decrease
applications of N fertilizers because of their high cost and their hazardous
environmental effects and (2) to promote the use and to increase the efficiency
of N2-fixing systems, namely, legumes, N2-fixing non-legumes and Azolla.
For many years the general dogma has been that legumes, when
introduced in any agricultural system, significantly contribute N to the soils.
However, some data suggest that this dogma has to be revised. We intend here
to assess the limits within which biological N2-fixing systems may be expected
to improve the N status of the soils.
The amount of N that is added to the soil pool through biological N2
fixation depends on the amount of (1) fixed N2 and (2) fixed N2 that is
transferred to the soil.
The amount of N2 fixed by a given N2-fixing system is related to the
potential of this system, which is determined both by the host-plant and by
the associated symbiont (Rhizobium or Frankia). However, this potential is
often limited by environmental, chemical and biological factors, the influence

*Grstom/CNRS, B.P. 1386, Dakar, Senegal.
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of which should be minimized to increase actual N2 fixation. We shall not
discuss here the possibility of increasing N2 fixation by exploiting the
variation in host-plant X rhizobial strain interaction, which is being studied by
several institutes (CIAT 1979; ICRISAT 1979). Rather we shall focus our
attention on means of decreasing the impact of two major limiting edaphic
factors: P deficiency and excess of inorganic N. We shall also compare the
effectiveness of different cropping systems in transferring fixed N2 to the soil.

Phosphorus Availability and N2 Fixation
N2-fixing systems have special nutritional requirements for microelements
(Mo, Co, B, Zn, Cu) and also for P, S, K and Ca. Any soil deficiency affects
not only the growth of the plant but also the functioning of the symbiotic
system. A most common nutritional disorder is that resulting from P
deficiency. Alleviating this soil defect by applying appropriate amounts of P
fertilizers dramatically restores nodulation and N2-fixing activity. Thus, by
increasing P fertilization, N2 fixation was improved in three out of four
cultivars of Phaseolus vulgaris that were compared (Fig. 1). P is supplied to
soil as soluble phosphate (e.g., superphosphate or triple superphosphate) or as
rock phosphate. Soluble phosphates are expensive and it is desirable to reduce
the rate of application by increasing their efficiency. Rock phosphates are
more appealing because of their low cost in many countries, but one should
devise methods for increasing their solubility.
Increasing the Efficiency of Soluble Phosphorus Fertilizers through
Endomycorrhization
It is now well established that endomycorrhizal infection improves the P
uptake by the host-plant. Recently Diem and Ollivier (unpublished) found
that the response to endomycorrhizal infection varied according to the
cultivar. It appears that the absence of response in some cultivars to
mycorrhizal infection is closely related to the absence of response in the same
cultivars to P fertilization. Table 1 clearly shows that in a non-sterile soil with
40 ppm available P, infection with Glomus mosseae markedly improved the P
absorption by Vigna unguiculata, thus increasing its nodulation and IS2
fixation. The effect of endomycorrhizal infection appeared to be similar to
that of the application of soluble P at the rate of 1000 kg/ha. Other
experiments, not reported here, indicate that in typically P-deficient soils, a
certain amount of soluble P fertilizer is necessary to obtain a significant
response to endomycorrhizal infection. In other terms, it appears that
endomycorrhizae cannot replace P fertilizer but increase fertilizer efficiency,
thus allowing a reduction of their rate of application.
Increasing the Solubility of Rock Phosphate
In some acid soils, rock phosphate can be used as a source of P for crops
and especially legumes (CIAT 1979).
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Fig. 1. N: fixation in selected cultivars of Phaseolus vulgaris as influenced by increasing P
fertilization (data taken at flowering) (CIAT 1978).

However, in most cases rock phosphate is not readily absorbed by the
plants even when they are infected by endomycorrhizae since
endomycorrhizae do not contribute to the solubilization of this form of P.
This solubilization could probably be achieved, at least in tropical conditions,
by the addition of elemental S (200 ppm) inoculated with thiobacilli to rock
phosphate as suggested by Swaby (1975). Table 2 shows that such treatment
applied to an annual legume, Vigna unguiculata, significantly increased the
growth, total P and total N content of the plant. However, one should be
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Table 1. Effect of endomycorrhizal (VAM) infection (Glomus mosseae) on
growth and nodulation of Vigna unguiculata cv. N-58-185 grown in
a non-sterile Dior soil2 (Ollivier and Diem, unpublished)
Treatments

Dry wt/plant
Shoots
Roots

Nodules

Total N
Total P
(mg/plant) (mg/plant)

VAM
infection
intensity

Inoculation with
Glomus mosseae

4.5 a

2.4 a

0.141 a

108 a

6.21 a

92 a

Phosphorus application
(0.5 g K2HP04/kg soil)

5.5 a

1.3 b

0.168 a

118 a

8.74 b

84 b

Control

3.4 b

1.0 b

0.098 b

77 b

3.40 c

84 b

2

'Sixty-day old plants; Dior soil is an ultisol; total P: 268 ppm; available P (Truog): 40 ppm; pH
(KC1) : 7.0

Table 2. Effect of soil inoculation with thiobacilli upon the growth and
phosphorus uptake of a legume, Vigna unguiculata , grown in a
Deck soil2 amended with rock phosphate 3 (Ollivier and Diem,
unpublished)
Treatment

Shoots and
Nodules
roots
(mg dry
(g dry wt/plant) wt/plant)

Control
2.19 a
Rock phosphate + S3
3.72 b
Rock phosphate + S + thiobacilli4 5.00 c

25 a
46 b
64 c

Total N
(mg/plant)

Total P
(mg/plant)

25 a
39 b
55 c

1.5 a
2.2 b
3.1 c

'Plants grown in pots (1.5 kg sterile soil per pot) were inoculated with the strain of Rhizobium
CB 756. They were harvested when 60 days old; 2Deck soil is an Ultisol; total P: 190 ppm;
available P (Truog) : 2 ppm; pH (KCI) : 6.2.; 'Addition of rock phosphate (Taiba) was 40 ppm;
addition of S (elemental) 200 ppm.; "Same treatment as (3) plus thiobacilli that had been obtained
by enrichment of soil from Guadeloupe; Numbers not having same letter differ P = 0.05.

aware of the fact that elemental S is also expensive and more experimental
studies are necessary in order to Gheck whether the rate of S can be lowered
down to 30-40 ppm (an economically valid rate) without significantly
impeding the solubilization of rock phosphate.

N2-Fixing Systems not Inhibited by Combined Nitrogen
It is well established that nitrate and, to a lesser extent, other forms of
combined N retard nodulation and N2 fixation. Thus, in a field experiment
conducted in Ibadan, Nigeria, the application of 100 kg of N/ha significantly
inhibited nodulation in all four cowpea cultivars that were used. Acetylene
reduction activities at 45 days after sowing also reflected the inhibiting effect
of this addition of 100 kg N/ha (Eaglesham 1981). Such an inhibition is
obviously responsible for the deficit in the N balance of the plots which had
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received less (25 kg N/ha) fertilizer (Table 3). Though irritating, this problem
of the inhibition of N2 fixation has not yet been seriously studied. To the best
of our knowledge two approaches exist that could lead to a solution, the first
one is to find compatible fertilizers, the other one to discover and use N2fixing systems that are not sensitive to this inhibition process.
Table 3. Comparison of the influence of conventional fertilizers (NOi, NH4,
Urea) and a compatible fertilizer, soybean meal, on N2 (C2H2)
fixation by soybean and on corresponding yields (Hardy et al. 1973)
Form*

Application
Locus**

Age (days)

N2<C;H;)
fixation

Yield

Control %
NCb
NH;
Urea
Soybean meal
NO3
NH;
Urea
Urea
Urea

S

0
0

s
s
s
s
s
s

0
0
40-50
40-50
40-50
50-71
78-99

1
F

43
51
48
112
50
37
44
29
53

98
104
109
123
106
106
97

100
100

* 135 kg N/ha of indicated form; *" S, soil; F, foliar.

Compatible N Fertilizers
To prevent the inhibition of N2 fixation by combined N, Hardy el al.
(1973) suggested the use of some forms of N fertilizers, such as soybean meal
(Table 4), that do not inhibit N2 fixation while providing the plants with the
complementary N required for their growth. They designated such forms of
fertilizers as compatible fertilizers. The possibility, though promising, has not
yet been seriously explored.
Table 4. Effect of combined N on root and stem nodulation and N2 fixation
in Sesbania rostrata (Dreyfus and Dommergues 1980)
Lreatments

Nodules fresh wt.
(mg/ plant)

ARA'
Roots

Combined
N

Inoculation

Roots

0

0

0

t'

1
0

+;

+

0
246 a
0
23 b

Stems
0
91 a
0
133 b

0
5403 a
0
95 b

Shoot
Stems
0
2939 a
0
3944 b

Fresh wt.
(g/plant)
0.5
3.4
5.8
6.0

a
b
c
c

mg N/
plant
0.9 a
15.8 b
14.5 b
26.1 c

'Four-week old hydroponically grown plants. "NH4NO3 (3 nM); Acetylene reducing activity
(ARA) expressed as n moles C:H4 per hour per root system or per shoot. Numbers in columns
not having same letters differ P = 0.05.
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Non-inhibited N2-fixing Systems
Up to now two N2-fixing systems are known to keep fixing N2 even in the
presence of large amounts of combined N : Azolla and Sesbania rostrata.
Azolla. A water fern that lives in symbiosis with a N2-fixing blue-green
alga, Azolla is now widely used as green manure or introduced in more or less
complex rotation systems (Lumpkin and Plucknett 1980; Watanabe 1981).
This N2-fixing system has the characteristic of not being strongly inhibited by
ammonium, nitrate or urea. According to Ito and Peters (quoted by
Watanabe 1981) Azolla growth is not affected by 2.5 m M ammonium; its N2fixing activity is only reduced by ca. 30% in these conditions. When Azolla is
transferred to a N-free medium it quickly recovers its N2-fixing activity.
Sesbania rostrata. It is a legume capable of forming nodules on both roots
and stems, and also has the unique ability of simultaneously absorbing
combined N with its roots and fixing N2 with its stem nodules. Thus young
plants (Table 5) the roots of which were continuously bathed in a 3 mM
nitrate solution had few root nodules (23 mg/plant) exhibiting a very low
acetylene reducing activity (ARA = 95 n moles C2M4 per root system) but had
more stem nodules (133 mg/plant) which actively reduced acetylene (ARA =
3944 n moles C2H4 per stem). The stem ARA was higher in plants growing in
a nutrient solution with combinedN (3944) than in plants growing in a N-free
nutrient solution (2639). It is interesting to emphasize the fact that the plant
yield expressed as mg N/plant was significantly higher in the case of
inoculated plants growing in the solution with combined N than in the case of
plants growing in the N-free solution. Obviously, attempting to transfer the
stem nodulation character from this plant to other Sesbania or even other
legumes would really be a worthwhile venture.
It should be noted here that recently P. Dart of the International Crops
Research Institute for the Semi-Arid Tropics found groundnut cultivars which
nodulated on the hypocotyl and some others (cv. MK. 374) that nodulated
"further up the stems beyond the crown of the plants." It would be interesting
to know whether such nodules are sensitive or not to inibition by soil
combined N.
Table 5. The net N balances of cowpeas at two levels of mineral N availability1
(Eaglesham 1981)
Cultivar

Mineral
N
uptake

Fixed
N2

Grain
N
removed

Residue
N
returned

N
balance

ER-I
TVu 1190
lfe Brown
TVu 4552

32
33
25
27

50
101
SI
49

48
49
57
46

34
85
49
30

+ 2
+52
+24
+ 3

FR-1
TVu 1190

66
69

28
49

54
49

40
69

26
0
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Transfer of Fixed N2 to Soil in Different Types of Cropping
Systems
Legumes can be introduced in the many different cropping systems which
are currently in use or which can be devised. Their contribution to the soil N
pool varies widely and we shall attempt here to give an idea of the range of
this contribution in a few typical cropping systems.
Green Manure
The maximum N transfer from the plant occurs when the N2-fixing plant
is ploughed in as green manure. In tropical conditions, up to 60% fixed N2 can
be mineralized for use by a subsequent crop (Henzell and Vallis 1977).
Unfortunately this system is generally not appealing to the farmer since it does
not yield any food or cash. However, the system may have real economic
justification when the buildup of soil N is large enough. This latter situation is
well known to occur in Asia where N2-fixing plants, namely Astragalus sinicus
or Sesbania cannabina, are used as green manure alone or included in
rotation patterns with Azolla (Lumpkin and Plucknett 1980). According to
Dao The Tuan (personal communication) the incorporation of Sesbania in
paddy soils is equivalent to the addition of 50-150 kg N/ha.
Sesbania rostrata, a stem nodulated legume already mentioned, appears
to be a very promising plant as a green manure. In a preliminary experiment
conducted at the ORSTOM station in Dakar, Senegal, we compared the effect
of three treatments upon the yield and N content of rice grown in lm2 irrigated
microplots: (1) Sesbania rostrata ploughed in as green manure, when it was 52
days old, (2) N fertilization (60 kg N/ha) and (3) control. Treatment (1)
dramatically increased grain and straw yield compared to the control (ca. +
100%). They also improved the quality of grain and straw, significantly
increasing their N content (ca. 50%) (Rinaudo et al. 1981). A careful analysis
of the soil N content after harvesting the rice showed that the soil N pool in
the plots which had received green manure was 176.8 ± 14.4 g N/m ,
whereas in the plots without green manure it was only 132.4 ± 12.2 g N/m 2 .
Extrapolated on a 1-ha basis, the increment due to green manuring was 444 ±
266 kg N/ha. Even if we take into account the lower estimate, the soil N pool
after harvesting rice was 444 - 266 = 178 kg N/ha; this is an impressive figure
since the increase of N exportation through the crop was 135 ± 46 kg/ ha,
which means that the amount of N2 that was fixed by Sesbania rostrata during
its cultivation (52 days) and transferred to the soil was at least 178 + 89 = 267
kg/ha or approximately 280 kg/ha. This figure can be explained by the high
N2-fixing potential of Sesbania rostrata and its unique ability to simultaneously
absorb soil nitrogen and fix atmospheric N2. On the other hand, the
application of a chemical fertilizer as ammonium sulphate, did not improve
the soil N content.
According to the Microbiology group of the Human Soil and Fertilizer
Institute, Coriaria sinica, a N2-fixing non-legume perennial deciduous bush, is
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successfully used as a fertilizer for rice in West Hunan. Coriaria sinica grows
quickly and has N content in the stems and leaves similar to that of
Astragalus sinicus. More information on Coriaria sinica is required before it is
recommended as a green manure in other locations (Watanabe, personal
communication).
Grain Legumes Grown as Sole Crops
Many species of grain legumes are grown as sole crops, but the
contribution of these crops to the soil N pool has not been studied very much.
Since the improvement of legumes has mostly been aimed at increasing the Nharvest index (seed N as a proportion of total crop N), it can be predicted that
the addition of N through the return of crop residue after grain harvest is low.
A field experiment conducted at the International Institute of Tropical
Agriculture, Ibadan, Nigeria (Table 3), using four cowpea (Vigna unguiculatd)
cultivars that had received two rates of N fertilizer (25 and 100 kg N/ha)
showed that the soil N balances were positive only when the rate of
application of N was low and that they depended on the N2-fixing ability of
cultivar and the fractions of the total plant N removed with grains (harvest
index) (Eaglesham 1981).
A budget study of a single irrigated soybean crop carried out at the
Agricultural Research Centre in Tanworth, Australia, showed that the overall
effect of this crop on the N status of the soil was a loss of 64-164 kg N/ha
(Herridge 1981).
Recently, Eaglesham (1981) drew attention to the fact that "two factors
are important in addition to N2-fixing potential : mineral N availability, and
the harvest index for N. Field-grown soybeans in the USA fixed 76 kg N/ha
and absorbed 219 kg N/ha from the soil (Hardy and Havelka 1976).
Assuming a N-harvest index of 70% (a relatively low figure for soybeans), 206
kg N/ha would be removed in the grain and 89 kg N/ha would be added back
as plant residues, a net depletion of 130 kg N/ha (i.e., 219 - 89 kg N/ha)."
These examples show clearly that growing grain legumes may lead to a
significant decrease in the soil N pool. When legume crops are grown for
several years, soil N mineralized after the first crop reduces N2 fixation by the
subsequent crops or may also lead to losses through denitrification. Thus in
Northern Australia, at a site where the N losses of the soil were low, the
second and third successive groundnut and cowpea crops fixed less N2 than
the first one, thus increasing the N deficit of the soil (Wetselaar 1967).
Mixed Cropping and Rotations
In the tropics, grain legumes are often grown as a component of crop
mixtures, which gives the farmer the main advantage of minimizing the risk of
crop failures in marginal conditions. In soils with low levels of available
nitrogen, mixed cropping probably improves agricultural productivity
(Eaglesham et al. 1981; Eaglesham 1981; Wetselaar and Ganry 1981), but the
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effect of mixed cropping upon the soil nitrogen status has not yet been
seriously studied. There is some information on the effect of rotation systems.
The example we give here is related to a system involving a legume
(groundnut) and a cereal (pearl millet) widely used in western Africa. The
study carried out at the Bambey Research Station, Senegal, by Ganry
(personal communication), indicates that this rotation causes a deficit of 71 kg
N/ha for a 2-year period. The deficit results not only from losses through
leaching and denitrification but also from N exportations by the crops and
especially from the fact that N exportation by groundnuts (109 kg/ ha) is
larger than the amount of N2 fixed (82 kg/ha). It may be added that this
experiment was conducted during a year with climatic conditions favourable
to N2 fixation. The N deficit would have probably been larger if the rainfall
had been less, which is most often the case in the semi-arid tropics.
Pastures
When comprising N2-fixing legumes, pastures increase N content in the
soil. Thus, Russell (1960) calculated that N in the 0.15 cm horizon of a pasture
with more than 30% clover accrued at a rate of 52 kg N/ha/year.
A long-term field experiment conducted by Bruce (quoted by Sanchez
1979) in Australia showed that after clearing a tropical rain forest the total
nitrogen content of the 0.15 cm horizon was maintained at the initial level
when the pasture was a grass/ legume mixture, whereas with grass alone there
was a sharp decline in the soil N content (Fig. 2).
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Fig. 2. Long-term effects of unfertilized guinea grass (Panicum maximum) pastures, with and
without Cenirosema pubescens, on the topsoil N content after clearing a rainforest in South
Johnstone. Australia (Bruce quoted by Sanchez 1979).

N2-fixing Trees
The N:-fixing potential of trees varies a great deal. Thus within the genus
Acacia, A. mearnsii is an actively fixing tree whereas A. albida is not. The
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accumulation of N in the 0.20 cm horizon soil under the canopy of Acacia
albida, which has been reported many times (e.g., Jung 1969), is not due to N2
fixation but to other processes, namely, (1) concentration of soil nutrients,
especially N, extracted from the deeper soil horizons and eventually from the
water table and returned to the soil surface with the leaf litter, and (2)
accumulation of wind-blown organic residues near the trunk. Moreover, one
should be aware of the fact that the N2-fixation rate of trees tends to decrease
with age of the stand, since the N content of the soil progressively increases,
impeding nodulation and N2 fixation.
By comparing the soil total N content under a plantation of Acacia
mearnsii in six different soil types with the total N content under adjoining
virgin veld (mixed natural pasture), Orchard and Darby (1956) found that this
N2-fixing tree enriched the 0.23 cm horizon by 200 ± 44 kg N/ha/year over a
period of 30 years, which is an impressive figure.
Casuarina equisetifolia, a N2-fixing non-legume tree which has heen
introduced in many parts of the world, can fix 58-280 kg N 2 /ha (Dommergues
1981). It was reported to add to the soil pool 17 kg N/ha/year when used for
stabilizing sand dunes of the western coast of Senegal (Dommergues 1963).
This ability of Casuarina to increase the soil N content is exploited in Papua
New Guinea where this tree is planted in food gardens as fallow, the
increment in soil N being larger than that observed under Albizia or
Crotolaria (Thiagalingam and Fahmy 1979). Current studies of other N2fixing trees, such as Glyricidia sepium (Okigbo 1975; Roskoski et al. 1981),
Acacia sp. or Inga jinicuil (Roskoski et al. 1981) indicate that extension of the
use of such trees in agroforestry is most desirable, but much more research is
necessary to exploit this promising way of improving soil fertility.

Conclusion
Restoration and maintenance of the N status in soils can be achieved by
growing N2-fixing plants provided (1) that these systems exhibit a high Infixing potential, (2) that no environmental factor limits their activity and (3)
that the largest portion of the fixed N2 is transferred to the soil.
The first condition is fulfilled when one has chosen the best host X rhizobial
or actinorrhizal strain association.
The second condition is fulfilled only when limiting factors are excluded.
Two of them play a major role: P deficiency and excess of combined N in the
soil. In P-deficient soils, it is necessary to apply P fertilizers; this application
can be minimized if the N2-fixing plants are infected with mycorrhizae and
satisfactorily respond to this infection. Even soils with a low or relatively low
total N content may have a relatively high content in inorganic N at least at
some time in the year. In such a situation where the activity of most N2-fixing
systems is inhibited, two solutions have been envisioned here: adding
compatible fertilizers to the soils or using N2-fixing systems that are not
inhibited by inorganic N. The third condition is currently fulfilled with only
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some cropping systems especially systems including green-manure or N2-fixing
trees.
Finally one should note that restoration and maintenance of the soil N
content through N2 fixation cannot be obtained solely by the introduction of
N2-fixing plants; they also require the addition of fertilizers. In other words, it
may be necessary to combine biological and chemical technologies. This
combination would probably be successful in the case of P fertilization, since
inoculation with endomycorrhizae has been shown to increase the efficiency of
P fertilizers, thus allowing a decrease in their rate of application.
Simultaneous benefit from the input of N from fertilizers and from N2 fixation
is the objective which should be reached in the future. To achieve it, it will be
necessary to use either compatible fertilizers or N2-fixing systems uninhibited
by combined soil N. This should provide high yields with a minimum
consumption of N fertilizers.
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Mycorrhizas:
The Present Position
P.B. TINKER*

Abstract
THE current state of research on mycorrhizas is reviewed, with special
emphasis on vesicular-arbuscular mycorrhizas. There has been little advance
in the taxonomy or genetics of these fungi recently, though this is urgently
needed. Their ecology is in a confused state, with large amounts of
information but few major systematic studies of particular topics, so that it
is difficult to make generalizations, and mathematical modelling methods are
recommended to help in the derivation of general principles.
Interactions with the host via nutrition are quite well understood; there
are other suggestions relating to host carbon loss, which seem very probable,
and to effects on the host water status or hormone balance, for which there
is less evidence. Responses due to improvement in phosphorus nutrition
continue to be by far the most important, and possible practical applications
are discussed.

THE expansion of work on mycorrhizas in the past decade has been explosive,
especially for the vesicular-arbuscular mycorrhizas (VAM). It is now
impossible to review the whole subject in a single paper; the following reviews
and general papers, published recently, provide useful information: Marks
and Kozlowski (1973); Tinker (1975a); Sanders et al. (1975); Gerdemann
(1975); Hayman (1979); Tinker (1978); Rhodes and Gerdemann (1980); Mosse
etal. (1981); Hayman (1981).

Biology and Taxonomy
No significant advances have taken place in this subject for some time,
though this is probably where they are most urgently needed. The major aim
of growing the VA endophytes in single-member culture has still not been
achieved, though two-member cultures have been established in solution
culture and in tissue culture (Elmes and Mosse 1980). Further, there is lack of
information on the reproductive processes of the fungi and it is still not
known whether or not there is any sexual reproduction. No work on their
genetics seems to have been reported so far. New endophytes continue to be
discovered, including interesting species such as Glomus epigeus (Daniels and
Trappe 1979), but the best yield responses continue to be produced largely by
the well-established endophytes such as Glomus mosseae and Glomus
fasciculatus. Mosse et al. (1981) gave a complete list of all the reports of new
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endophytes to date, and raised serious questions over the validity or value of
some of the new species identifications. They noted that it is very easy to find
spores with minor variation from the existing descriptions; therefore, new
species should only be named when the range of variation of taxonomie
properties in its spores has been established. No evidence has appeared so far
indicating that new strains with remarkable yield-enhancing properties are
likely to be discovered, and the present situation continues to emphasize the
severe disadvantages of being solely dependent upon prospecting for new
material, with no possibility of using sexual recombination as a source of
variation. There is new evidence for intra-specific variation from various
sources: Abbott and Robson (1978) showed that isolates of Glomus from two
different sites gave different yield responses; Gildon and Tinker (1981) found
that isolates of Glomus mosseae isolated from an area heavily contaminated
by zinc and cadmium had developed a greater resistance to these metals than
the normal endophyte; and Lambert et al. (1980) detected differences in ability
of different isolates to grow on acid soils. There is consequently considerable
genetic diversity, and great scope for new developments if the normal
techniques of breeding become available.
Progress with the ectomycorrhizas (ECM) should be more rapid, in that
the fungi are more specific for hosts, there are already well-documented cases
of practical economic benefit, and for at least some of the fungi normal sexual
propagation can be effected. The major problem here seems to be the very
complex ecology, with several different fungi forming mycorrhizas in
succession as the plant grows older (Foster and Marks 1967). Certain species
of the ectotrophic mycorrhizas such as Pisolithus tinctorium have been
selected for their large potential advantage to the host (Marx 1977).

Ecology
Effect of Environment
Our knowledge of the ecology of the mycorrhizal fungi has recently been
summarized fully by Mosse et al. (1981), who concluded that low light levels
usually reduce infection, in line with the original Bjorkman hypothesis of the
importance of soluble carbohydrates in the root as a nutrient for the fungus.
Daft and El Giamni (1978) noted that defoliation had the same effect on
VAM as low light levels. There are some observations of the opposite effect,
but presumably this is a question of the complex balance of the growth rates
of the two organisms. The effects of this demand for host carbon is discussed
later.
In many conditions light intensity and temperature may change together,
and it is very certain that temperature affects mycorrhizal development
greatly; in general mycorrhizal fungi prefer higher temperatures than those
experienced by most temperate crops. ECM fungi appear to grow best around
20° C in single culture, and the Pisolithus mycorrhiza can develop in
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particularly high temperatures (Marx et al. 1970). There is much information
on the uptake of phosphorus, nitrogen (as ammonium) and potassium by the
fungal sheaths of beech mycorrhizas, with the temperature optimum usually
lying above 25° C for the first two elements, but below 20° C for potassium
(see Harley 1969, for a full discussion). VAM appear to develop most rapidly
at 16°C or above (Smith and Bowen 1979), and a physiological basis for this
has been discovered in the rapid decrease in translocation rate of phosphorus
in the hyphae below 15°C (Cooper and Tinker 1981), which implies that the
translocation rate of carbon compounds is similarly affected. There is much
evidence that different mycorrhizal fungi are adapted to different temperature
regimes, and that even different isolates of the same Glomus species can differ
(Schenk et al. 1975). Further investigation of this is highly desirable,
especially in view of the suggestion of Black and Tinker (1979) that low soil
temperatures may delay the establishment of useful levels of infection in
temperate annual crops until the main uptake period for P is passed. This
sensitivity to low temperatures is presumably a direct effect on the growth rate
of the fungus, because roots at low temperature generally have high
concentrations of soluble carbohydrates, which should be an advantage for
infection, and the slower growth of the root system would normally allow the
fungus to establish a higher percent infection.
There is general agreement that excess water, low oxygen levels and
reducing conditions inhibit mycorrhiza formation, but the precise mechanisms
are not clear, and there does not seem to be any major practical need for the
question to be pursued. Skinner and Bowen (1974) measured the rate of
extension of mycelial strands of Rhizopogen mycorrhizas with Pinus radiata
into soil, and found large differences between soils, and up to 80% reduction
caused by soil compaction, possibly due to poor aeration. It appears far more
important to determine the responses of mycorrhizas to dry conditions, and
whether they still enhance plant growth under these conditions. Both major
forms of mycorrhiza appear to tolerate dry soils in that, even if mycorrhizal
fine roots are killed off, new roots iormed when water is re-supplied are
rapidly re-infected, and VAM occur in quite arid environments (e.g. Reeves
et al. 1979). The general impression that mycorrhizal development occurs
most rapidly at intermediate moisture tension has been confirmed by direct
experiment by Reid and Bowen (1979), showing most infection at 0.19 MPa.
Reid (1979) has summarized much other work on the ECM.
It is quite certain that, in controlled single experiments, adding
phosphorus decreases infection percentages for VAM, and that adding
nitrogen reduces ECM and possibly VAM infection. It is also certain that it is
the internal level of P in the root that causes the reduction in infection by
VAM possibly via an effect on the integrity of the cell membranes (Ratnayake
et al. 1978). However, the inference which might be drawn from this — that
infection is always less in more fertile soils—is not necessarily true. At least
two general surveys of infection (Hayman et al. 1976; Black and Tinker 1979)
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have shown little or no connection between percent infection by VAM and the
fertility of the soil as measured by soil analysis, and strong infection with
ECM has been noted on heavily fertilized soils (Le Tacon and Valdenaire
1980). The effect of adding P may also be shortlived, which suggests a rapid
adaptation by a heterogeneous fungal population to additions of P (Sparling
and Tinker 1978a). This and equivalent results which imply genetic diversity
has started a search for P-tolerant mycorrhizal fungi; though Porter et al.
(1978) found such evidence on high-phosphate field plots, Jasper et al. (1979)
detected differences in P-tolerance between VAM populations on virgin and
fertilized soils. This clearly needs more investigation, if we desire to have fungi
which can be inoculated into crops growing under moderately fertile
conditions, since mycorrhizal infection is of little benefit if it only gives yield
responses under conditions where the best yield is far below that obtainable
with large dressings of phosphorus fertilizer. However, it should be borne in
mind that mere tolerance of moderate levels of phosphorus is not sufficient;
there must also be an adequate rate of spread, and ability to benefit the host
plant under these conditions.
Effects of pH have been frequently noted (Graw 1979) but, in general,
good pH tolerance exists. It is difficult to separate effects on the host plant, or
the physico-chemical changes in soil nutrient availability, from direct effects of
the soil acidity on the fungal growth or spore germination. Apart from a
consensus that Glomus species favour neutral and alkaline soil, whereas
Acaulospora and Gigaspora species are more tolerant of acidity, no
generalizations seem possible (Mosse 1973; Mosse et al. 1981).
The subject of tolerance to heavy metal pollutants has attracted an
interest, because polluted sites are often reclaimed land, and as such may be
expected to give scope for artificial inoculations (see Marx et al. 1978 and
references quoted by them). There is no doubt that metals do inhibit growth
and development of both ecto- and endo-mycorrhizal fungi but the discovery
of Cd and Zn tolerant strains of Glomus mosseae on old mine spoil (Gildon
and Tinker 1981) raises the possibility that this may in practice be less
important than expected.
Models of Fungus Spread
Comparisons between hosts or between fungi are often made by simply
infecting plants in an arbitrarily chosen soil, growing them in a greenhouse
under non-standard conditions, and then carrying out a single harvest at some
arbitrarily chosen time. However, these processes are complex, even under
identical soil and environmental conditions, because it is difficult to present
inoculum in precisely standard conditions, and even more so because the
system is highly dynamic and interactive, with both root and fungus growing
at the same time, and mutually influencing each other's growth rate. Such
simple comparisons are therefore probably incomplete and may be
misleading. It is almost invariably found, where sequential measurements are
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made, that as the root system develops from a seedling, the percentage
infection remains low at first, then rises sharply and usually levels off into a
plateau (see Black and Tinker 1979). If comparisons are made of hosts,
endophytes or soil conditions at a single harvest, the results may depend
greatly upon when this is made. In the broadest sense, there are so many
interactive feedbacks in a mycorrhizal plant that modelling appears almost
essential to separate out the important and fundamental variables and
parameters from merely fortuitous relationships. The simple model proposed
by Tinker (1975a, b) takes account of only one of these interactions, namely,
growth of the host on degree of infection, in that it related the rate of
development of new infections to the amount of uninfected root present at
that time. This equation attempted to express the underlying factors by the
two parameters — one a "susceptibility" or "infectability" of the hostendophyte combination in these conditions, and the second a measure of the
"plateau" level of infection. The fact that this "plateau" level is always less
than 100%, and often much less, is rather surprising, and has never been
properly explained. There is no obvious reason why all root should not
eventually become infected; perhaps this is most striking in measurements of
dense, heavily infected perennial root systems, where the inoculum potential
must be extremely large, but where infection consistently remained around or
below 50% (Read et al. 1976; Sparling and Tinker 1978a). It appears to be
species-dependent (Warner 1980), endophyte-dependent (Sanders et al. 1977)
and probably dependent upon soil conditions, though no sufficiently exact
comparisons seem to be available here.
We have recently found (Buwalda, Ross, Stribley and Tinker, in
preparation) that a version of the Lotka-Volterra equation gives a much better
fit to more exact data, and allows the rate of development of infection to be
described with just these two parameters, and a knowledge of the way in
which root density is increasing. When development of this and other types
(Smith and Walker, private communication) are completed, it may be possible
to compare endophyte-host-environment relationships in a more exact and
meaningful fashion. More elaborate models which take into account the
interaction of mycorrhizal infection on the percent P in the host, and hence on
its growth rate and on future infection levels, have been constructed (Sanders,
personal communication). Finally, if the demand for carbon by the fungal
symboint is sufficiently large for it to affect the host, this also will have to be
built into a more complete model.
Interactions with Other Organisms
This topic is in a greatly confused state, with a variety of largely isolated
observations, and almost no useful generalizations which can be made (Mosse
et al. 1981). Thus different bacteria can depress, increase or have no detectable
effects on colonization by ECM, and the effects differ in vitro and on
mycorrhizas. One suspects that a change in soil conditions might well also
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affect any such results, and it is exceedingly important that studies should be
done on such a scale, with a wide range of organisms and conditions, that we
can know whether dependable general rules can be formulated. This is so
important because root surface ecology is generally accepted as a subject of
great potential promise (Bowen and Rovira 1976; Tinker 1980a, b), but it will
not fulfil this so long as it remains a collection of isolated and partial
observations. The finding that Azotobacter species are more numerous on
mycorrhizal than non-mycorrhizal roots (e.g., Bagyaraj and Menge 1978) and
that there are consequential improvements in host growth, are especially
interesting and need further investigation.
The most important practical aspect of biological interactions is probably
the relationship with pathogens (Schonbeck 1979). Simple mechanical
protection of the root surface can be postulated for ECM, but there are a
number of other hypotheses, including, of course, improved plant nutrition
(see Mosse et al. 1981). Broadly, mycorrhizas appear to provide some
protection against fungal and bacterial root pathogens and nematodes, but
make infected plants more easily attacked by leaf pathogens and viruses. Once
again, the confused state of the topic demands careful investigation of
infection processes over a range of conditions, rather than simply comparing
degree of attack with and without mycorrhizas.
Techniques
No major new advances appear to have been made, but it is worth noting
that Giovanetti and Mosse (1980) have compared different published methods
of estimating percent infection with VAM in root systems, and, as expected,
have concluded that a variant of the line intersection method is the best. The
counting of entry points appears to be becoming more popular as a method of
defining infection levels.

Host-Fungus Interaction
Uptake, Translocation and Transfer of Nutrients
The basic processes involved in altering the host growth and yield are now
well established, and no major changes have taken place recently. These are in
the great majority of cases due to an increased supply of phosphorus to the
host, and yield improvements are normally only obtained when the host is
phosphorus-deficient (see Tinker 1980a, b). There is also evidence that zinc
(Tinker 1978; Rhodes and Gerdemann 1980) and now copper (Timmer and
Leyden 1980; Gildon and Tinker, in preparation) can be supplied to the host,
and that this can increase its growth if these elements are deficient.
The main process of nutrient supply is now well understood. The external
hyphae absorb nutrient from the soil, translocate it to the internal fungal
structures, and from there it is transferred to the host. The uptake processes
have scarcely been examined as yet, but there is some evidence that the uptake
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kinetics of the fungal tissue for phosphate may differ from that of uninfected
root, with a much smaller value of the constant Km (Cress et al. 1979) where
the
Uptake rate S =
Cl + Km
and Ci is the external solution concentration. There may be various alternative
explanations for their results, such as the existence of a very strong local sink
for phosphorus in the fungal structures in the root, but it seems quite possible
that the effect is real. It has also been suggested that mycorrhizal root can
absorb phosphate from soils so deficient that none is taken up by nonmycorrhizal roots (Mosse 1973). If so, this would give a further reason for the
efficiency of phosphate uptake by mycorrhizal roots from very deficient soils,
though the major effect is undoubtedly the greater amount and better
distribution of absorbing surface and the consequent by-passing of the
diffusive impedance for immobile ions in the soil. This view avoids any
assumption that the mycorrhizae can "solubilize" or render more "available"
any soil nutrient, which accords with an increasing number of experiments
which show that the L value for infected and uninfected plants was the same
(see Tinker 1978). This view is supported by Barrow et al. (1977), who found
that infected and uninfected plants were equally able to use phosphate which
had been strongly sorbed on the soil. Surprisingly, no parallel work appears
to have been done for the ectomycorrhizas yet.
These ideas have been supported by much work on translocation in the
hyphae (Tinker 1975; Rhodes and Gerdemann 1980). Earlier studies by Melin
and co-workers (see Harley 1969) established that phosphorus, calcium and
nitrogen were translocated in the mycelium of ectomycorrhizas, and the
movement of zinc in rhizomorphs of ectomycorrhizas has been shown (Bowen
et al. 1974). Direct measurements have determined fluxes of phosphorus,
sulphur and zinc in VAM hyphae (Cooper and Tinker 1978) and the movement
of calcium in VAM hyphae is inferred (Rhodes and Gerdemann 1978a).
The potential benefit to the plant then depends both upon whether the
fungus can absorb, translocate and transfer the element of appropriate rates,
and also upon whether the element can equally well be transported to and
aborbed by the simple root. The latter is usually true for elements which are
mobile in soil, and Rhodes and Gerdemann (1978b) showed that though
sulphur was absorbed rapidly by VA mycorrhizas, this was of no particular
advantage to the host, which was well able to absorb sufficient through its
uninfected roots. The general hypothesis was stated by Sanders and Tinker
(1973); a mycorrhizal response can be expected when the mean inflow (uptake
rate per unit length of root) required for a plant to grow at its maximum rate
was greater than could be supplied by the soil by diffusion and mass flow, and
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this still appears to be acceptable. Yost and Fox (1979) in a very valuable piece
of work examined the soil solution concentration at which various field-grown
crops first started to benefit from mycorrhizal association. These ranged from
0.1 ng P/ml for soyabean to 1.6 ng P/ml for cassava and Stylosanthes. The
last value suggests an unusually large required mean inflow for these crops,
but without detailed plant and soil data no accurate calculations can be made.
The values are generally of the order of magnitude expected on the above
hypothesis. The possibility has also been raised that soil analysis results used
for predicting phosphorus dressings for mycotrophic crops should be adjusted
to take account of the expected level of VAM infection, because correlations
between growth and bicarbonate-soluble P in the soil were much improved
when VAM infection in leeks was controlled (Stribley et al. 1980).
Despite the range of elements mentioned above, phosphorus occupies a
special position. In part this is because it is the most immobile major nutrient in
soil, but it is also likely that phosphorus has a special transport system in the
hyphae, due to the formation of polyphosphate in the vacuoles (Tinker
1975a). Polyphosphate accumulation also occurs in the ECM (Chilvers and
Harley 1980).
Effect on Water Use
There have been a number of suggestions that mycorrhizas enhance water
uptake by roots from dry soil and thereby minimize the effects of drought
(Reid 1979). Some fungi are undoubtedly more drought-resistant than higher
plants (Uhlig 1972) and could possibly absorb water and transfer it to the
host. The mathematics of water transport to roots in soil is closely analogous
to that for phosphate diffusion, so that a similar theory could be elaborated
for water. Reid argues that mycorrhizal hyphae could carry water into the
root, and bridge any gaps that form between soil and root (see Tinker 1980a
for discussion), as root hairs do. However, whereas there can be hundreds of
root hairs per cm of root, there may only be of the order of 10 VAM entry
points per cm. Cooper and Tinker (1981) found that transpiration by the host
increased P flux in the external hyphae, which implies there may be a bulk
flow of hyphal contents towards the root. However, even if this is true, they
estimated the flow rate was only of the order of 10~6 ml/day for 2 hyphae,
which is probably well below the rate necessary to constitute useful amounts
of water for rapidly transpiring plants. As so often, it is not a question of
whether an effect happens, but whether it is important, and it seems that water
uptake by VAM hyphae could possibly be useful for the survival of natural
vegetation, but is unlikely to contribute to the growth of agricultural crops.
There is a well-established connection between drought tolerance in plants
and their phosphorus status (Atkinson and Davidson 1973), which probably
explains many of the reported effects. Levy and Krikun (1980) found that the
stomatal conductance of plants recovering from water stress was larger when
they were infected with VAM, and ascribed this to effects on the hormonal
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balance. The infected and uninfected plants were stated to be of the same size,
but unfortunately no data on mineral composition were given.
Use of Host Photosynthate
Observations on root surface ecology immediately raise the question of
whether the presence of mycorrhizal fungi increases the quantity of root
"exudates" (Rovira et al. 1979) which support the non-symbiotic inhabitants
of the rhizosphere. Bacterial infection of sterile roots is known to cause
increased losses of carbon into the rhizosphere. There is much work which
suggests that very much larger amounts ot plant carbon are directed to the
root systems with ECM than without (Harley 1975; Fogel 1979), but at
present there does not appear to be any direct measurements of the amounts
lost as exudates, in addition to that respired or used in fungal biomass.
Equivalent measurements of such losses with VAM are more difficult to make,
but the distribution of carbon in mycorrhizal and non-mycorrhizal plants has
been compared (Pang and Paul 1980; Snellgrove, Splittstoesser, Stribley and
Tinker, in preparation) and it seems likely that extra amounts, of the order of
10% of total carbon fixation, are diverted to the roots when they are infected,
and that perhaps 1 or 2% of the fixed C can be detected in the soil 48 hr after
feeding 14CC>2. After longer periods, the amount in the soil is less, and more
can be collected as CO2, as would be expected. The only evidence against this
suggestion of a more active exudation in mycorrhizal plants is that
Ratnayake et al. (1978) found that plants with a high percentage phosphorus
in their tissues release less organic compounds than if they had a low
phosphorus percentage. It is usual for VA mycorrhizal plants to have a larger
phosphorus percentage even than phosphorus-fertilized plants of the same size
and, of course, much larger than non-fertilized non-mycorrhizal plants on the
same soil, so this would suggest greater leakage by non-mycorrhizal plants.
No firm conclusion about exudates can be reached until direct measurements
are made, but it is quite certain that considerable amounts of photo-synthate
may be used by the mycorrhizal fungus, especially by ECM.
Effects on Host Growth
The general outlines of the supply of phosphorus to the host by VAM are
well documented and reviewed, and have in part been dealt with above, but a
few special aspects will be discussed. Baylis (1975) suggested that nutritional
dependence upon mycorrhizal infection is connected with root branching and
root hair proliferation and this has recently been supported by St. John
(1980). Those species with poorly branched roots with few or no hairs
(magnolioid) will necessitate a large inflow to maintain the plant and will
consequently require mycorrhizas to supply it, in agreement with the
hypothesis already outlined. Crops which give yield responses to infection are
frequently of this type (e.g., Allium), and tree species with ECM in general
have very low root densities (Nye and Tinker 1977). Conversely, plants with
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finely divided external roots, especially if they have many root hairs, should
be quite able to absorb phosphate at a sufficient rate for growth, and would
not need mycorrhizas. The largest group of plants with such root systems are
the Gramineae, and it is indeed found that large and repeatable growth
responses in this group are relatively rare. This theory implies that nonresponsive species should respond little or not at all to phosphate fertilizer
also. However, in recent work in pots and in the field, we have found that
wheat gives only very small responses to VA infection in sterilized soil in the
field, even under conditions when P fertilizer gave a 200% growth response.
The final infection in the wheat roots was up to 50% so a response was not
prevented by low infection. Mosse et al. (1981) also noted that some
Gramineae (e.g., Paspalum and maize) have extensive root systems, with
ample root hairs, but nevertheless respond readily and strongly to mycorrhizal
infection. This point requires to be fully established because if correct, we
must start to consider a possible inherent lack of efficiency in the symbiosis in
at least some crops, and the above hypothesis may no longer be applicable in
all cases. The efficiency of the response mechanisms thus needs more
investigation, along the lines used by Sanders et al. (1977), in which an
attempt was made to analyze the efficiency of different endophytes in terms of
phosphorus inflow, mycelium quantity and infection spread. Similar concepts
should now be applied to comparisons between hosts. The differences between
isolates or strains of the fungi are paralleled by important differences between
responses of host plants of different cultivars (Bertheau et al. 1980), and the
mechanisms here also need investigation. It is certainly worthy of note that
two crops formerly believed to be particularly able to grow on infertile soils,
cassava and Stylosanthes, have been shown to be almost wholly dependent
upon VAM infection for normal growth (Yost and Fox 1979; Van der Zaag
et al. 1979; Howeler et al. 1979). This must have enormous implications for
the practical application of knowledge of mycorrhizas. Important responses
seem to be found especially frequently with legumes, where there are clear
effects on the rate of nitrogen fixation (Smith et al. 1979, and reference given
by them). There may be some special relationship between formation of
mycorrhizas and leguminous nodules, since Schenk and Hinson (1973) found
that only nodulating lines of soyabean responded to VAM inoculation. There
has been a report that N-fixing ability has been obtained in Rhizopogon
mycorrhizal with Pinus radiata (Giles and Whitehead 1977), but this
potentially very important claim awaits confirmation. The question of the
mechanisms by which the internal concentration of nutrients in plants is
controlled has not been settled, though there is growing interest in it (Nye and
Tinker 1977, p. 126 and 215). It is accepted that mycorrhizal infections usually
increase the plant phosphorus concentration at the same time that they
increase plant growth. However, Stribley et al. (1980) pointed out that there
are many pot experiments which show that the phosphorus concentration in
mycorrhizal plants is increased above that in plants given fertilizer
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phosphorus such that they grow to the same size as the infected plants. If it is
confirmed for field grown crops, it has very interesting implications for the
value of plants as human and animal food, and for the assessment of the
efficiency of a given amount of phosphorus in the production of plant dry
matter. The reason is as yet uncertain, but Stribley et al. (1980) suggested that
it could perhaps arise if the fungus required some of the host's photosynthate,
and thereby necessitated a higher phosphate percentage to maintain the
photosynthetic rate necessary to provide it. This effect would then depend
upon whether the host could compensate for the added photosynthate drain
or not, and could perhaps explain some of the complicated and variable
results relating to changes in growth and phosphorus concentration.
Pairunan et al. (1980) found this effect with superphosphate, but not with
rock phosphate, so the solubility or timing of the phosphorus supply may be
involved also.
There has always been a strong interest in the ability of mycorrhizal
plants to use poorly soluble forms of phosphorus. This was a very popular
topic at one time (Hayman 1978; Tinker 1980b) but rather less work has
emerged on it recently. The studies with the most extensive comparisons are
probably those of Sparling and Tinker (1978c) and Pairunan et al. (1980) with
clover. In both cases the comparative pattern of responses by infected and
non-infected plants to superphosphate and rock phosphate was similar. In
Sparling and Tinker's results, the percentage increase in yield from
inoculation declined rapidly as either form of phosphorus was added, and the
final yield with 2.3 g P/kg soil as rock phosphate was only a little less than
that with 0.5 g P/kg soil as superphosphate. The results of Pairunan et al.
(1980) showed at first a surprising increase in the percentage response to
inoculation with either form of added P, but again this declined later, and the
final yields with 0.8 g P/kg soil as superphosphate or 29 g P/kg soil as rock
phosphate was not greatly different. In general, this agrees with the argument
of Tinker (1975b), that if mycorrhizal hyphae simply permeate the soil more
densely than roots, then their advantage is that they lessen the mean distance
between any rock phosphate particle and the nearest absorbing surface. If so,
very fine subdivision of the rock phosphate, or the addition of very heavy
rates, should be able to supply P at the same rate to infected or uninfected
plants. At intermediate rates infected plants respond much better than
uninfected. It follows that mycorrhizal plants would not use phosphorus
sources so insoluble that they were of no value to the non-mycorrhizal plant,
but that they could well use sources of moderate solubility more efficiently.
However, we still await careful physicochemical studies on this point and until
these are done, our information is partial, empirical and not easily applied.
The question of trace elements supply is still important; indeed, the supply
of zinc to citrus seedlings in fumigated nurseries is one of the very few cases in
which real commercial advantages have been shown by mycorrhizal
inoculation. It is known now that copper also can be supplied to hosts by
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VAM, but most trace element deficiencies are rather easily corrected with
small additions of the element, so this is unlikely to be a very important
practical application. The well-known nutritional interactions of copper and
zinc with phosphorus have also been studied, and shown to be in part caused
by the effect of phosphorus on VAM and hence on trace metal uptake
(Lambert et al. 1979; Timmer and Leyden 1980).
There is still much interest in the possibility that mycorrhizas have effects
on their hosts which are not mediated by any of the processes dealt with
above (e.g., see Hayman 1980). Such effects need to be shown convincingly in
experiments where all nutritional effects are fully allowed for. The suggestion
is that chemicals with phytohormonal properties are produced by
mycorrhizas; this is certainly true for the ECM (Slankis 1973), and Allen et al.
(1980) have found that there are larger concentrations of hormones present in
plants with VAM. However, these suggestions have been made for a number
of years now, and it begins to be rather surprising that they have not been
conclusively proven yet, if they are indeed of great importance, though
Hayman (private communication) has recently found responses to inoculation
in peas which could not be fully reproduced by any dressing of phosphorus.
Competition between Host Plants
The mechanics of competition between plants for light, nutrients and
water are well established, though the analysis of any particular situation is
often difficult. It is obvious that the existence of a symbiosis of different
relative value to two hosts will alter their competitive ranking, and that a
general symbiont such as VAM could affect the whole species balance of a
community when the availability of phosphorus is growth limiting. The
different value of mycorrhiza formation to different hosts in the same soil is
now well established, e.g., clover always benefits more than grasses (Crush
1974; Sparling and Tinker 1978b, c; Powell 1979). Fitter (1977) tested this
directly by growing Lolium perenne and Holcus lanatus together in sterile
soil and showing that the latter was greatly advantaged relative to Lolium
when VAM inoculum was introduced. The position is however very complex,
in that the level of infection of a host may depend upon the presence of other
higher plants (Christie et al. 1978). The analysis of the natural situation, in
which a range of hosts compete in the presence of the inoculum of a range of
mycorrhizal fungi, has not been attempted. This complexity is emphasized
even more with perennials carrying ectomycorrhizas, in which a succession of
different fungi may become dominant at different times in the growth of the
host (Foster and Marks 1967).

Practical Applications
As a research topic, VAM is urgently in need of some major and obvious
practical applications. Significant responses to infection with VAM have been
obtained on many crops, including wheat, barley, maize, soyabean, rice,
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cotton, tomato, potato, onion, groundnuts, cowpea, beans, white clover,
alfalfa, stylosanthes, Centrosema, Pueraria, ash, cherry, Liriodendron, maple,
Coprosma, apple, citrus, peach and grapewine. The great majority of this
work has been in pots, and the critical question is why this has not been
balanced by similar reports of responses in the field (Rhodes 1980). The most
obvious reason is that efficient native endophytes are present in the soil in
sufficient numbers, but the fairly frequent responses obtained in pots even
with unsterilized soils e.g., Mosse et al. 1969; Powell 1977) make this a little
unlikely to be the sole explanation. It is conceivable that the handling or
storage of such soils may diminish the natural inoculum concentration, so that
these pot-grown plants are less fully infected than ones grown in the same
fresh field soil. Temperatures and water relations may be different in the
greenhouse than in the field, and may encourage infection levels in inoculated
plants above what could be obtained under field conditions. Finally, it is a
common occurrence that responses to fertilizer treatment in pots cannot be
duplicated in the field, and this is normally explained by the additional stress
caused by the rapid uptake rates needed for a vigorously growing plant
occurring in a very limited volume of soil. For these reasons, pot
experimentation, especially on sterilized soil, is no real guide to the behaviour
of inoculated plants in the field, except that if such responses cannot be
obtained in pots, they are exceedingly unlikely to be found in the field.
Recently Lambert et al. (1980) tested and introduced endophytes into three
soils, and found that in general the indigenous fungi were best at promoting host
growth, and that differences between the fungal populations diminished with
time, suggesting that some claimed improvements of growth by inoculations
with different fungi may not have been examined extensively enough.
Some progress has been made. In New Zealand, Powell and Daniel (1978)
tested field inoculation of clover, and found good responses. Hayman and
Mosse (1979) have also tested inoculation of clover in upland pasture in
Britain, and similarly found good responses, though some sites gave no
response. Permanent grassland could be an important application of VAM
inoculation, because of the low soil phosphate, and the small value of the crop
per hectare, which may make phosphate fertilizing uneconomic. There are
some hopeful results now for field crops also. Most of these are on soils either
very low in phosphorus, and/or on soils with very low natural levels of VAM
infection, so that they may not have much relevance to practical agriculture,
but some responses are in more normal circumstances (Owusu-Bennoah and
Mosse 1979). These workers found responses in three crops, including up to 6fold increases in growth of lucerne inoculated with Glomus caledonius.
Nevertheless, none of these workers, up to the present, have considered that
their results have proved that an economically important effect could be
obtained in practical agriculture. This situation is in sharp contrast to that
relating to the ECM, where the advantages of seedling inoculation are well
authenticated, and where pure inocula of single species can give useful
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responses in the field (e.g., Marx et al. 1978). This may simply reflect the
shorter history of such research with VAM than with ECM, but the difference
is more probably due to the ubiquity, the non-specificity and the persistence of
the VAM propagules, which occur in all soils which have not been artificially
altered. This last point has caused a spate of interest in VAM for the
revegetation of mine spoil heaps, gravel pits and other disturbed
environments. Further, it has given grounds for optimism over the value ofinoculation with VAM where the soil situation has been sharply altered by
normal agronomic practices, e.g., change of pH, drainage, or the prolonged
growth of non-host crops.
The use of mycorrhizas on artificially sterilized soils is clearly very
promising, but the actual scale of the application is rather small. In most
nurseries which are fumigated, natural re-infection will take place, though
artificial infection may be worth while for the first crop. If general fumigation
processes become more popular against disease, the scope for use could
increase. The early infection of seedlings of many species which are pot-grown
in sterile media would seem to offer possibilities of better establishment in the
field; however, if these media are well fertilized, the plants may gain no benefit
from the inoculation whilst in the pot, and it may even be difficult to get
infection established (Rhodes 1980).
Two matters which presuppose the existence of suitable markets for VAM
inoculum are already receiving attention. These are techniques for growing
pure inoculum, and estimates of the rate of spread of infection are established.
Inoculum may be produced by an enlargement of the normal 'stockpot', by
growing inoculated plants in large containers of sterile sand or soil (Sanders,
private communication). A more radical departure is the growing of infected
plants in flowing solution culture (Elmes and Mosse 1980) to yield large
amounts of clean infected roots. It seems unlikely that mycorrhizal inoculum
will ever be as easily handled as Rhizobium inoculum, because of its
heterogeneity, and the large size of spores, but growth of the VAM fungi in
pure culture might produce a more easily handleable material. So far attempts
have been made to mix inoculum with moduled balls of soil (Hall 1978;
Powell 1979), or to stick it onto seeds (of citrus) with a cellulose adhesive
(Hattingh and Gerdemann 1976).
This problem with inoculum means that only relatively small numbers of
propagules can possibly be provided for any large-scale inoculations, for
example, on extensive hill pasture. The rate of spread of the infection can be
of great importance in these circumstances. The first measurements were
reported by Sparling (1976), who found that infection by Glomus mosseae
moved down through a mixed grass-clover sward at a rate of about 1
cm/week when grown in greenhouse conditions. More recent measurements
by Powell (1979) and by Warner (1980) agree with this order of magnitude,
but Powell's results indicate that the prior presence of another mycorrhizal
fungus will greatly reduce the rate of spread. At this rate, sparsely spread
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inoculum may only infect a fraction of the total vegetation in the first year at
least, unless other mechanisms of spread operate, such as movement by soil
fauna.

Conclusion
Two points seem to arise from this review, which suggests that the current
large investment in mycorrhizal research may not be giving quite as much
progress as we should expect. Firstly, basic research must be aimed at defining
much more extensive principles and generalizations rather than obtaining
disconnected items of information. Further reports of isolated pot trials are of
little general value, though they may be important for particular hosts and
conditions. Secondly, applied research should be prosecuted with a
singleminded vigour in an attempt to discover more economically useful
applications. This need for a number, however small, of tested applications of
economic value arises because the upsurge in mycorrhizal (especially VAM)
studies has undoubtedly been justified in many instances by suggestions that
great practical benefits are obtainable. If such hopes are too long deferred,
there could be a reaction amongst research managers against such work. A
balanced position seems highly desirable (Hayman 1980) because it may
indeed be found that most of the potential benefits of mycorrhizas are already
being obtained naturally in the majority of conditions.
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Research Directions
in Nitrogen Cycling and
Plant Microbial Interactions
E.A. PAUL and E.E. HARDING*

Abstract
INFORMATION on the processes involved and rates of individual reactions in
N cycling and plant microbial interaction is being generated at a fairly rapid
rate. New techniques for studying the processes involved include the C2H2C2H4 assay for N2 fixation, the C2H2 blockage technique for denitrification,
the availability of 13N, the use of chlorate to block nitrite oxidation and the
availability of more stable sensitive mass spectrometry. The problems of
temporal and spatial variability and diffusion have imposed restrictions on in
situ analyses even of gaseous fluxes such as those in N2 fixation and
dentrification.
The potential of plant microbial interactions in N and P uptake is still
to be achieved for legumes, associative N2 fixation and mycorrhiza.
Mycorrhizal research is impeded by the inability to grow vesticular
arbuscular mycorrhiza in pure culture. N2-fixation studies have received a
great impetus from fundamental investigations. However, the availability of
soil P, the presence of inorganic N and the requirements for large amounts
of energy in the form of photosynthate must be managed to increase both N2
fixation and the transfer to fixed N to soil.

THE discussions at the 12th ISSS in New Delhi, India, on the aims and
challenges in soil biology stressed plant microbial interactions in N cycling
and P nutrition. The emphasis, appropriate to this meeting, was on rice and
tropical systems. A lack of time precluded discussion of a number of relevant
topics; a few of these will be introduced briefly in the following discussion.
Others, such as the significance of the soil fauna in biological processes, have
unfortunately not been covered.
Tinker's (1982) summary integrated the large and expanding literature in the
field of mycorrhizal research and demonstrated the need for a major
breakthrough in the study of these symbiotic associations. The vesiculararbuscular mycorrhiza (VAM) associations found on the majority of field
crops, but the fungal component continues to elude critical investigation in
that single-member cultures, have not been isolated. However, as stated by
Tinker, two-member cultures are now available. The need for work on the
genetics, biology and taxonomy of the organisms involved has been stressed,
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as has the need to test under field conditions the many laboratory
observations that mycorrhiza significantly increase plant growth under certain
nutrient conditions.
The element P plays a key role in mycorrhizal associations and the
conclusion that that VAM act primarily through an increased adsorption
capacity rather than in exploiting new and otherwise unavailed forms of
organic or inorganic P is of significance to our further understanding and
possible manipulation of the association. The possibility of increased water
transport and an effect on plants through hormone production (Allen et al. 1980)
continue to be areas that require further investigation and the cost to the plant of
the microbial partner is as important in the mycorrhizal association as it is in Infixing systems (Paul and Kucey 1981).
Dommergues' (1982) paper on N2 fixation stated that the major edaphic
factors limiting N2 fixation in agricultural soils are P deficiency and excess
inorganic N. The conclusion that N2 fixation is directly correlated with P
fertilization or mycorrhizal inoculation, with its resultant increase in the P
status of the plant, shows the need to study all of the components of the
association. Tinker recommended further research in mycorrhizal associations
under more arid conditions. It would be beneficial to expand its suggestion to
include interactions with N2-fixing organisms in non-irrigated fields.
The problem of maintaining N2 fixation in the presence of inorganic N is
one that is of major significance to man, but of little consequence to the
micro-organisms or plants. The diversion of energy derived from
photosynthesis or available organic substrates to N2 fixation is an unnecessary
and ecologically useless act if this organism can obtain adequate inorganic N.
However, Dommergues' discussion of Sesbania rostrata nodulated on both
stems and roots is an example of a plant that may be manipulable by man to
increase both N fixation and N input into the soil during the growth of the
legume crop. The molecular biology and genetics of N2 fixation with the
avowed goal of incorporating active nif genes directly into plants is a focus of
much present research. The potential benefits of this approach are immense, if
only as a stimulus towards understanding the molecular plant biology
involved, but the Sesbania-type systems offer more immediate, practical
results if the observation that the N2-fixing nodules on the stem of the plant
are unaffected by fixed N can be further developed.
The Azolla-Anabaena symbiosis also is an exciting high-potential
symbiotic association. Since the Anabaena is protected inside the Azolla, N2
fixation can occur at pHs which would normally preclude cyanobacterial
growth (Stewart 1980). The rapid growth rate (doubling time of 3 days in the
laboratory and as short as 5-10 days in rice paddies) may allow more direct
exploitation of these organisms, in addition to their use as green manure
(Buresh et al. 1980). Although the cyanobacterium involved in this association
has been isolated in pure culture, reinfection has not yet been achieved. The
large inocula required for pure culture growth of the Anabaena (Newton and
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Herman 1979) and the antigenic differences between cultures and freshly
separated organisms imply that the isolates are genetically distinct from their
counterparts in the association (Gates et al. 1980).
The application of compatible N fertilizers which do not inhibit N2
fixation (Dommergues 1982) involves the timing, form, placement and
addition rate of these materials. The development of deep placement-slow
release fertilizer received its major impetus from attempts to lower N loss rates
via denitrification (Alecksic et al. 1968). Similar studies stressing the effects on
N2 fixation should be conducted.
Green manures or decaying plant residues supplemented with mineral N
can function as time-release fertilizers. The balance between mineralization
and immobilization plays an important role in determining the fate of
available N. However, quantification of mineralization and immobilization
rates requires a knowledge of the microbial biomass, growth rates and growth
efficiencies in soil. Techniques for the measurement of soil fungal and
bacterial biomass are now available. Chloroform fumigation followed by
incubation, direct microscopy and measurement of ATP yielded similar
estimates of microbial biomass in each of a variety of soils under steady-state
conditions (Table 1).
Table 1. Estimates of soil microbial biomass by different methods
()ug biomass C g~' soil)
Soil

FIELD SOIL DATA
Continuous wheat + manure, England
Continuous Wheat, no manure, England
Calcareous deciduous wood, England
Old grassland, England
Acid deciduous, England
Secondary rain forest, Nigeria
Arable cropping, Nigeria
LA BORA TOR Y INCUBA TION
Parent material, low P
Parent material, high P
Parent material with clay, low P
Parent material with clay, high P

Chloroform
fumigation

Direct
counts

ATP
content

560
220

500
170

430
170

1230
3710

1400
2910

50
540

300
390
240

2 SO

330
iso
250
190

200
170
190
190

1040

—
470

—

—
400
512
175
237

Sources: Field data, Jenkinson and Ladd 1980; Laboratory data, Paul and Van Veen 1978.

Greater differences occurred in laboratory incubation studies where variations
in microbial growth state and P availability affected the population. The
chloroform incubation technique is proving the most versatile of the three
methods in that it is relatively straightforward and is adaptable to the use of
tracers for isotope dilution studies of microbial growth and turnover.

170

WHITHER SOIL RESEARCH

The microbial biomass estimates shown in Table 1 are much higher than
most values previously recorded. They account for 1-4% of the total soil C
and 2-7% of the soil N. Such measurements of microbial biomass have
provided answers to a number of important questions concerning organic C
turnover and concurrent N mineralization and immobilization. Microbial
biomass measurements can be used to correct plant decomposition data
obtained in field or laboratory experiments. The upper line in Figure 1 is
usually the only measured value obtained in many experiments. These values,
which represent the sum of the residual C plus the microbiologically
transformed C remaining in soil, must be corrected to obtain true plantdecomposition rates. The value for actual decomposition of plant C is obtained
after determining microbial production. The actual plant-decomposition curve
can then be divided into segments by backward projection techniques. In this
curve, three segments representing decay rates for proteins and soluble
constituents, cellulose and hemicellulose, and lignin were identified. The
decomposition rates for these components can be used in mathematical
simulations describing how the process relates to mineralization and
immobilization of N.
EQUATION FOR ACTUAL DECOMPOSITION
A • C, e k | ' • C 2 e k 2 '

^e**'

o.oat ^ 20e"°-°"

TIME (days)

Fig. 1. Decomposition of straw-C in the laboratory, plotted as a series of first-order reactions
after correction for microbial production. The actual plant-C remaining is comprised of
proteins and solubles (G), cellulose and hemicellulose (C2), and lignin (C3).
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Table 2 shows the relative flows of C and N during concurrent
mineralization-immobilization reactions during a 12-week laboratory
incubation. The soil biomass evolved 920 ng CO2-C g~ soil. This was
equivalent to its own original weight and at an average microbial growth
efficiency of 45%, these values represented a biomass production of 774 pg C
g~' soil.
Table 2. Concurrent N mineralization and immobilization during 12 weeks
of net mineralization (jug g" soil)
Initial
size
Biomass C
Biomass N
Active non-biomass N
Stabilized N
Old N
Mineral N

946
167

171
1730
2089

20

Inputs

Outputs

774

920*

129
81
9
0.1
232

161
119
43
0.4
I2S

Net
mineralization

32
38
34
0.3
104

Source: Juma 1981; *C0 2 -C evolved.

The original biomass of 167 fxg N g~ soil, accounting for 4% of the total
soil N, immobilized 129 ^g N and mineralized 161, resulting in a net release of
32 fig N from the biomass. The active non-biomass fraction, comprised of
fairly readily mineralizable N other than biomass, accounted for an additional
4% of the N. During the 12-week incubation, this fraction gained 81 (xg and
lost 119 for a net mineralization of 38 /ug N g~' soil. The much larger
stabilized N pool contributed an additional 34 pg. The net mineralization was
104 ixg g~' soil. However, the calculations showed that a total of 232 ng N
actually had been mineralized but 128 had been re-immobilized by microbial
growth during this period.
The measurement of the extent of N flow through the biomass helps
resolve two controversies in the soil science literature. Incubation of tracer
materials (either l4 C or l5N) often results in the release of a significant amount
of non-tracer nutrients, i.e. priming (Jenkinson 1966; Sauerbeck 1966) and the
microbial biomass calculations indicate that this can be a normal result of the
turnover of the large microbial population which, upon incorporating 15N,
releases l4 N. This occurs even in the absence of apparent net growth or decay.
In a converse problem, tracer experiments using l5N have usually shown lower
plant recovery of fertilizer N than have N-response curves utilizing non-tracer
N (Hauck 1971; Westerman and Kurtz 1974). The incorporation of ,5 N into
the biomass with a consequent release of 14N results in an apparent low plant
recovery of fertilizer N. It also leads to the conclusion that large amounts of
fertilizer N (up to 40%) have remained within the soil. While it is true that this
amount of 15N has remained in the soil, it must be recognized that a portion
of the biomass l4N was released for plant uptake during microbial turnover
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and the true contribution of the fertilizer N to soil residual N is lower. The
difference between values for N uptake in l5N experiments and normal Nresponse curves can be used to obtain an estimate of microbial turnover
during the experimental period.
Greenland and Watanabe (1982) stress the need for integrated
comparative studies of N-cycling processes in rice. Wetselaar (1981) published
a number of values for the individual processes in the N cycle in rice (Table 3).
The estimated inputs due to N2 fixation range from 18 to 110 kg N ha~' crop -1
The relative contributions of phototrophic, associative and free-living fixation
vary and are difficult to determine (Buresh et al. 1980). The sensitivity of the
acetylene reduction assay allows short-term in situ incubations to be used and
its simplicity allows repeated assays to be carried out over the season.
However, restricted diffusion in saturated soil, the difficulty of standardization
against l5N2, and temporal variability complicate the interpretation of the
data. In spite of these problems, as shown in the paper by Dommergues
(1982), the acetylene reduction assay has proven valuable in controlled
comparisons of the effects of management techniques such as fertilization on
N2 fixation.
Table 3. Estimated minimum and maximum N inputs and outputs (kg ha"
yr~') for one traditional rice crop per year without addition of N
fertilizer, but with or without straw returned
Inputs

Outputs
Min.

Max.

Seedlings
Irrigation water
Wet and dry deposition
Nj-fixation
phototrophs
assoc. symb.
others
NH3 uptake
Animal droppings
Plant residues

4
6
5

4
16.5
6

1.5
10
6.6
0.75
0.2
0

50
34
25.4
0 75
3
20

Total

34

160

1.
2.
3.
4.

Plant harvest
Water overflow
Wind erosion
N2 + N2O

5. NH3 volatilization
6. Predators
7. Leaching

Min.

Max.

44
0.5
4.X
X

58
1
5.8
y

1.65
0
0.5

1.65
13
34

51+x

113+y

Source-, Wetselaar 1981.

Data obtained using acetylene reduction and l5N2, direct attention to the
role of micro-organisms at N sinks in rice paddy soils. In situ heterotrophic N2
fixation in rice paddy soils is less sensitive to the addition of ammonium
sulphate than is phototrophic fixation (Watanabe et al. 1981). Addition of
cellulose (Charyulu and Rao 1979) or rice straw (Charyulu et al. 1981) to
incubated rice paddy soils alleviated the depression of N2 fixation by added
ammonium sulphate; low concentrations of added N stimulated N2 fixation in
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the presence of added cellulose (Charyulu et al. 1981). These results indicate
that some portion of the added N is immobilized in the presence of organic C.
The extent to which the immobilized N becomes available to the rice plant
and the rate at which it is released merit investigation.
A great deal of effort has been expended on investigating microbially
mediated processes of nitrification and denitrification and the usefulness of the
new information obtained relative to the interpretation of field problems
merits some attention.
The biochemical pathway of denitrification (NOJ — NO2 — NO —• N 2 0 —
N2) has been fairly well established (Bryan 1981; Payne 1981), although there
is still some controversy as to the role of NO as a free or obligatory
intermediate (Knowles 1981). Published catalogues of denitrifying bacteria
(Knowles 1981; Ingraham 1981) demonstrate the diversity of these microorganisms and show the existence of organisms capable of catalyzing selected
steps in the transformations of NO3 to N2 (Ingraham 1981).
Few data are available concerning in situ rates of denitrification. The
estimated losses from rice paddy soils of 3 to 34 kg N ha -1 crop"1 via
denitrification (Table 3) were obtained by difference from N-balance studies
rather than from direct measurements.
Methods for assaying rates of denitrification have been critically reviewed
(Focht 1978; Verstraete 1978; Payne 1978). Since denitrification in anaerobic
C-rich environments is limited by the diffusion of NH4 into aerobic zones and
subsequent nitrification (Reddy et al. 1980), use of 15NOJ or 13NOJ measures
denitrification potential, not in situ denitrification rates. Measurement of the
reduction of N2O (Garcia 1974) or iodate (Rodgers 1980) also requires the
addition of exogenous terminal electron acceptors and therefore cannot be
used to quantify denitrification rates when NOJ is the limiting factor.
Nitrification as well as denitrification is inhibited in the acetylene inhibition
method, so that the dynamic interaction of the two processes is obscured
(Walter et al. 1979).
Rather than being lost through denitrification, nitrate may be retained
through dissimilatory reduction to ammonium (Stanford et al. 1975). This
process is carried out by facultatively and obligately anaerobic bacteria,
including enterics, sporeformers, and Veillonella alcalescens (Caskey and
Tiedje 1979; Yordy and Ruoff 1981). Bacteria which can reduce NOJ to NH4+
may be more common in soils than previously thought (Tiedje et al. 1981).
Dissimilatory reduction to ammonium in soils and sediments is favoured
by low redox potential (Buresh and Patrick 1978) and virtually replaces
denitrification in the rumen (Kasper and Tiedje 1981). In anaerobically
incubated marine sediments, 20 to 70% of added l5NOJ was recovered as
ammonium, with the higher value being found in sediments rich in organic
carbon (Koike and Hattori 1978). The significance of the process to the rice
paddy system is not clear. Less than 5% of added 15N03 was recovered as
ammonium in soils amended with rice straw (Buresh and Patrick 1978). These
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authors suggested that the dissimilatory reduction of nitrate to ammonium
might be most important immediately following flooding of rice paddy soils
high in nitrate, under conditions in which NO3 moved downward through a
sediment water column into a reduced sediment zone approximately 15% of
the NO3 was reduced to NH4 and recycled in the sediment (Buresh and
Patrick 1981). Dissimilatory reduction of NOJ to NH4 is inhibited by
acetylene, so that channelling of NO3 to denitrification may result in increased
values for denitrification by the acetylene inhibition method (Kaspar and
Tiedje 1981).
The electron acceptor for denitrification and dissimilatory reduction of
nitrate to ammonium is provided by nitrification. Thus, quantification of these
processes may require measurement of rates of nitrification. Autotrophic
nitrification appears to be the most significant nitrate-yielding process in most
soils (Tate 1980). The lack of biochemical tests for characterization of
autotrophic bacteria (Belser 1979) has resulted in a classification based almost
exclusively upon morphology (Fox et al. 1980; Watson 1974). Although the
current classification of the ammonium oxidizers is generally supported by
serological studies (Belser and Schmidt 1978), molecular genetic techniques
such as DNA/ DNA hybridization should also be applied to these bacteria.
Establishment of the "niches of each of these genera and their respective
phenotypes' (Verstraete 1981) hinges upon a reliable classification scheme.
Measurement of potential rates of nitrification may be facilitated by use
of chlorate, which specifically blocks nitrite oxidation (Belser and Mays 1980).
However, techniques are needed for measurement of in situ nitrification rates
concomitant with denitrification and NH4 production. Isotope dilution
techniques used for simultaneous determination of NO3 dissimilation to NH4
(Tiedje et al. 1981) and for nitrification and nitrate reduction in marine
sediments (Koike and Hattori 1978) may be applicable to flooded rice systems.
Nitrate reductase activity in plants has been used as an indicator of
nitrification (Van de Dijk and Troelstra 1980); rice nitrate reductase may be
useful as a measure of nitrification in the rice rhizosphere.

Conclusions
Soil microbiology and microbial-plant interactions have long been
characterized by an optimistic group of workers convinced that an adequate
study of soil micro-organisms and the processes they mediate can lead to
increased availability of nutrients with a consequent increase of food and fibre
production. This symposium indicates that this fountain of knowledge is still
not available to us. In his discussion of mycorrhiza, Tinker (1982) stated that
as a research topic, vesicular arbuscular mycorrhiza is urgently in need of
some major and obvious practical application, and that basic research must be
aimed at defining many more extensive principles rather than obtaining
disconnected items of information.
It is instructive to compare the needs for fundamental research and
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understanding in the field of mycorrhiza with the major breakthroughs that
have occurred in N2 fixation during the past 20 years. Hardy (1980), in
discussing the translation of basic research on biological N2 fixation to
improved crop production in less developed countries, has listed 85 major
research advances in nitrogen input research since 1960, when nitrification
inhibitors and isolated nitrogenase were first identified. These include
crystallization of the enzymes involved, cloning of the nif genes and
measurement of the photosynthate limitation for legume N2 fixation. He then
goes on to state, 'biological N2-fixation research has been outstandingly
productive of sophisticated basic information during the past 20 years with,
unfortunately, no significant practical applications. The excessive energy
requirement of biological N2 fixation is a major, and possibly the major,
limitation. It is recommended that highly creative basic research on biological
and abiological N2 fixation, as well as other N input processes be continued
and encouraged with about an equal emphasis of N2 fixation and other N
input processes. The world need and the opportunity is so great as to justify a
multifold approach.' Photosynthetic N2 fixation in which the N2 is fixed in
close conjunction with photosynthesis in higher plants is a very important, but
probably unattainable, goal in the immediate future. However, N2 fixation has
been reported in eucaryotes (Yamada and Sakaguchi 1980; Bradley 1980). If
substantiated, these observations would give microbial and plant physiologists
an important new area to investigate.
The isolation and single culture of VAM would open the way for
physiological as well as genetic studies of mycorrhizal associations. There is
an anomaly in the fact that ectomycorrhiza which tend to be specific and
restricted to a few plant species have been isolated and grown in pure culture,
whereas the promiscuous VAM capable of growth on most plant species have
proven most recalcitrant to efforts aimed at their isolation and purification.
Genetic manipulation of the host as well as the microbial partner in the major
symbiotic associations discussed in this paper can have major practical
implications in the future. It will, however, have to be based on a thorough
knowledge of the biology and ecology of the organisms in nature and their
interaction with soil properties.
The information obtained on the soil microbial biomass through the use
of tracers and mathematical analysis has greatly increased our knowledge of
mineralization and immobilization. There is no doubt that the large losses of
N observed with added fertilizers also occur under certain conditions with soil
N in both agricultural and non-agricultural soils. It has recently been shown
that manipulation of forest ecosystems by burning or clear-cutting usually
leads to large inorganic N accumulation with major losses from the soil and
the possibility of environmental contamination (Gosz 1981). Prevention of
such losses is probably of greater immediate significance than improvement of
N2 fixation or increased mycorrhizal Phosphorus uptake. This will require
control of fertilizer N placement on both a time and spatial basis, together
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with the temporary immobilization of soil inorganic N by the management of
biomass through residue addition and incorporation. Ideally, all inorganic N
should be re-immobilized during fallow periods or the very early stages of
crop growth. This N should then be released throughout the rooting system at
the time of major N demand by the growing crop.
Greenland and Watanabe used the title 'The Continuing Nitrogen
Enigma'. Webster's dictionary defines an enigma as a difficult, 'hard to
understand' problem, but does not define it as an impossible task. The use of
,5
N field studies has made possible the determination of the total N-balance
sheets in that plant uptake, residual soil and losses can be determined. The
determination of each of the interactive reactions that occur in the many
processes involved is not easy and the complexity of the systems investigated
has, in the past, made it difficult to attain the practical management goals that
are so important. However, the continued increase in understanding of the
biochemistry and microbiology of these processes and the recent increasing
availability of sensitive methods for their measurement in the field should
make it possible for us to look forward to an increasing, if somewhat slow,
rate of accumulation not only of knowledge but also of practical techniques
for the management of soil organisms for increased productivity of food and
fibre crops.
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Soil Fertility

Problems and Priorities of Research
in Soil Fertility and Fertilizers
DONALD L. McCUNE AND PAUL J. STANGEL*

Abstract
PROVIDING adequate food for the world's ever increasing population is a
great challenge. Although this problem has received considerable attention,
more intensive efforts on the part of farmers, small and large; of the fertilizer
industry; and of the scientific community, particularly soil scientists, will be
required. Solving the world food problem will require new land to be
brought into production, and higher yields to be attained on currentlycultivated land through more efficient use of fertilizers, use of new highyielding crop varieties, and better control and management of water. Each of
these items has its own ramifications and presents its particular challenge.
Technologists can contribute in many of these areas. The significance of
improved fertilizer efficiency, especially that of nitrogen, is now receiving
considerable attention as the loss mechanisms are better understood and
magnitudes are being more accurately quantified. Some potential solutions
such as the use of modified urea for deep placement — with and without
coating for controlled nutrient release — are being considered and appear
promising. Methods must be found to transfer the technological innovations
from researchers to the farmer. New lands brought into use will present
special problems, probably requiring new forms of fertilizer and the
importance of organic fertilizer in combination with chemical fertilizers,
needs to be re-evaluated. Use of indigenous resources, such as, organic
wastes, phosphate rock, and sulphur compounds coupled with nitrogenfixing legumes, could play a more important part in agricultural
development in the future. Because of the quantity of work to be done,
research priorities must be established. Ways must be found to use applied
nitrogen more efficiently while taking full advantage of biological nitrogenfixation processes; this will require a better understanding of soil fertility
factors. Phosphate fertilizers will need to be tailored to meet the needs of
special soil and climatic conditions now and in the future. This paper cites
numerous examples of research that will be needed.

THE world food problem has received much attention. Rapid population
growth, particularly in developing countries, coupled with too little land from
which to feed this population, leads almost all experts to agree that a major
crisis, perhaps of catastrophic proportions, may occur by the turn of the
century or shortly thereafter. This crisis can be avoided if immediate, sharp
increases are made in food production and long-term efforts are successful in
curbing population growth.

•International Fertilizer Development Center, Muscle Shoals, Ala, USA.
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There is little hope of slowing absolute population growth markedly
before the year 2000. Most experts agree that while the population growth
rate is declining and perhaps may average as little as 1.7% per year through
the remainder of this century, the sheer numbers of real growth represent the
immediate problem. Approximately 6.35 billion people will reside on this
planet by the year 2000 — an increase of 2 billion over the 1980 level (Council
on Environmental Quality and U.S. Department of State 1980). Furthermore,
the population will increase by 100 million in the year 2000, compared with
approximately 78 million in 1980. Also complicating the problem is the fact
that this growth is not uniformly distributed over all geographic regions; of
the anticipated growth 90% will occur in the developing countries. The most
critical area is Asia, which has only 17% of the world's arable land but will
have 57% of the world's population by the year 2000. Similar disparities exist,
though to a lesser extent, for the Sahelian zone of west Africa, central
America, and north-eastern Brazil.
Global food production will have to almost double by the year 2000, and
developing countries must increase food production at the rate of 4% per year
through the 1980s and 3.8% per year through the 1990s if there is to be any
hope of even a slight improvement in food intake per capita (FAO 1980).'
Accordingly, the FAO report suggests that this additional food can be realized
through a combination of increased productivity from land now under
cultivation and cultivation of additional new land, two-thirds of the additional
food to come from the land now under cultivation and one-third from new
lands.
About 20U million hectare of additional land needs to be brought into
production, and increased yield from land already under cultivation obtained
by greater use of high-yielding varieties, more efficient use of N and P
fertilizers, and technology transfer to farmers. More information is needed on
available resources and on constraints to increased production. This paper
attempts to: (1) define the challenge facing fertilizer specialists in maintaining
soil fertility; (2) highlight the constraints to soil fertility and fertilizer use that
are either now limiting or are likely to limit production of food and fibre; and
(3) suggest research priorities that will lead to the eventual removal of these
constraints.

Increasing Productivity through Higher Yields
A major component of the increase in food production must come from
land that is already highly productive, where soil physical and chemical
properties are conducive to supporting high yields, soil fertility is considered
adequate, fertilizers are already being used at reasonably high levels, and

1. The FAO estimate allows for a 15% improvement per capita in the diet of people of the developing
world.
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adequate water is available, either through proper irrigation or normal
rainfall. This is the land where the "green revolution" has brought about
major yield increases.
Although increases may not be at the 4%- per year growth rate, deemed
essential to achieve the FAO targets, this land is likely to produce the lion's
share of marketable food to feed the world's population.
The proven yield potential for wheat, rice, maize and potatoes far
exceeds that obtained by 99% of the world's farmers (Cooke 1979).
Progressive farmers and, occasionally, experiment station researchers have
achieved yields of wheat, rice and maize within the range of 12 to 14 tons/ha
(Table 1). These figures are double the national averages for even the
developed countries and ten times the average achieved by developing
countries. Not all lands have the inherent capability to support yields of these
established potentials; current average yields are still well below this level and
therefore present substantial room for improvement.
Table 1. Average and potential yields of important crops
Source
Proven potential
(experiment station)
Top country yield
Average yields by regiond
North America
Europe
Asia
Africa
Developed countries
Centrally planned countries
Developing countries
World Average

Yield (tons/ha)
Wheat

Rice

Maize

Potatoes

12

14

13

90

5.2'

6.0d

5.7'

37"

2.0
3.0
1.2
1.0
2.2
1.7
1.2
1.7

3.7
4.X
2.4
1.8
5.7
3.1
1.9
2.4

4.5
3.8
i.9
1.1
5.0
3.0
1.3
2.8

23.0
19.3
9.X
9.3
21.7
13.6
8.5
14.4

Source: Cooke (1979); 'Netherlands; "Japan; 'United States; "FAO averages 1970-76.

Analysis of management practices common to many trials resulting in
maximum yields may provide some lead to the factors contributing to higher
yields. It may also reveal possible constraints that prevent other growers from
achieving similar results. These common factors are:
1. Organic manures and/or crop residues were always used in
combination with chemical fertilizer.
2. Efficient water management and conservation measures were practised.
For lowland rice this included maintenance of a constant flood over the
paddy with some downward percolation (3-5 mm/day) deemed desirable. For
upland crops, conservation practices resulted in significant increases in storage
of subsoil moisture.
3. Deep tillage practices and incorporation of organic residues were
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designed to break soil pan (upland crops), if one existed. The net result of this
apparently is deep penetration of the root system into the subsoil.
4. Larger than recommended doses of fertilizer N, P, and K were
applied. This was repeated over several cropping seasons. Particularly large
doses of nitrogen were applied.
While other factors also contribute to higher yields, these seem to be the
main ones pertaining to soil fertility. These observations raise a question as to
the need to reinvestigate the role that fertilizer and soil N, P and K
enriched subsoil, and soil moisture play in producing consistently high yields
of food crops. Understanding these interactions would contribute immensely
to breaking the yield barriers where "green revolution" technology is already
being applied and may also expand its application to a wider spectrum of land
now being cultivated.

The Problem of Improving Fertilizer-Use Efficiency
Nitrogen is the single nutrient most frequently limiting yields of the
major food crops; it is the first nutrient added in attempting to achieve
maximum yields of nonlegume cereals and coarse grains. More and more
researchers and farmers are finding that efficient use of nitrogen requires its
additions to be closely associated with other effective management practices.
Stangel (1979) examined yield parameters of the leading rice-producing
countries of the world and found that high national average yields of rice
positively correlate with good water control (irrigation), fertilizer-responsive
modern varieties, and heavy doses of fertilizer nitrogen. Most notably,
average nitrogen rates were frequently above the agronomic optimum
recommended by research workers. For example, group I countries (Japan,
Taiwan, South Korea and Egypt), averaging 5.5 tons/ha of rice, had 91% of
the rice area irrigated, 96% planted to fertilizer-responsive varieties, and used
an average of 157 kg of N/ha. Large amounts of organic manures and
residues are usually applied to the soils by the farmers of this group. This was
a contrast to group III countries, which averaged only 1.8 tons/ha of rice, had
34% of the land irrigated, 22% planted to modern varieties, and used on the
average only 13 kg of N/ha (Table 2). Little or no organic manure was
reported to be used by the farmers of group III. Similar relationships can be
shown for the high-yield groups for other crops.
Inefficient Use of Fertilizer Nitrogen
One characteristic of high-yield technology is the heavy addition of
chemicals, particularly nitrogen fertilizer. Recoveries of fertilizer nitrogen
when the amount applied has not been correctly matched to the needs of the
crops have not been properly documented. However, such recoveries have
been thought to be no higher than 50 to 65% of the nitrogen applied to upland
crops and 35 to 50% for lowland (flooded) crops, such as rice.
The poor utilization of N fertilizer is thought to be largely caused by

Table 2. The effects of water management, modern varieties and nitrogen-use rates on average rice yields in selected countries
Country/region

Harvested
rice area
('000 ha)

GROUP 1 (high rice yields)
Japan
S. Korea
Taiwan
Egypt
Averages
GROUP II (moderate rice yields)
People's Republic of China
Indonesia
W. Malaysia
Iran

2,764
1,218
787
442

Averages
Source: Stangel (1979).

Percentage of harvested rice area
Lowland
Upland
Irrigated
Rainfed

5.5
5.9
5.2
5.2

94
85
83
100

5.5

91

3.2
2.6
2.X
3.5

76
58
4X
90

3.1

72

l.X
2.3
1.9
l.X
2.2
l.X
l.X
2.0
2.1
1.9
1.2
1.3

43
X0
5
45
16
37
16
66

Planted to
modern
varieties

Average N
use based
on arable land
(kgN/ha)

100
90
95
85

149
209
149
152

96

157

20
21
5
10

80
40
38
NA

32
26
115
12

20

72

30

10
20
30
20

25
43
14
56
17
5
6
60

2
14
14
0

C
35,390
8,369
585
461

Averages
GROUP III (low rice
India
Pakistan
Bangladesh
Philippines
Vietnam
Thailand
Burma
Sri Lanka
Afghanistan
Nepal
Laos
Khmer

Yield of
rice
(tons/ha)

4
21
47
0

yields)

39,688
1,710
10,329
3,579
5,310
8,383
5,069

597
210
1,256

680
555

-T-

>

6
10
20
3

47
0
65
35
XI
4X
66
32
50
XI
40
90

3
15
IX
2
44
9
40
7

NA
19
NA
NA

13
38
16
2X
36
12
4
42
3
4
NA
NA

34

52

14

22

13

0

N

—
s.
—.
>
n
03
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losses of N from the soil-plant system. The main avenues of transformation of
this nitrogen are: ammonia volatilization, denitrification, runoff and leaching.
Since scientists do not know the extent to which each of the loss mechanism
operates for a given set of soil, climate and plant conditions, the rational
development of more efficient fertilizer sources and management practices has
been hampered particularly for rice.
Use of l57V techniques to measure loss. Because of the recent increase in
supply and decrease in cost, the stable isotope l5N is proving to be an
invaluable tool in tracing the fate of fertilizer N in the soil-plant system.
However, most of the research using ,5N has traced the applied N only in the
plant. Recent advances in instrumentation (Denmead et al. 1977) and
experimentation technique (Freney et al. 1980) now make it possible to detect
and track under field conditions various forms of nitrogen not only in the plant
but also in the soil environment.
Ammonia volatilization losses. Research done in the 1950s and early 1960s
showed that under upland conditions gaseous losses as ammonia could be quite
substantial for surface-applied urea. These losses were found to be greatest on
soils having a low cation-exchange capacity (CEC), low soil moisture level, high
pH, and high soil temperature (Volk 1959; Simpson and Melsted 1962). These
losses could be minimized through placement of urea beneath the soil surface or
by surface application of sulphur-coated urea (Fig. 1). These techniques are also
effective for lowland rice.
FERTILIZER
%

N

mg

0

2

4

6

8
TIME,

10

12

14

16

18

DAYS

Fig. 1. Ammonia loss from flooded soil as affected by N source (Vlek and Craswell 1979).
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The growing acceptance of urea as a major nitrogen source in developed
as well as developing countries agriculture and the increasing incidence of its
use in surface applications because of the high energy cost for deep placement
has caused a number of researchers to re-evaluate the importance of ammonia
volatilization as a major avenue of loss of fertilizer nitrogen. These
investigations have focused most recently on the importance of this loss
mechanism for lowland rice (Craswell and Vlek 1980; Freney et al. 1980;
Bouwmeester and Vlek 1980; Vlek and Stumpe 1978). These studies should
continue giving particular attention to regions where deep placement of
nitrogen is impossible or uneconomic for soils having a low CEC, high soil
temperature, neutral to calcareous soil reaction and low moisture levels.
Nitrogen Availability Tests
One prerequisite to obtaining greater efficiency of fertilizer nitrogen is
predicting with reasonable accuracy the amount of soil N that is likely to
mineralize during a given cropping season. To accomplish this requires good
knowledge of the previous crop, rooting and growing characteristics of the
crop to be grown, physical and chemical characteristics of a soil, an estimate
of soil moisture and nitrate levels at the beginning of the season and a
reasonable prediction of the temperature and precipitation that are likely to
prevail over the cropping season. Such techniques are beginning to be
employed successfully in predicting nitrogen needs in the Netherlands (Cooke
1979) and the western United States (Standford et al. 1977). Further
refinements in these techniques should give a marked improvement in
recovery of nitrogen by the crop.
Organic Matter Constraint
One of the characteristics of high-yield situations is that yields are almost
always higher where organic residues and manures are applied with fertilizer
as compared with those where an equivalent amount was applied only as plant
nutrients (Stangel 1979).
In work in the United Kingdom described by Cooke (1979), an organic
manuring experiment was begun at Woburn in 1964. This experiment was
designed to build the organic matter level of the soil by applying farmyard
manure, peat and straw, or by growing leys or green manures. Ample P and K
were also supplied. Subsequently, the value of the organic residues
accumulated in these different ways, was tested by growing wheat and
potatoes with a full range of N fertilizer additions. Throughout 2 years of
subsequent trials, some of the organic treatments gave yields larger than those
obtained with equivalent amounts of chemical fertilizers. For potatoes, most
gains from organic treatment were in the range of 5 to 10 tons/ha; gains in
wheat yields ranged up to 1.5 tons/ha of extra grain. Cooke concluded, "The
shapes of the response relationship (to fresh N fertilizer) showed that however
much N was used, the fertilizer-treated soils could not achieve yields equal to
those from organically-treated soils."
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Subsoil Fertility Constraint
Most rooting systems normally penetrate extensively beneath the
traditional plough layer and derive at least some of their moisture and
nutrients from that zone. There is growing evidence that ample moisture and
plant nutrients, particularly within the subsoil, are critical to consistent
achievement of extremely high yields. This cannot be duplicated through
multiple irrigation and fertilizer additions only to the plough layer.
Apparently, ample moisture and plant nutrients must prevail throughout the
root zone if maximum yields are to be achieved.
Importance of Subsoil Fertility
There is growing evidence that subsoil fertility also minimizes the
variability in yield due to low soil moisture in the surface layer. Nitratenitrogen that has moved to the subsoil contributes to improved protein
content above that which results if adequate N and moisture exist only in the
plough layer (Alessi and Powers 1978; Cooke 1979).
Some of the benefits of long-term fertilization are found at Rothamsted
Experiment Station, England. In all of the classical experiments at
Rothamsted, some of the P and K applied had penetrated 30 to 60 cm in the
course of a century. Some K may have been leached from the root profile, but
there is no evidence that P was lost.
It has been found that subsoil reserves of nitrate-nitrogen have effects on
yield and quality of grain that cannot be duplicated by simple additions of
fertilizers to the plough layer. If it is true for subsoil P and K also, this has
major implications as to the importance of organic manures, long-term
fertilization, and methods of tillage in achieving maximum yields. Therefore,
the importance of subsoil fertility needs to be examined more closely.

Overall Research Priorities Aimed at High-Yield Agriculture
Much has been written regarding future soil fertility research (Wittwer
1978; Cooke 1979; National Academy of Sciences 1977); there is a need for
better coordination and focus on such research on following lines.
Role of Organic Matter
The role of organic matter in maximizing crop yields should be reexamined in the light of the recent rise in the cost of chemical fertilizers and
the apparent positive effect that additions of organic manures and crop
residues have on maximizing yields above those achieved from chemical
fertilizers alone, particularly in tropical and subtropical agriculture.
Importance of Nutrient-enriched Subsoils
Research is needed to identify the role that fertilizer N, P and K leached
to the subsoil have on yield stability and the ways to accomplish this with
minimal inputs of energy.
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Factors Controlling Efficiency of N and P
Much of the research aimed at assessing the efficiency of fertilizer N and P
has been incomplete, has not utilized the latest analytical tools, and often
estimates efficiency via indirect measurements. There is a need to bring these
efforts into closer harmony and sharper focus, and more field research is
needed to identify the course, mechanism and magnitude of loss and or
immobilization of N and P under average and high-fertility conditions. These
studies should be done at a few carefully chosen, well-characterized sites
covering a full range of soils, plant and climatic parameters. These should be
closely linked with a series of baseline sites and accompanying satellite
subsites.
Fertilizer Management Systems Using Organic Residues, Manures, and
Biologically-fixed N
Current fertilizer management systems usually are not geared to fully
utilize organic wastes and the biological N potential of a soil-plant system.
For example, there is evidence that concentrations of ammonia which result
from current methods of applying fertilizer N in floodwater may inhibit N
fixation by algae and bacteria. In addition, these N fixers have a high P
requirement and will therefore require an adequate supply of P and perhaps
other nutrients. There is evidence that fertilizer management systems can be
devised to maximize production of biologically-fixed N and still achieve
maximum benefit from chemical fertilizer (Roger et al. 1980). This must be
further verified and extended to a wide range of cropping systems and major
food crops. Practical systems must also be devised to utilize rural and urban
organic wastes wherever possible. Research in this area has been neglected for
too long.
Soil Fertility, Fertilizer Constraints, and Research Priorities in Densely
Populated Developing Countries
Most of the food and population pressures are focused on (1) the lowrainfall areas of Asia (mainly India), west and central Africa and northeastern South America and (2) the major rice bowls of Asia. Collectively these
two regions (including China) account for about 2.6 billion of the world's 4.1
billion people and approximately 78% of the total in the developing world.
The agroecological classifications of these two regions are the semi-arid
tropics (SAT) and the wetlands. Some knowledge of the climate, soils, and
production systems as they may affect soil fertility is needed to properly deal
with the main subject of this paper. These issues, along with the constraints
and priorities of soil fertility research, are discussed in the following sections.

The Semi-arid Tropics (SAT)
Almost all of the nearly 600 million people in the SAT live at nutritional
levels barely sufficient for maintenance of life (Ryan 1974). A shortfall in
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food production often causes serious hardship and starvation because
subsistence farmers and landless labourers are unable to bridge the gap
between years of low and high production. Most recent examples of these
shortfalls are the devastating famines which occurred in the Sahel during
1969-73 and Ethiopia during 1975-78 (Zalla et al. 1977). Both were the direct
result of extended droughts in the area. Thus, constraints to agricultural
development must be immediately identified and overcome to provide food
for the growing populations, and attain greater stability of production.
Climate and Precipitation
In the SAT 'the' average monthly precipitation exceeds the potential
evaporation for at least 2 and at most 7 months, and the mean annual
temperature is about 18° C (Troll 1965; Virmani et al. 1978). Three seasons
can be distinguished (Krantz et al. 1978): the humid monsoon or rainy season,
the cool dry or post-rainy season and the hot dry season.
Production Systems (The Indian Example)
Asia has by far the highest total population and population density
among the major regions in the SAT (Table 3). The statistics for Asia are
dominated by data from India. Total population and population density are
greater there than anywhere else in the SAT; average landholdings, arable land
per person and fertilizer use are smaller. Because the problems now
encountered in the Indian SAT may occur elsewhere when population
pressures increase, emphasis is given to the Indian situation.
Three major agricultural production systems exist in the dryland regions
Table 3. Selected socioeconomic data for semi-arid tropics (SAT)
Asia

Area (million km2)
2.2
Percent of total
11.3
Population in SAT zone
Total (millions)
296.0
Persons/ha
1.33
Average size holdings (ha) 2.7
Arable ha/person active in 1.2
agriculture
Fertilizer consumption
15.9
(NPK) kg/arable ha
Coefficient of variation of
yields
Sorghum (%)
9.3
Millet (%)
14.1
Source: Kampen and Burford (1980)

Africa
South of
Sahara

West Africa Latin
and Near
America
East

11.5
59.0

0.6
3.1

3.3
16.9

157.0
0.13
74.0
2.1

2.0
0.03
8.3
2.4

58.0
0.17
104.0
3.7

Oceania
(Australia)
1.9
9.7
1.0
0.01
1,842.0
103.0

3.1

10.4

29.7

25.4

11.5
14.9

2.3
11.6

17.0
12.4

19.4
14.3

SOIL FERTILITY AND FERTILIZER RESEARCH

191

of India (Kampen and Burford 1980). Often they are combined on the same
farms — grazing on the upper slopes and hilltops, rainfed cropping on the
intermediate slopes, and rice (or sugarcane) cultivation on the low lands.
Grazing. The high density of both animal and plant populations has
placed extreme grazing pressure on the skeletal soils of the uplands. This
pressure, which is increasing steadily, has limited vegetative cover and
increased erosion. Major losses in soil fertility increase as soil erosion
increases. Present government policies are not likely to alleviate this problem.
Therefore, further deterioration of these soils can be expected, thus rendering
them useless for cropping and eventually for grazing (Kampen and Burford
1980).
Rainfed crops. The main crops grown on the SAT soils of India and the
percentage of area on which they are grown are: sorghum (23%), millet (12%),
groundnut and cotton (9% each), wheat and chickpea (6% each) and
pigeonpea (2%). In addition to monoculture, various types of multiple
cropping systems are used where the soil moisture status is favourable
(Kampen and Burford 1980).
Systems of multiple cropping, mixed cropping or intercropping are used
on all soils (Krantz et al. 1974) to optimize production and to reduce risk of
total crop failures. Other reasons for multiple cropping are to: (1) maintain
soil fertility (biological N fixation), (2) spread labour use and (3) provide
possible multiple sources of protein and carbohydrates.
Irrigated crops. Either wetland rice or sugarcane is grown on slopes and
valley bottoms where more moisture is available and drainage is a frequent
problem. The total rice production varies considerably from year to year
because the area cropped is adjusted to allow for an adequate water supply; in
wet years, sufficient water is stored for the total area to be cropped once and a
substantial portion to be cropped twice (Kampen and Burford 1980).

Production Systems in Other SAT Regions
An important difference between India and other countries of the SAT is
that continuous cultivation (hence greater cropping pressure) is normal in
India, while shifting cultivation is still practised across large areas of Africa
and Latin America. As a result of these differences, soil fertility is usually a
much greater constraint under continuous cultivation and only marginal in a
shifting cultivation system.
The type of vegetation previously grown has an influence on the fertility
of the soils in the SAT. Two distinct types of vegetation have been common in
the African SAT—the plants that grow in the savanna zone in the drier,
unimodal rainfall regions and those that grow in the forest zone in the wetter,
sometimes bimodal rainfall areas (Cocheme and Franquin 1967). Under the
bush fallow system, the soil is adequately protected because full surface
exposure occurs only during the year of the bush clearing and planting of the
first crop. As a result, erosion is minimized and native soil fertility preserved.

192

WHITHER SOIL RESEARCH

But in much of the African SAT where the fallow species are grasses, the soil
is less well protected against erosion.
The dominant cause of low and variable crop yields is the frequent
occurrence of unsatisfactory soil-moisture regimes (Kampen and Burford
1980). Erratic rainfall during and between rainy seasons is the most important
characteristic of the SAT. Water (often too little and sometimes too much), a
lack of suitable technology for better water utilization and soil fertility
limitations are primary constraints to higher, more stable production.
Soil Fertility
SAT soils are almost always deficient in nitrogen and phosphorus (Jones
and Wild 1975; Sanchez 1976; Kanwar 1976; Kampen and Burford 1980).
Sulphur deficiency is common in Africa where annual rainfall exceeds 600
mm. Marginal zinc deficiency appears to be common over appreciable areas
of India. The formation of most soils in a semi-arid environment has resulted
in their being reasonably well endowed with bases, especially with respect to
the low demands made by crops grown under traditional management
practices. Extremes of acidity or alkalinity do not appear to be sufficiently
serious to cause widespread problems at present.
Lack of Adequate Assessment of Soil Fertility
In India, data from many agronomic experiments show the need for
fertilizer inputs, especially N and P. Soil test surveys have been conducted to
map the nutrient status of soils, based on laboratory estimates. Unfortunately,
these soil test values have been compared with field responses only for
irrigated soils (Kampen and Burford 1980).
Soil Fertility-Cropping System Interactions
Fertility constraints will certainly increase with time. Increased
production due to the use of improved varieties and improved land and water
management will increase the demand on the native fertility of the SAT soils.
Little direct information is available to allow for sound fertilizer and soilfertility management recommendations under such conditions.
Damaging Effects of Organic Matter Removal
Current and projected levels of population pressure are likely to result in
continued diversion of crop residues, cattle manure, and other organic
residues from incorporation in soils to uses for energy in other areas. This
situation is serious where energy is expensive and no suitable alternatives to
crop or animal residues exist. Little is known about the extent of this nutrient
removal, its effect on organic matter levels in soils, and the subsequent impact
on the overall fertility of the SAT soils.
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Poor Biological N Fixation
Legumes are recommended in most SAT rotations ostensibly to supply
not only a source of protein for farmers diets but also to fix additional N to
meet at least part of the N requirements of cereals grown with or subsequent
to the legume. There is only limited evidence to suggest that legumes currently
planted by farmers actually do supply surplus N. The exact reasons for this
are unknown.
Risk and Uncertainty
Very little chemical fertilizer is used on SAT soils (Kampen and Burford
1980). In India, the most intensively cropped of the SAT areas, only 30% of
the dry land is cropped to cotton and rice, and only about 15% of the wheat
and sorghum is fertilized. Little fertilizer is supplied to other SAT crops. The
major reason for this is the uncertainty of response to the input where it is
applied under unpredictable conditions of soil moisture. Most farmers lack
the capital and credit to risk even one failure to get a profitable return in 1
year.

Priorities of SAT Soil Fertility Research
Lack of available soil moisture is the main constraint to increased crop
production within the SAT. Therefore, research on soil fertility must take into
account soil moisture-cropping systems interaction if useful research results
are to be obtained. With this as a precondition, the following research
priorities are suggested.
Research on Nitrogen
Nitrogen deficiency severely limits potential SAT fields. Because of the
low cropping intensity and high risk associated with heavy use of expensive
inputs, major attention must be directed to:
a.
b.

c.
d.
e.

Determining the importance of biological N2 fixation (symbiotic and
nonsymbiotic) in supplying N to major crops grown within the SAT.
Establishing ways to increase the efficiency and amount of
biologically fixed N, including ways to improve the effectiveness of
symbiotic inoculum.
Importance and development of appropriate equipment to achieve
proper placement of fertilizer P.
Importance of organic P derived from legumes in supplying P needs
of cereals.
Potential importance of mycorrhizal inoculation in improving P
availability.

Research on Sulphur
The introduction of legumes into the cropping rotation, coupled with the
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use of nonsulphur sources of fertilizer and increased crop yields, promises
increases in the incidence of S deficiency. In this connection, research should
be directed toward:
a. identifying N/S interactions, particularly as related to legumes;
b. developing reliable soil and plant tests to determine the extent of S
deficiency; and
c. identifying an effective and economical means of correcting sulphur
deficiencies.
Research on Soil Testing
Most fertilizer recommendations for use in the SAT area have been
established for situations where moisture is adequate to sustain good yields,
but little attention has been paid to this aspect under predominantly SAT
conditions. Therefore, top priority should be given to developing fertilizer
recommendations that accurately reflect the risk associated with use of
fertilizers.

Wetland Soils Now in Use
Wetland soils are defined as soils that are ponded or water saturated;
during most of the time they are, or could be, used for food production. Most
wetland soils are only seasonally flooded. Rice is by far the most important
crop grown on wetland soils.

Soils Commonly Cropped to Lowland Rice
Soils suited to the growth of wetland rice usually have gleyic and histic
horizons. Movement of water through the profile should generally not exceed
2 mm/day. Examples of typical rice soils are the Gley soils (Aquepts and
Aquents) which occupy about 5% of the soils of southeast Asia; the Fluvisols
(Fluvents), 8%; the Gleyic Luvisols (Alfisols), 5%; and the Gleyic Cambisols
(Tropepts), 5%. These soils account for a major share of the rice produced in
the developing world (Dent 1980). While other soils are also used for
production of lowland rice, they are less suited because of excessive
percolation of water, high acidity or salinity, etc.
Rice Management Systems
Most of the rice in Asia is grown under flooded conditions. Water may be
supplied either naturally (rainfed) or through controlled (irrigated) conditions.
Water management is important to high yields of lowland rice and, as will be
discussed later, critical to efficient nitrogen management. Some addition of
water is required initially to promote land preparation, including puddling.
Subsequent to transplanting, a sheet of water 5 to 10 cm thick is maintained
from transplanting to near harvest. As a result, only a few millimeters of the
surface soil remains aerobic, depending in part on the amount of oxygen
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dissolved in the water. This water blocks diffusion of atmospheric oxygen into
most of the soil, creating reduced conditions in much of the plough layer.
Finally, the water layer provides head pressure which promotes runoff and
seepage losses if the water is not confined laterally and leaching losses of
soluble products on soils lacking an impervious layer below the puddled
plough layer.
Where water supplies are adequate and controlled, two, and occasionally
three, crops of rice or two crops of rice and one short-season upland crop can
be grown annually depending upon the climatic conditions of the region.
Under rainfed conditions, rice is grown during the rainy season, and a second
upland crop may or may not be grown, depending to a large extent upon the
availability of moisture and the chemical properties of the soils.
Soil Fertility Constraint
Recent research on constraints to high rice yields in farmers' fields in the
Philippines shows that improper fertilizer management accounts for one-half
to two-thirds of the gap between farmers' fields and potential rice yields in the
same field (IRRI 1977). Water management, particularly the ability to avoid
excessive flooding during the rainy season and maintain adequate levels
through irrigation when natural precipitation is insufficient, was related to
this.
The major soil-fertility problem on lowland rice is nitrogen management
(De Datta and Craswell 1980) and will be discussed in depth as the primary
constraint in soil fertility and, hence, of top priority in research. Deficiencies
of phosphorus (Dent 1980) are common and can be easily corrected.
Responses to potassium are becoming more frequent (Kemmler 1980), and the
incidence of sulphur deficiency is also increasing (Blair et al. 1978). Zinc
deficiency is perhaps the most widely recognized micronutrient disorder
(Yoshida et al. 1971). As these are important only in local situations, and they
are not as widespread and yield-limiting as nitrogen, these constraints will not
receive additional discussion in this section.
Inefficiënt Recovery of Fertilizer Nitrogen
Nitrogen is the single plant nutrient most limiting rice yields. This is
directly related to poor efficiencies. Numerous researchers have shown that
farmers of Asia benefit from only a fraction of the fertilizer nitrogen applied
(Mikkelsen et al. 1978; De Datta and Craswell 1980; De Datta et al. 1980). It
is stated that farmers benefit from only about one out of three bags of
chemical nitrogen that they apply to the rice crop (Parish and De Datta 1978).
The remaining two bags are lost because of t,he present practice of
broadcasting nitrogen fertilizer directly into the paddy water. Losses are more
severe when urea is used than when ammonium sulphate is used as the
nitrogen source (Vlek et al. 1980; Craswell and Vlek 1980). These losses can be
cut to half if the nitrogen fertilizer is either placed 7 to 10 cm into the reduced
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zone of the rice field or coated with an insoluble material such as sulphur (Fig.
1) (Vlek and Craswell 1979).
While deep placement of nitrogen into the reduced zone can be easily
accomplished with conventional fertilizer applicators, use of such equipment
is not practical for the majority of the rice-growing farmers of Asia. Most of
the lahdholdings are too small and dispersed to allow the use of conventional
equipment to achieve deep placement. Furthermore, many of these holdings
are located in terrain that cannot be easily traversed by machines.
Modified Urea Fertilizers
This problem has been approached from two points of view. One
approach is to increase the particle size of the urea (the most common
nitrogen fertilizer used by farmers) so that it can be easily placed either
manually or mechanically into the reduced zone of the field. To accomplish
this requires modification of prilled urea through either granulation or
briquetting to particles ranging from 11 to 17 mm in size (1-3 g); these
individual particles can then be manually placed 5-10 cm beneath the soil
surface and generally equally distanced between four hills of rice. Machines
for deep placement of these and smaller particles of urea (1.6 to 5.0 mm) are
also being tested. The second approach is to coat urea with sulphur,
petroleum latex-sodium silicate combinations or other materials to render the
urea particles temporarily insoluble, thereby reducing losses if surface applied
but releasing the nitrogen in time for the plant to make full use of it during
the growing season.
The effectiveness of deep-placed urea supergranules and coated urea
fertilizers has been evaluated in more than 500 trials in 20 countries (IFDC
1980; 1RRI 1979a, b; Yamada et al. 1978; Parish 1979). The results of a recent
test at IRR1 are shown in Table 4. In this test, deep-placed urea granules and
Table 4. Effect of form, placement, and timing of urea application on yield of
rice and nitrogen recovery
Type of urea
application'

Rice yield"
(tons/ha)

Apparent N
recovery (%)

Yield increase
(tons/ha)

Yield increase
(kg rice/kg N)

No nitrogen
Prills, farmer split0
Prills, best split"
SCU, forestry grade'
Super granule'

7.2
9.2
9.7
10.7
11.3

—

—

—

23-26
35-44
46-78
75-X5

2.0
2.5
3.5
4.1

14.2
17.7
24.8
29.1

Source: Hignett (1980); "Total N applied 141 kg/ha for two crops; bSura of two crops, wet and
dry seasons; 'Delayed split; 2/3 of area broadcast in floodwater 21 days after transplanting and
1/3 when the rice begins to form heads (a common farmer practice); dBest split; 2/3 broadcast and
incorporated by harrowing at time of transplanting and 1/3 broadcast in flood water when the
rice begins to form heads; 'Broadcast and incorporated at time of transplanting; Deep placed at
time of transplanting.
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sulphur-coated urea (SCU) were found superior to current farmer practices or
the "best split" of prilled urea which is currently recommended by experiment
stations. Apparent nitrogen recovery increased from an average of 30%
(farmer's practice) to 80% (deep-placed supergranules), and rice yields
increased by over 1 ton/ha per crop.
In an average of 94 tests in 11 countries (International Network for Soil
Fertility and Fertilizer Evaluation for Rice (INSFFER)), nitrogen efficiency
expressed as kilograms of increased rice yield per kilogram of applied N, was
16.6 for the best split, 21.1 for deep-placed supergranules and 23.6 for SCU.
As a result of these and other tests, supergranules and SCU have been found
to be about equal, on the average, and to give yield increases over the best
split that range from 0.3 to 1.5 tons of rice and consistently average 0.6
tons/ha.
The benefits from these new technologies (coating or deep placement)
varied widely. In a large number of cases, differences in effectiveness were not
statistically significant. Performance of these technologies varies with climate,
soil conditions, variety, water management and technical skills of the farmer
using them. For example, deep-placed supergranules seem to perform well
where water management is good, cation exchange capacity is above 10
meq/100 g, leaching of soils is minimal, soil temperature is high, and varieties
having a maturity of 120 days or longer are planted. One of the benefits of
deep-placed urea is that it does not limit the effectiveness of naturally
occurring blue-green algae to fix nitrogen. This may allow up to 30 to 50 kg of
N/ha to be made available to subsequent crops. Apparently, the effectiveness
of the blue-green algae is severely restricted with the use of conventional
fertilizer technology or the use of SCU, since both result in a high
concentration of aqua ammonia in the floodwater. SCU seems to be most
effective where intermittent flooding of paddy occurs and management skills
of the farmer are minimal or where rice is planted by direct seeding. It should
be emphasized that neither of these methods has been tested extensively under
rainfed conditions where water management is extremely poor and technical
skills of farmers are minimal.

Capital-Intensive versus Labour-intensive Nitrogen Technology
The two approaches toward development of suitable nitrogen technology
vary in both capital and labour requirements. The amount of capital required
for the first approach (increased size of particles) is determined by whether the
large granules are to be manufactured at the fertilizer plant or in the village
and whether they are to be hand- or machine-placed into the reduced zone of
the rice field. While the total additional capital needed to take advantage of
this technology is small in comparison with SCU, it may be relatively high,
particularly if the farmer must make all of the expenditures on his own. The
coating approach requires a much larger capital outlay, usually at the
manufacturer's level, for equipment to make granules and coat fertilizer.

198

WHITHER SOIL RESEARCH

However, this approach saves labour and capital at the farmer's level, since no
special applicators are required and the farmer does not need to acquire any
new skills of fertilizer management. Generally, one basal application of coated
urea is sufficient to meet the nitrogen requirements for the crop.
Briquettes and Supergranules
Technology is now available to manufacture large quantities of urea
granules or briquettes ranging in size from 2.5 to 17.0 mm (IFDC 1980).
Capability to produce supergranules exists in a number of commercial firms in
the United States and Europe. IFDC, IRRI and the Fujian Soils and
Fertilizer Research Institute of China have placed major emphasis on
modifying this technology to make the deep-placement technique applicable
to developing countries (Liu et al. 1979).
A major disadvantage for the transfer of supergranule and briquette
technology to developing countries is the high labour requirement for their
deep placement. The Chinese have developed a lightweight (13 kg), two-row
applicator that places ammonium bicarbonate briquettes at a 5 to 7 cm depth;
this applicator reduces the labour input from the 37 workhours/ha for hand
placement to 15 workhours/ha. IRRI has modified the Chinese applicator and
has looked at other equipment for deep placing nitrogen, including a 10-row
applicator for urea solutions and a ploughsole applicator for prilled urea.

Priorities of N Research for Rice
Considering the rising cost of chemical fertilizer (particularly nitrogen), its
importance to achieving high yields of rice, and the recent research showing
that deep placement readily increases rice yields, improves N recovery, and
presumably lowers its per unit cost, top priority should be given to developing
that research further for and eventual use by the rice farmers of the world.

Conditions for
Supergranules

Effective

Use of SCU and

Deep-placed

Agroclimatic, soil, and socioeconomic conditions significantly affect the
effective use of nitrogen fertilizers. While SCU and supergranules have a
major potential for use by rice farmers of developing countries, neither is
likely to be used to its full potential unless major changes are made in the
methodology traditionally used in evaluating and introducing fertilizer
technology to farmers.
An experiment station, traditionally the focal point of agricultural
research, may not be the most suitable site to fully evaluate such technologies;
thus, additional intensive on-farm testing should also be carried out. These
tests should be geared to the resource endowments of a specific area. 2 This will

2. Climate, soil properties, availability and cost of labour, capital, size of landholding, etc.
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require detailed identification of areas having good, medium, and poor water
control; labour surplus versus labour shortages; and rich versus poor farmers.
The present framework for carrying out fertilizer research is not adequate.
Many problems are addressed in isolation and not as part of a total cropping
system. The problems facing the farmer are too complex to be handled in this
manner. Researchers must collectively address all the issues the farmer must
face in making a decision. To achieve this will require integration of several
research specialists into teams that go beyond traditional soil and fertilizer research,
including soil, agronomic, economic, engineering, and sociological expertise and
perhaps meteorological, marketing and communications disciplines.

Other Products and/or Practices for
Recovery and Rice Yields

Increasing

Nitrogen

Further research needs to be carried out to identify additional products
and/or practices that will increase the N recovery and rice yields above those
already achieved by SCU and deep-placed supergranules. SCU, deep-placed
granules, and briquettes represent the beginnings of a technology that will
effectively increase nitrogen efficiency and rice yields in Asia. The acceptance
of these techniques and the development of new ones will depend upon how
well one can match them to a specific set of soil, climate, crop and
socioeconomic conditions necessary for their success. This will require further
study on the fate of N in flooded conditions, similar to that already described
for high-yield agriculture.

Soil Fertility Factors Affecting Yields of Rainfed Rice
Most of the soil fertility research has been done on irrigated rice. While
this is important, fully 55% of all rice grown in Asia is rainfed. Furthermore,
most of the poor farmers of Asia depend upon this crop for their livelihood.
Soil fertility research of the intensity just described must also be focused on
identifying ways to improve the productivity of this type of system.

Wetland Soils (New Production)
As population pressures grow, particularly for south and southeast Asia,
the development of additional areas of lowland rice will become necessary.
Two potential areas for development are (1) the acid wetland soils, including
the Histosols, and (2) the saline soils. Collectively, these two groups could add
an additional 150 million ha of lowland rice to that already under cultivation.
However, both groups have serious physical and chemical constraints; hence,
they will not easily be brought into production.

Acid Wetland Soils
The main soils in which acidity either directly or indirectly plays a role in
limiting productivity of wetland rice are the acid sulphate soils and the peat
soils.
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Acid sulphate soils. Actual and potential acid sulphate soils cover about
10.8 million ha, half of which are located in south and southeast Asia — most
notably Thailand, Vietnam, and Indonesia. Those in southeast Asia are likely
to come under pressure for development in the immediate years ahead. Young
acid sulphate soils (Sulfaquepts) are generally too acid for crop production,
and their reclamation and improvement are uneconomic (van Breeman 1980).
Older acid sulphate soils (Sulfic Tropaquepts) are less acid (above pH 4) and
are marginally suitable for wetland rice; therefore, they offer better prospects
for improvement.
Where these soils occur, as in the Bangkok Plain, they are normally used
for wetland cultivation. Phosphorus deficiency and, in the first (dry land)
stage of broadcast (deep water and flooding) rice cultivation, aluminium
toxicity are partly responsible for relatively low yields (1 to 1.5 tons/ha). Iron
toxicity appears to be rare on these soils. With good management they can be
very productive, but uncertain water supply makes high inputs too risky (van
Breeman 1980).
Peat soils (Histosols). Most of the tropical peats, which cover an
estimated 32 million ha, are highly acid and have a pH between 3.5 to 4.0. In
most, aluminium silicate minerals and iron-containing minerals are very low;
thus, essentially toxicities of iron and aluminium do not occur in these soils.
Extremely low nutrient levels and adverse soil physical properties are
more important than high acidity in limiting crop production in peat lands.
Deep (90 cm) Ombrogenous peats should be left unclaimed, but clayey peats
and shallow (50 cm) peats on mineral substrata can sometimes be more
productive. Rice grown on peat responds to almost all plant nutrients except
nitrogen. The degree of response will depend upon the depth of the peat and
the nutrient status of the substratum.

Saline Wetland Soils
About 380 million ha of the world's soil is saline. Of this, approximately
240 million ha is not strongly saline; hence, it has some potential for
agricultural productivity. About 49 million ha is in the humid regions of south
and southeast Asia (Ponnamperuma and Bandyopadhya 1980).
Saline soils are soils that contain sufficient salt to impair the growth of
crop plants. Because salt injury depends on species, variety growth and
environmental factors, it is difficult to define saline soils precisely.
Rice is moderately susceptible to salt injury (U.S. Salinity Laboratory
Staff 1954; Maas and Hoffman 1977). Susceptibility, however, depends on
several plant and environmental factors (Ponnamperuma 1977). Salt injury
may be due to osmotic stress, specific ion effects, ionic antagonisms, toxicities
caused by ions released by cation exchange, and effects of ionic activities. In
flooded soils, salt displaces K+, NH4, Fe2+, Ca2+, and Mg2+ from exchange sites
into the soil solution. If the salt concentration is not high, this is beneficial for
rice, but in strongly acid soils iron toxicities may result (Ponnamperuma and
Bandyopadhya 1980).
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Soil-related Research Priorities
The difficulties
therefore, fertility
alternatives have
specialists working

of bringing many of these soils into production are great;
research on these soils should take place after all other
been adequately addressed and funded. Soil fertility
with counterparts in classification and management should:

a. develop chemical-physical criteria that separate hopeless soils from those
with potential. For example, some feel the wetland Sulfaquepts and deep
Ambrogenous Histosols are hopeless and, therefore, should be
eliminated from schemes for agricultural development; whereas, the
Aquults, Ferrolysed soils, shallow Histosols, Sulfic Tropaquepts, Sulfic
Haplaquepts, and others have considerable potential and should be
identified and evaluated.
b. develop technology so that rice can be grown on soils having iron toxicity
as a major constraint. This applies particularly to flooded Oxisols in
countries where no other crop alternative is practical.
c. determine the effects of temporary drainage and subsequent oxidation on
active aluminium.

Saline Soil Research Priorities
There are significant land areas in the humid tropics, particularly in south
and southeast Asia, which could contribute significantly to future food
production. High priority is likely to be given to those areas in close
proximity to densely populated areas or areas likely to be settled in the next 10
to 20 years. Specific steps to be taken to alleviate constraints in saline soils of the
humid tropics are to:
a. select cultivars tolerant of the saline conditions in the target areas.
b. place into separate categories soils where the soil solution is dominated
by Na+ from those dominated by Al3+ and Fe2_f
c. develop criteria that will allow differentiation of saline soils in accordance
with suitability to grow rice and other crops.
d. develop critical levels for salinity tolerance at appropriate growth stages
for key tropical food crops and pastures and their cultivars.

New Land Development in Africa and Latin America
The world is currently cultivating only 35% or 1.4 billion of a total 4.5 billion
ha of potential agricultural land in the world (Buringh et al. 1975). Of this
potential, 65% is still unused.
The largest portion (about 40%) lies in the vast forest and savanna areas
of the tropics and consists of acid, highly weathered soils classed as Oxisols
and Ultisols (Kellogg and Orvedal 1969). Soils of these orders comprise
approximately 1660 million ha of which 833 million ha is potentially arable
(Table 5). The largest contiguous areas are in the interior regions of South
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Table 5. Approximate extension of Ultisols and Oxisols in the tropics
(million ha)
Soil
order

Dry
season
(months)

America

Tropical
Africa

Oxisols

3
3-6

390
170

380
170

0
0

770
340

460
190

Ultisols

3-6
3-6

165
35

75
25

190
60

430
120

122
50

760

650

250

1,660

822

Total

Tropical
Asia

Total
area

Potentially
arable

Source: National Research Council (1977).

America and Africa, with smaller but important areas in central America,
Indonesia and Malaysia.
Climate, Vegetation and Soils
Most of these Oxisols and Ultisols of the tropics are in their natural state
or are used in shifting cultivation and extensive cattle grazing. The climate in
tropical areas is ideal for year-round crop production, since there are virtually
no temperature limitations. About 70% of this area has high annual rainfall with
no prolonged dry season. This falls within the agroecological zone referred to as
the humid tropics. The remaining 30% has a 3 to 6 months dry season and is
commonly referred to as the semi-arid tropics (SAT).
Many of the soils in the humid tropics have excellent physical properties
with gentle topography suitable for intensive crop production. However, the
lack of well-developed physical, social, and economic infrastructure and low
levels of native soil fertility have restricted the potential of these areas for
agriculture.3 The luxuriant vegetation of Oxisols and Ultisols in tropical
forests and savannas is deceptive, since there is a tight nutrient cycle between
vegetation and soil. When these areas are cleared, fertility declines rapidly and
weed control becomes difficult (Nye and Greenland 1960). Farmers without
access to fertilizers or manures normally shift to other areas.
Soil Fertility Constraints in Latin America
The Oxisols and Ultisols are generally medium to fine textured, present an
acid reaction of from pH 4.0 to 5.5, and contain only about 200 to 600 ppm
total P. Available P is very low in these soils, ranging from only about 1 to 5

3. The terms "low soil fertility" and "low-base status soils" encompass a general deficiency of
several macronutrients and micronutrients, low cation exchange capacity of the clay fraction,
high soil acidity, aluminium or manganese toxicity, and, in many loamy or clayey textured top
soils, high phosphorus retention capacity.

SOIL FERTILITY AND FERTILIZER RESEARCH

203

ppm. It is quite obvious that without additions of P, neither food nor forage
crops can be grown effectively. Because of the extremely acid conditions, these
soils are also high in free iron and aluminium oxides and hydroxides which
tend to rapidly fix large amounts of fertilizer P (Fig. 2) when it is applied in
soluble forms such as single superphosphate (SSP) or triple superphosphate
8000 r
Hydrandept
( Hawaii)
> 7 0 % clay

Gibbsihumox
( Hawaii)

> 7 0 % clay
Haplustox
(Brazil)
4 5 % clay
Eutrandept
( Mexico)
I 1 % clay

Haplustox
(Colombia)
3 6 % clay

0.001

0.01

P IN SOLUTION

0.05

0.1 0.2

Hopludult
(North Carolina)
3 8 % clay
Paleudults
Peru):
10% clay
6 % clay
^Haplustoll
(Hawaii)
1-0 > 7 0 % clay

(ppm)

Fig. 2. Examples of P-sorption isotherms determined by the method of Fox and Kamprath (1970)
(Sanchez and Uehara 1980).

(TSP). Although P is generally the limiting element, other nutrient deficiencies
of nitrogen, potassium, sulphur, calcium, and magnesium are common (Fig.
3) (CIAT 1978). In addition to these nutrient management problems, there is
also the problem of aluminium and manganese toxicity.

204

WHITHER SOIL RESEARCH
no
COMPLETE
(1.44 g/POT)
100

10

o

_J

>Id

60

>

£

40

20

0
-P

-S

-B

-Co - N
MISSING

-K

-Cu

-Mo -Zn

-Mg

NUTRIENT

Fig. 3. Response of Centrosemaplumieri to missing nutrient elements in the Santander Ultisol (drymatter production, first cut; mean of four replications.) (CIAT 1977).

Soil Fertility Constraints in Africa
Phosphate immobilization is not as serious a problem in African as in
Latin American soils, particularly the Oxisols and Ultisols (Moormann and
Greenland 1980). With suitable varieties and nonlimiting soil physical
conditions, excellent phosphorus responses are obtained and high yields
maintained. Severe phosphate fixation may be a problem in the extremely
acid Oxisols and in some Ultisols with high active aluminium. However, Le
Mare (1979) has shown that in many Ultisols and Alfisols in West Africa most
added phosphate remains in equilibrium with the soil solution for several
months after addition and is available to crops. Pichot and Roche (1972) and
Kang and Fox (1979) have reported substantial responses to phosphate on
Alfisols and Ultisols in West Africa.
When fertilizers are used during a cropping period of a few years before
fallow regrowth, increased acidity does not become a problem and the cations
depleted by leaching and crop removal and nitrification of added nitrogen
fertilizers should be restored by recycling of basic cations through the fallow
vegetation. If the cropping period is prolonged, however, depletion of basic
cations and acidity development can become serious (Greenland 1974). This is
a greater problem in the wetter areas on Ultisols and Oxisols. Low rates of
lime (1 ton/ha) have given substantial responses in eastern Nigeria (Juo and
Uzu 1977). But because lime is scarce and expensive in the area, the responses
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are not necessarily economical. Alternative liming materials must be sought. If
trees are not grown in succession to food crops, they could be grown
elsewhere, ashed, and the ash used as soil amendment (Greenland 1974).
Zinc and copper are present in very low amounts in the Alfisols and
Ultisols developed from basement complex rocks and sediments in west Africa
(Cottenie et al. 1979); deficiencies of those elements must be anticipated with
continued cropping or with injudicious use of liming materials. Early liming
experiments using high rates failed, probably because of induced
micronutrient deficiencies (Juo and Uzu 1977).
Technology Constraints in Latin America and Africa
The highly water-soluble or citrate-soluble phosphates are not effective as
P sources for crops grown on soils having a high P-retention capacity (Fenster
and Leon 1979). In addition, most of these materials are either imported or
manufactured in country some distance away from the potential new land
areas; thus, transport costs are quite high. The net result is that high-analysis
P is usually too costly as well as inefficient to use on the high P-retention soils
of the interior.
Technology of phosphate rock for direct application. There are numerous
phosphate deposits located throughout Latin America and Africa. Direct
application of finely divided phosphate rock, using where possible indigenous
phosphate deposits, may be one of the cheapest ways to supply P to crops
grown on the acid Oxisols and Ultisols. There are certain advantages to this
approach, particularly for development of deposits containing highly reactive
rocks which are located in land-locked regions or are in close proximity to
important agricultural areas. Under such circumstances, this approach may
offer an attractive alternative to conventional phosphates because (1) the
technology is relatively simple and can employ local expertise for operation;
(2) capital costs are low (Peng and Hammond 1979) and energy requirements
are about one-third that of conventional phosphates (Davis and Blouin 1976);
(3) production costs are scale-neutral; and (4) it represents the quickest and
perhaps cheapest way to start the development of a basic phosphate industry
in a developing country, particularly where local phosphate deposits are
known to exist. However, this approach has certain distinct disadvantages
which cannot be ignored. The most notable of these are:
a. The phosphate content in phosphate rock is often considerably less than
that found in high-analysis conventional phosphates, thereby limiting its
competitiveness for markets at increasing distances from the mine site
(Hill et al. 1978).
b. Phosphate rocks have a limited scope for use and, since they vary in
reactivity, their agronomic effectiveness is strongly influenced by soil,
crop and climatic conditions (Russell 1973; Peng and Hammond 1979).
c. The handling properties of finely divided rock are often objectionable.
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Also, acceptance of phosphate rock for direct application is handicapped
by lack of widely recognized chemical tests for evaluating the agronomic
suitability of various rocks and by the fact that current agronomic and
economic methods take into account only its immediate benefits and not its
residual and long-term benefits.
Agronomic results of phosphate rock for direct application. IFDC and
CIAT have done a considerable number, of greenhouse and field trials in
Colombia. These results can be summarized as follows. On the basis of
chemical tests the phosphate rocks used for direct application were grouped
according to reactivity:
a. High reactivity

United States (North C a r o l i n a ) , Peru
(Sechura), Tunisia (Gafsa)
Colombia (Huila), United States (Florida)
Colombia (Pesca), United States (Tennessee).

b. Medium reactivity
c. Low reactivity

Rocks of high reactivity were sometimes superior to TSP when compared
with unlimed acid soils. Basic slag was also superior, while Huila rock was
inferior (Fig. 4).
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Fig. 4. Effect of phosphorus on Panicum maximum dry-matter prouction (sum of 3 cuts) grown in
the Carimagua Oxisol without liming in the greenhouse (Hammond 1977). % P = Citratesoluble P of total P present. RAE = Relative Agronomic Effectiveness.
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Long-term field tests (16 months) on grassland revealed that TSP gave
higher yields only for the first cutting; afterwards all rock phosphates
increased their effectiveness with time, approaching or surpassing TSP during
the third and fourth cuts.
First-crop responses vary according to crop and rock source. In general
the high reactivity rocks are nearly as effective as TSP, while the medium and
low reactivity rocks are generally less effective, although a substantial
response was obtained with each source.
Field experiments with beans were continued through three crops (18
months). The data show that the effectiveness of all the rocks increased with
time, relative to TSP, and highly reactive rocks were more effective than TSP
for the second and third crops and the total of three crops.
Thus, a fairly clear pattern emerges; reactive rocks are often as effective or
nearly as effective as TSP on the acid soils of Colombia and may be more
effective on unlimed soils. The phosphate rocks tend to show stronger residual
effects than TSP, and the reactivity classification of the rock becomes less
important with time. Even low reactivity rocks may have good long-term
effectiveness.

Research Priorities for Latin American and African Soils
Oxisols and Ultisols are potentially very productive soils. However, to
achieve their full potential will require removal of several constraints by:
alleviating the soil acidity problem, developing rapid techniques to estimate P
sorption potential of a soil, and identifying an effective and economical
phosphorus management programme.
Alleviation of Soil Acidity Constraints with Lime
As crop production intensifies and fertilizer use increases, soil acidity will
become a major constraint to higher crop yields, in both lowland and upland
situations. Two approaches are suggested to alleviate this problem: one is to
use lime to neutralize some of this acidity; the second is to develop cultivars
and/or crop management practices that will minimize these effects.
To quantify the lime requirements for a given soil subjected to a given
crop management system, research needs to be intensified especially in these
areas:
a. Standardization of tests. Tests for determining lime requirements
should be standardized. (Some researchers feel that the use of a 1 N KC1
extractable aluminium is the most practical criterion, and the use of pHbuffered solutions as criteria should be eliminated.)
b. Conversion factors. The most appropriate factor(s) for converting
extractable aluminium to tons of lime/ha for specific soil-forming systems
should be determined.
c. Aluminium saturation. Critical levels of aluminium saturation for the
main agricultural crops and cultivars should be established.
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d. Value of residual lime. The number of long-term lime trials should be
extended to evaluate the residual effects and downward movement of lime
with time. This is particularly important for those areas where exchangeable
aluminium in the subsoil is extremely high.
e. Local lime deposits. Local lime deposits should be located and
evaluated for their potential usefulness in agriculture.
Alleviation of Soil Acidity Constraints without Lime
In many cases, the addition of lime at the desired level will not be
possible, because of the economic reasons. In such cases, research should be
initiated to:
a. develop cultivars tolerant to high levels of aluminium saturation. The
objective should be to minimize or eliminate lime requirements and
promote root development in the subsoil, thereby reducing water
utilization and minimizing susceptibility to short-term drought.
b. develop cropping systems, including fallow or tree crops that will
minimize the detrimental effects of high levels of active aluminium.
c. determine the effectiveness of reducing the level of aluminium saturation
without necessarily raising soil pH by addition of gypsum, single
superphosphate, ground rock phosphate, calcium and magnesium
silicate minerals, and locally available silicate slags.
Development of Techniques for Routine Estimating of Phosphorus
Absorption
The isotherms (Fig. 2), although theoretically sound, are very much
limited to the laboratory. The time requirement of 6 days and the analytical
precision required to determine fractions of a ppm prevent their routine use in
soil-testing laboratories (Sanchez and Uehara 1980). Ways must be found to
do this type of work on a routine basis.
Development of Low-cost Phosphate Management for Oxisois and Ultisols
It has been proved that finely divided phosphate rock is an effective lowcost source of P for the highly acid soils. Evaluations of this type should
continue but should be related to a specific phosphate deposit and the
resource endowments of the target area.
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Some Experiences in
Soil Fertility Management in India
G.S. SEKHON*

Abstract
INDIAN soils are poor in nitrogen. Application of nitrogen is universally
beneficial but its recovery is particularly low in rice. Use of ammoniacal
fertilizers, split application, depth placement, use of nitrification inhibitors
including neem (Azadirachta indica Juss), slow release materials, pellets and
foliar applications in certain situations have been found beneficial.
About 46% soils, are low and 52% medium in phosphorus. In neutral and
alkaline soils, a high degree of water solubility is needed in phosphorus
materials. In acidic soils, rock phosphate can be used alone or in mixture
with soluble material. Discount can be allowed for phosphorus applied to
the preceding crop.
About 20% soils are low and 42% medium in potassium. Continuous
cropping without added potassium decreases available K. The possibilities of
manufacturing potassium schoenite have been examined.
Calcium and magnesium deficiencies found in acid soils can be corrected
by liming. Sulphur deficiency is found in coarse-textured soils, particularly
those growing oilseeds, pulses and legume forages.
Intensification of agriculture has caused widespread deficiencies of
micronutrients, particularly zinc. To correct zinc deficiency, zinc sulphate is
generally recommended for application before planting. A single application
benefits two to six successive crops.
More efficient recycling of wastes in agriculture and increased usage of
biological nitrogen-fixers will attract increasing attention in the future. There
is need to refine information on efficiency of fertilizer nitrogen, minimum
desirable water-solubility in phosphorus materials and nutrient requirements
of crops other than cereals. Nutrient indexing surveys oh bench-mark soils
will help monitor changes in soil fertility for its efficient management.
SOIL fertility situation in India at about the time of Indian Independence, 35
years ago, was reviewed by Stewart (1947). It was then known that the
lateritic soils occurring on the summits of hills in the central, southern and
eastern India were relatively less fertile and tended to be deficient in all the
macro-nutrients, nitrogen, phosphorus and potassium. Black soils tended to
be deficient in nitrogen and organic matter, but were potentially rich and
productive; lack of adequate rainfall being the principal limiting factor in
crop production. Alluvial soils had high productivity but their agricultural
utilization under irrigation was complicated by the problem of salinity.
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The early experimental work on manuring suffered from inadequate
planning and dearth of observations during the crop growth. Yet it permitted
the following generalizations:
1. Indian soils are generally poor in nitrogen.
2. The different forms of fertilizer nitrogen are nearly equally efficient.
3. For long-duration crops, such as sugarcane and cotton, split
application of nitrogen is beneficial.
4. Drilling or placement of cakes and possibly ammonium sulphate at the
side of and slightly distant from the plant rows, under rainfed conditions, is
superior to broadcast application.
5. Indian soils do not require phosphates, but legumes, particularly
Egyptian clover, shallow-rooted wheat crop, in certain parts of the Punjab,
and crops raised in light-textured red soils respond to fertilizer phosphorus.
6. Deep placement of phosphate is advantageous.
7. The data on the relative merits of different forms of phosphates or on
the need for their pre-treatment are insufficient.
8. Most Indian soils, apart from the laterites, are relatively well supplied
with potassium, but the response to potassium in the presence of adequate
supplies of other nutrients has not been adequately studied.
9. In the acid soils of paddy tracts in Bengal, lime has little effect on the
yield of paddy but pulses and oilseeds, grown in rotation with paddy, have a
distinctly beneficial effect from liming.
10. There are indications that trace element deficiencies in Indian soils
may be comparatively widespread, when crop yields are increased following
improvements in irrigation, manuring and the introduction of improved seed
and varieties on a large scale.
11. Even if no dung is used as fuel and if all available waste, organic and
other materials likely to be of manurial value, is carefully conserved and
returned to' the land, supplies would still be inadequate to improve and
maintain soil fertility at a high level of crop yield. Crops differ in the
magnitude of their response to dressings of farmyard manure, e.g., sorghum is
more responsive than either cotton or wheat. In certain soils, such as the red
soils of Karnataka, response to fertilizers may be enhanced if they are used to
supplement basal dressings of farmyard or similar bulky organic manures.
In view of the inadequacy of the available information, suggestions were
made to conduct (1) simple experiments in the fields of cultivators to test the
most promising results of past work, and (2) research and detailed
experimental work at carefully selected centres, in addition to the existing
experimental stations. There was no adequate field background for the
laboratory methods used for the estimation of manurial requirements;
therefore, need for extensive correlation of laboratory results and field
experiment data was felt.
The country has registered considerable advances in agricultural
production since then. Food grain production which was barley 50 million
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tonnes in 1950 has now risen above 135 million tonnes. While a part of this
gain is attributed to increase in area under cultivation, particularly during the
period 1950-65, most of it is due to high-yielding varieties and increasing
inputs among which fertilizer is of prime importance. The first ammonia
plant, with a capacity of 3 tonnes per day, was set up for production of
ammonium sulphate near Mysore followed by FACT in 1947 and Sindri in
the early fifties. However, when India's First Five-Year Plan commenced in
1950-51, the consumption of chemical fertilizers was barely 70,000 tonnes.
India now uses nearly 5.5 million tonnes of NPK per annum and hopes to be
able to use much more in the years to come. The demand for food grains is
estimated to rise from 130 million tonnes in 1978-79 to 200-225 million tonnes
by 2000 A.D. This increase in demand for food grains will be matched by an
increase in the requirements of sugar (109%), oilseeds (160%), milk (127%),
cotton (15.5 billion metres), pulses, vegetables and other agricultural
commodities by the turn of the century. The National Commission on
Agriculture (1976) has held that major increases in the production of rice,
wheat, pulses, oilseeds etc. have to come over the years, primarily through
increased yields per hectare as the net sown area is expected to increase only
marginally from 140 million hectares in 1971 to 145 million hectares in 2000
A.D. But the gross cropped area is estimated to increase from 165 million
hectares to 200 million hectares in 2000 A.D. mainly on account of multiple
cropping.
Information leading to the development of the existing technology on soil
fertility management has emanated from research efforts made in various
agricultural colleges and universities. Besides a large number of ad hoc
projects, the Indian Council of Agricultural Research launched the following
coordinated projects in the area of soil fertility management: (i) agronomic
experiments at research stations and on cultivators' fields, (ii) micro-nutrients,
(iii) soil test crop response correlation and (iv) long-term fertilizer trials. The
Central Soil Salinity Research Institute, Karnal, has studied, among other
things, the problems of soil fertility management of salt-affected soils.
Likewise, other ICAR Institutes have contributed to the growth of knowledge
concerning their discipline.
The subject has been reviewed at various times in several articles and
research bulletins. Ramamoorthy et al. reviewed it in 1971. Kanwar (1976)
discussed principles and concepts of soil fertility with many local examples.
The Indian Society of Soil Science has brought out bulletins on Potassium
(1976) and Phosphorus (1979) in soils, crops and fertilizers. Only the salient
aspects of soil fertility management have been described in the succeeding
pages.

Nitrogen
Ghosh and Hasan (1980) prepared a map of nitrogen status of Indian
soils, on the basis of 9.2 million soil test results provided by 250 soil testing
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laboratories, which service was started in 1956, initially with a network of
only 24 soil testing laboratories. Out of 365 districts from which the samples
were collected and analyzed, soils of only 18 districts in the hill regions of
north-eastern India and Himachal Pradesh were high in available nitrogen,
while the soils of 228 districts were low and the rest medium in available
nitrogen. Jenny and Raychaudhuri (1960) had earlier generalized that total N
content in these soils was a function of temperature, rainfall, altitude and soil
texture. Other factors influencing it were deforestation and cultivation,
growing of legumes (Acharya et al. 1953) and continuous addition of manures
(Vig and Bhumbla 1970). During the years, sporadic information has been
collected on the forms of nitrogen in the soils. Inorganic forms consist largely
of NH4-N, some NO3-N and little NO2-N. Organic forms comprise bound
amino acids, amino-sugars and non-hydrolysable nitrogen.
Information on response of field crops to nitrogen is available from
thousands of field experiments conducted at agricultural experiment stations
and on cultivators' fields, largely under the All India Coordinated Agronomic
Research Project and various crop improvement projects of the Indian
Council of Agricultural Research. While nitrogen application is universally
beneficial, tne recovery of fertilizer nitrogen in the crops is variable: it is 4050% for rice, 40-91% for wheat, 25-88% for maize: 26-32% for sorghum, 59%
for sugarcane and 22-44% for jute (Prasad and Thomas 1981). The above
estimates based on the difference between nitrogen uptake by treated and
untreated plots expressed as percentage of applied nitrogen are higher than
the estimates obtained from N studies due to priming effect of addea
nitrogen. The low N recovery is variously attributed to volatilization as
ammonia, leaching of nitrates, denitrification under flooded conditions,
fixation as non-exchangeable ammonia and immobilization by soil
microorganisms.
There is little to choose between various nitrogenous fertilizers, when
applied to upland crops. However, for rice ammoniacal fertilizers have been
found superior to nitrate-containing sources. Methods found suitable for
increasing nitrogen use efficiency are:
1. Split application with various splits synchronizing with peak periods of
nitrogen requirements of crops (Katyal and Pillai 1975). Soil texture is a
determinant for split application in wheat. On heavy soils, a single basal
application may be adequate (Singh and Singh 1966) while more splits are
advisable for more permeable soils (Singh and Sekhon 1976a).
2. Placement, particularly in rice at a depth of 5-8 cm below surface
(Datta and Venkateswarlu 1968; ten Have 1971), application of pellets made
by mixing fertilizer nitrogen with soil (Prasad et al. 1970; Pillai and Katyal
1976) and incubation of 1 part of urea with 6 parts of moist soil for 2-3 days
(Mahapatra 1970).
3. Foliar application of nitrogen in dry lands, submerged rice fields and
on sodic soils.
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4. Use of nitrification inhibitors in rice fields subjected to intermittent
flooding. Besides specific chemicals like N-serve (2 chloro-6-tricholoromethyl
pyridine), AM (2-amino-4-chloro-6-methyl pyrimidine), ST (2-Sulfanilamide
thiazole), some indigenous materials such as neem {Azadirachta indica Juss)
and Karanj {Pongamia glabra) cakes have also been found to retard
nitrification (Sahrawat et al. 1974), except on very light soils of Punjab
(Meelu 1980).
5. Slow-release nitrogen materials like urea-form, oxamide, isobutylidene
diurea and coated materials like sulphur-coated urea, lac-coated urea or neem
cake coated urea reduce leaching and other N losses (Prasad et al. 1971).
6. Urea supergranules and urea briquettes have been found useful in some
places but not in others. Besides, nitrogen-use efficiency appears to depend
upon a good blend of agronomic practices which include appropriate water
management, weed control, plant protection, choice of variety and optimum
plant population.

Phosphorus
Ghosh and Hasan (1979) have estimated that 46% of Indian soils are low
in phosphorus, 52% medium and 2% high. Various workers have attempted
fractionation of phosphorus. Organic phosphorus in Indian soils varies
between 2.6 and 75% of total P (Basu and Kibe 1948) depending upon the
amount of soil humus. Acid soils contain most of the inorganic phosphorus in
the form of Fe-Al phosphorus (Kar and Chakravarti 1969; Kanwar and
Tripathi 1977) while in alkaline soils, calcium phosphate dominates (Goel and
Agarwal 1959; Kanwar and Grewal 1960). Bulk of phosphorus fertilizer is
consumed by wheat and groundnut and by rice in coastal alluvial, laterite, red
and yellow and red loam soils. The efficiency of utilization of nitrogen
increases when applied along with P2O5 (Roy and Kanwar 1979).
Atanasiu and Westphal (1980) have reviewed work on the effect of
different P-fertilizer forms in India within the past 20 years, which is described
in more than 100 Indian publications on the subject. Accordingly, (i) at low Pdosages (less than 60 kg/ha P2O5) the water-soluble or partially water-soluble
P forms with a large water-soluble component work better than do the citratesoluble or partially water-soluble P-forms with a small water-soluble
component. At higher P-dosages, the differences are small or the relationship
is reversed, and (ii) besides pH value of the soil, other parameters influencing
the efficiency of P-forms of different solubility are: the natural supply with
available P of the soil, the level of the applied P-dose, the form of the
concomitant fertilizers, the duration of plant growth, the water supply, the Pfixing capacity of the soil etc.
Rock phosphates of India are of poor quality, hence their conversion to
completely water-soluble forms entails high costs. It is possible to use the new
rock phosphates directly or by adding a small portion of water-soluble P to a
large portion of rock phosphate depending on the soil acidity and cropping
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system (Panda 1980). Mineralogical, chemical and agronomic evaluation of
some of the indigenous phosphate rocks has shown that Mussoorie rock
phosphate possesses the necessary characteristics, suitable for direct
application (Jaggi 1980).
Experiments have been in progress to determine the possibilities of
discounting for the residual effect of fertilizer phosphorus applied to a
preceding crop in the rotation. Greater discount is possible in certain soilclimate and crop situations, more than others.

Potassium
Ghosh and Hasan (1976) on the basis of analyses of 4.5 million samples
collected from 310 districts during 1968-74 observed that available K was low
in 20% soils, medium in 42% and high in 38% soils.
Wheat responses to potassium have been found related to potassium
status of the soil. However, soils in different places tend to behave differently.
While Tiwari et al. (1974) found all soils in Kanpur (U.P.) responsive to an
application of 60 kg K 2 0 per hectare, Stilwell et al. (1975) observed that
application of 30 kg K2O per hectare was adequate for Kalyansona wheat
raised on Punjab soils low in exchangeable K. Mann (1965), Prasad and
Mahapatra (1970), Goswami et al. (1976) have pointed out differences in the
magnitude of crop response to fertilizer potassium between various soil
groups. Generally, laterites, red, red and yellow and mixed red and black soils
are the most responsive of all. Among the alluvial soils, Agarwal (1965) has
found coastal alluvium to be poorer in potassium than the Gangetic alluviums
of Uttar Pradesh. Laterites and lateritic soils are the poorest in potassium.
Within a soil group, the high land soils owing to more leaching and lighter
texture contain less potassium than the low land clayey soils having restricted
drainage.
Crops differ in responsiveness to potassium, plantation crops and potato
are among the potash-loving crops. Banana and papaya respond well to
potassium (Subramanian and Iyenger 1978). Rice and wheat often respond
more to potassium than sorghum and millets. Goswami et al. (1976) observed
that paddy tended to respond to potassium more than wheat. It appears
desirable to determine the critical limits for potassium for well-defined soil
series, encompassing mineral-texture groups, separately for various crops
raised on them.
Continuous cropping without K application has been found to decrease
the content of available K appreciably and increase the influence of potassium
progressively (Singh and Brar 1977; Ghosh and Biswas 1978; Sekhon 1980).
Because of the complexity of soil and plant factors governing changes in
potassium availability, it appears desirable to identify a large number of
bench-mark soils which should be continuously monitored for evolving
appropriate strategies for efficient fertilizer use.
Sinha and Nair (1971) observed that application of potassium increased
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leaf area, potassium content of leaves and starch content of tubers in rainfed
crop of tapioca. Dhindsa et al. (1975) observed that extension growth of
cotton fibre was preceded by potassium uptake; Grewal and Sharma (1978)
observed a marked effect of potassium in mitigating frost injury to potato.
Rana et al. (1976) regarded a high K/Na ratio, a suitable criterion for salt
tolerance. Among the diseases and pests, potassium is known to effectively
reduce 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 (Agarwal et al. 1968), sugary disease of sorghum (Chinnadurai
1971), shoot borer (Sithananthan and Daniel 1972), and eye spot disease
(Rabindera and Kumaraswamy 1978) of sugarcane, Tikka leaf spot disease of
groundnut (Balasundaram et al. 1976) etc. It appears pertinent to define
critical limits of potassium in stress and disease-prone areas: these critical
limits will be conceivably higher than for adjacent non-stress situations.
Potassium chloride accounts for nearly 99% of the fertilizer potassium
used in India. Potassium sulphate is imported in India primarily for
fertilization of virgina tobacco because of its effect on quality. Grewal and
Sharma (1978) have observed that yield of dry matter and starch in potato
was higher when K was supplied as potassium sulphate rather than potassium
chloride (or schoenite). Possibilities of manufacturing potassium schoenite (a
double sulphate of K and Mg) from bitterns of the sea or salt lake have been
examined by Datar (1966) and Mehta et al. (1977). Manickam et al. (1965)
suggested the use of kiln dust as a source of potassium. Wood ash, plant
residues, distillery wastes and blast furnace dust have been similarly discussed
by Ghosh (1976). Feasibility studies on continued availability and use
efficiency of these materials remain to be undertaken.

Secondary Nutrients
Introduction of high-yielding varieties, use of high-analysis fertilizers,
increase in irrigated area and introduction of multiple cropping have all
tended to cause widespread deficiencies of secondary nutrients.
Calcium
Calcium deficiency is most common in acid soils which cover about 30%
of the total area in India, more so, in laterites and various latosolic soils, e.g.,
podsols and many podsolized Himalayan and sub-Himalayan forest soils. The
acid soils are deficient in calcium, the degree of saturation being usually 2025%. Efforts to raise the production of rice by liming acid soils (pH 5-6) have
generally resulted in little response. However, in very low pH soils (below 5),
some response of lime in paddy has been obtained. On the basis of response to
lime, Mandal et al. (1966) have classified upland crops into three broad
groups: (i) high response group, e.g., arhar, soybean, cotton, (ii) medium
response group, e.g., gram, lentil, peas, maize, sorghum and (iii) low or no
response group, e.g., paddy,millets, mustard. Kanwar and Bhumbla (1959)
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proposed a graduated scale for lime needs of soils different in pH sand texture.
The results summarized by Mandal et al. (1975) conclusively show that
NPK becomes highly effective in increasing crop yield in a limed acid soil
compared with unlimed soil. Lime carriers when applied on equivalent lime
basis were equally effective in increasing crop yields.
Magnesium
Magnesium deficiency is also of importance in the acid soils. The MgO
content in the acid soils of India is low varying from less than 0.1%, the
average being 0.3 to 0.6%. Crop responses to applied Mg have been reported
either on acid soils (pH < 6) or on sandy soils which have low amount of
exchangeable Mg.
Sulphur
The available S status of soils in India varies widely; light-textured soils
or soils in those areas which are intensively cultivated and are under multiple
cropping are deficient in S. Responses to S application have also been studied
under field conditions by Dalai et al. (1963), Sanjeevaiah (1969), Pathak and
Pathak (1972), Verma et al. (1973). According to Pasricha and Randhawa
(1973), 25 ppm S was sufficient for Raya. Aulakh et al. (1977) observed that
on loamy sand (udic Ustochrepts) deficient in N and S, maximum grain yield
was obtained with application of 30 kg S/ha applied as gypsum along with
120 kg N/ha.

Micronutrients
Deficiencies of micronutrients in Indian soils have gradually surfaced with
rise in intensity of cultivation, wider adoption of high-yielding crop varieties
and increased usage of high-analysis fertilizer materials. Kanwar and
Randhawa (1974), Takkar and Randhawa (1978) and Katyal and Sharma
(1979) have recently reviewed micronutrient research in India. Accordingly,
zinc deficiency is the most widespread, although deficiencies of all
micronutrient elements except chlorine have been reported.
Zinc
Generally, the less weathered alluvial soils of the North contain greater
amount of total zinc than the more weathered red and laterite soils derived
from granites in the South. Within a soil group, total zinc content has shown
a certain correspondence with a content of clay.
Water-soluble, exchangeable, complexed and chelated fractions together
constitute the available zinc. Most of the analyses during the last decade have
accordingly been done with DTPA/EDTA. These have shown higher
frequency of zinc deficiency in soils of high pH (>8.5) or alkali soils, high
CaC03 (>0.5%), low organic matter (<0.4-0.5%), and low clay content (sand
or loamy sand). Severe deficiency of zinc in sodic and flood plain or wet soils
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of India is largely attributed to fall in water-soluble or/and available zinc.
Soils testing less than 0.7 ppm DTPA extractable zinc are invariably zincdeficient.
Removal of zinc-rich top soil in the process of land levelling or due to
erosion, poor drainage as in many paddy soils, cold weather, and excessive
buildup of antagonistic ions like phosphate accelerate zinc deficiency. The
most efficient method of correcting zinc deficiencies is a treatment of the soil
with the zinc-containing fertilizers before sowing or transplanting. The
optimum amount of zinc varies from 2.5 to 20 kg zinc/ha. Single application
may benefit 2-6 succeeding crops through residual available zinc. Among the
sources of zinc, hydrated zinc sulphate is the chief carrier of zinc in India.
Iron and Manganese
The grey-brown, yellowish-brown, red foot-hill and black soils have
comparatively more Fe and Mn than other soil groups of arid and per-humid
regions. The content is also related to clay and its nature, (particularly
montmorillonite), content of CaCCh and extent of leaching. Significant
positive relationship between total Fe and total Mn indicates them to be
functions of the same pedological factors.
Reducible, exchangeable and water-soluble forms of these elements have
attracted the attention of several investigators. However, on the basis of
DTPA extractable Fe and Mn, about 28% soils of Madhya Pradesh, 21% of
Delhi, 16% of Tamilnadu, 15% of Kerala, 13% of Haryana and less than 8%
of other states are deficient in Mn. The soils deficient in Fe were mostly in
Delhi (60%), Haryana and Tamilnadu (19%), Punjab (16%), Uttar Pradesh
(15%), Kerala (12%) and Gujarat (11%). The wheat and berseem crops grown
in succession to rice on some coarse texture, alkaline soils testing less than 2
ppm DTPA extractable Mn have shown deficiencies on a field scale (Takkar
and Nayyar 1981). On the other hand, toxic amounts of manganese have been
detected in areas affected by Kosi floods in north Bihar and of iron in Orissa.
The usual remedy to alleviate iron deficiency consists of foliar application
of 1-3% iron sulphate spray. In sandy soils, treatment with quick decomposing
organic manures is recommended.
Copper
Black soils, particularly deep black soils of Gujarat, have high contents of
copper and shallow red soils are low in copper. Fine-textured soils have more
copper than their light-textured neighbours. On the basis of DTPA
extractable copper, 77% of Haryana soils, 67% of Uttar Pradesh, 58% of
Madhya Pradesh, 55% of Punjab, 54% of Andhra Pradesh, 42% of Bihar,
32% of Tamilnadu, 26% of Gujarat, 21% of Rajasthan and less than 20% soils
in other states have been found to be deficient in copper. Soil pH, organic
matter, calcium carbonate, soil texture and total copper content strongly
influence the availability of copper.
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Boron
The relative abundance of various soil-forming B minerals in the parent
material largely determines its content in a soil; it is not dependent on soil pH,
organic matter and CaCOi content. The quality and quantity of irrigation
water and fertilizer amendments used for crop production considerably
influence B content of soils (Sastry and Viswanath 1946; Kanwar and Singh
1962). Soils of the arid regions, including salt-affected soils, have higher
content of B than acid and normal soils. About 70% of Tamilnadu soils, 50%
of Bihar, 20% of Madhya Pradesh and less than 6% soils in other states are
deficient in available B.
Molybdenum
Available molybdenum is usually deficient in highly acidic, and toxic in
highly alkali/saline soils. The available Mo content has been found to increase
with rise in soil pH (Singh and Singh 1966). Liming of reddish chestnut and
grey-brown podzolic soils of pH 5.5 increased available Mo (Nayyar 1972).

Soil Fertility Management in Semi-arid Tracts
Efficient management of soil fertility in semi-arid tracts is intimately
linked with optimizing of their farming practices and management of rain
water. Water is the first limiting factor in such areas and provision of a single
"life-saving irrigation" through water harvesting which is possible in most
situations (although at some expense) stimulates a favourable chain reaction.
Bunding the field to avoid runoff, ploughing it timely to increase water intake
and controlling the weeds also increase moisture in the soil profile and
promote crop yields. The adoption of various moisture conservation practices
in these tracts helps in enhancing the fertilizer-use efficiency. Soil properties
too are a factor in determining the optimum amount of fertilizer. Thus at
Hoshiarpur (Punjab), wheat crop raised on soils of high moisture storage
could make a profitable use of 80 kg N/ha but in soils of low moisture
storage, half of this amount was adequate (Singh et al. 1975). Evidence has
also been presented that while low P soils respond to an application of 60 kg
P20s/ha, medium and high P soils do not give a profitable response.
Similarly, low organic carbon soils appear to need 50% more fertilizer
nitrogen than medium organic carbon soils. It has also been observed that
drilling whole of the nitrogen at sowing is slightly better than drilling half of
the nitrogen at sowing and spraying the other half on the foliage, but in
maize, split application of N is equally effective (Meelu et al. 1976). Chaudhry
and Prihar (1974) have reported that banded fertilizer is significantly superior
to broadcast application in such situations. According to Kanwar (1980),
dryland farmers are becoming interested in the use of fertilizers for dry farm
crops but their first preference is for high-value, market-oriented crops, highyielding cereals and for lands with better moisture-storage capacity capable of
giving stable yields and assured returns.
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Soil Fertility Management in Salt-affected Soils
Salt-affected soils of the Indo-Gangetic plains are generally low in N,
medium in P and and moderate to high in K. Certain trace elements also
present problems either of toxicity or of deficiency, notably of zinc, copper,
manganese, boron and lithium (Yadav 1980). Dargan (1979) reported that 150
kg N/ha was the optimum dose for rice and wheat crops and that amongst the
nitrogenous fertilizers, ammonium sulphate gave better results than either
urea or calcium ammonium nitrate. Pathak et al. (1975) and Dungarwal et al.
(1973) also observed higher efficiency of ammonium sulphate and ammonium
sulphate nitrate in such soils. Studies at the CSSRI, Karnal, show that
phosphorus supply in the sodic soils is adequate for meeting the crop
requirements during the initial years of their reclamation but that the supplies
run out within a few years of starting reclamation. According to Kanwar and
Randhawa (1974) zinc deficiency is widespread in the sodic soils. Field
experiments have confirmed the beneficial effect of the application of zinc
sulphate to these soils. Singh et al. (1979) have observed significant interaction
between P and F. Addition of P has been found to alleviate the adverse effects
of F, decrease the Na content and increase Ca, Mg,K and P contents of plants.

Irrigation Water-Fertilizer Interactions
Nitrate-nitrogen moves freely with water. Heavy irrigation at greater
intervals leaches a large amount of unutilized NO3-N beyond potential rooting
zone. Lighter and more frequent irrigations and increased number of nitrogen
splits minimize these losses particularly in soils of high permeability and low
water retentivity (Singh and Sekhon 1976b). Controlled experiments and
theoretical computations have shown (Prihar and Sandhu 1980) that
maximum concentration of surface-applied mobile nutrient displaced with
water occurs at a depth about which soil water storage equals infiltration
irrespective of the initial soil water content. Therefore, where water supplies
are copious, care should be taken to reduce leaching losses through controlled
irrigation, especially on sandy soils. Flooding or excessive wetness of soil in
standing crops (other than paddy) reduces yield by reducing nutrient uptake.
Excess water should be drained out within one day from maize field and
within two days from wheat field to minimize yield losses on this account.
Younger crops suffer greater yield reduction from excessive wetting.
In the domain of limited water supplies, crop yields are a linear function
of water use and there is a need to rationalize fertilizer use in relation to
available water supplies. Excessive doses enhance early vegetative growth and
the crop suffers from lack of water in the later stages which reduces yield.

Agronomic Practices and Fertilizer Use
Adoption of improved agricultural practices leads to more efficient
utilization of fertilizers by crop plants and greater dividend on investments in
fertilizers. Thus, a good seedbed which ensures better germination, growth
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and development of a crop, is likely to lead to a larger response to fertilizer
application. Kanwar et al. (1972) indicated that high-yielding varieties had not
only greater yield potentials but somewhat larger response to fertilizers.
Optimum dates of sowing, seed size, depth of sowing and methods of sowing
are all important in getting optimum yields of crops and maximizing returns
from applied fertilizers. Dhillon (1968) has emphasized optimum plant
population of maize in securing maximum efficiency of fertilizer nitrogen.
Weed infestation causes much loss of nutrients and affects the efficiency of
fertilizers. Similarly, insect and disease control is an important determinant of
crop yields and hence of the efficiency of fertilizer use. Balanced fertilizer
application ensures larger returns on investments in fertilizers and has been
found to even reduce leaching losses of fertilizer nitrogen (Singh and Sekhon
1976c).
Field trials have brought out that fertilizer use is more efficient when it is
done on soil test basis. Currently, about 295 soil testing laboratories are in
operation under the control of State Departments of Agriculture,
manufacturers of fertilizers and agricultural universities. Soil test information
for an area has been utilized to compute nutrient indices helpful in preparing
area soil fertility maps. Examples of correcting nutrient imbalances following
this approach have been provided by Velayutham et al. (1980). The experience
of targetting crop yields indicates that the predictability was reasonable when
targetted yields were moderate.
Field observations suggest that fertilizer needs of a soil for growing a crop
are often enough modified by the preceding crop in the cropping sequence.
The nature and extent of modification appears to be a function of the kind of
crops in the sequence, crop season and soil fertility status.
There has been considerable interest in recent years in making fullest use
of renewable resources, to decrease dependence on synthetic fertilizers.
Introduction of more and more legumes in the cropping sequence and return
of all rural and urban wastes to the soil have been emphasized. Bio-fertilizers like
blue-green algae, azolla and azotobacters have been tried with varying success.
More work on most economic use of available fertilizers and indigenous
alternatives is indicated, in an effort to raise better crops with lesser inputs.

Epilogue
The future portends intensification of agriculture. Accordingly, the
crop lands now producing modest yields will be managed to produce
more in terms of intensity of both cropping and higher yields of crops
grown in sequence. The tracts of low crop yields, among them semi-arid lands
and marginal soils, will have to produce more for themselves and for the sake
of a stable agriculture. This will involve, in the long run, a more efficient
recycling of rural and urban wastes and increased usage of biological nitrogen
fixers but in the short run, use of sufficient additional quantities of fertilizers.
Increasing efficiency of fertilizer nitrogen, particularly in rice, will
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continue to engage attention. Better information will become available on the
desirable minimum water solubility in phosphorus materials applied alone or
in conjunction with materials of higher water solubility. There will be greater
emphasis on the discount to be made for previous phosphorus application.
Deficiencies of phosphorus, potassium, zinc, sulphur and some other micronutrients will accentuate in areas now deficient or only marginally sufficient.
This will necessitate monitoring of changes in the availability of plant nutrients
on an adequate number of bench-mark soils.
Soil fertility investigations will become more diversified. Nutrient
requirements of pulses and oilseeds, fodders and fibre crops will receive
increasing attention. Fertilizer-farming practice interactions will be studied in
greater depth. Soil testing methodology and practice will improve. Surveys for
nutrient indexing of fruit plants will be taken up.
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Fertilizer Use and Environmental Quality
in the Tropics and Subtropics
RAMENDRA SINGH AND B.C. BISWAS*

Abstract
THE question of environmental pollution by fertilizer use in tropics and
subtropics has been dealt with critical detail. Possible ways of enrichment of
surface and groundwaters with nitrates, phosphates and potash contributed by
well-fertilized agricultural lands under intensive cropping are reviewed. It is
suggested that current levels of fertilizer use and their likely levels in the
future with better management practices would pose no threat to
environmental quality. Many suggestions for future research and development
have been made so that fertilizers should not become a source of environmental
pollution.
FERTILIZER has been acknowledged as a vital input in both the developed and the
developing countries to achieve higher foodgrain production. The increasing
level of fertilizer consumption has, however, alarmed some of the
environmentalists with the fear of environmental pollution. This is a very
important subject and needs to be considered from three angles, viz., need for
fertilizer use, fertilizer-soil-plant interaction, and environment-related factors.
Fertilizers (as we consider here as carriers of macro-nutrients) when applied to
the soil judiciously meet the nutrient needs of the crop, but not all the quantity of
the nutrients supplied is utilized by the crop and there remains some residual
quantity in the soil. The fertilizer-use efficiency is determined by the management
practices adopted, apart from the interaction of fertilizer-soil-plant-climatic
factors. Crop productivity depends on fertilizer-use efficiency; the better the
fertilizer-use efficiency, the less the chances of residual activity. This is where the
consideration of environmental quality comes into picture.
Scientific reports from temperate regions (FAO 1972) have linked the
enrichment of nitrates and phosphates in the ground and surface water to the
applied and residual quantities of nitrogenous and phosphatic fertilizers. Many
of these reports have indicated high levels of nitrates (10 ppm NO3-N standard of
WHO) in potable water. It is well known that the consumption of high-nitrate
water leads to infantile methemoglobinemia. Ingested nitrate is converted to
nitrite, leading to this malady. In the case of surface water, nitrates and
phosphates and other nutrients carried within or from the soil may lead to
luxurious algal growth and resultant eutrophication problems.
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Taking a cue from the reports from temperate countries, the question of
environmental pollution by fertilizer use in India has been considered from time
to time. The critical reviews in India (Kanwar 1972b, c; Singh and Sekhon 1977a;
Singh and Sekhon 1978c) indicate that fertilizer use has not contributed to any
kind of environmental pollution. The 1975 report of CAESB from Brazil
indicated that the natural lakes in central Brazilian plateau were in delicate
balance even with relatively small background-nutrient loads. Bradley and
Cabral (1979) struck a note of caution by adding that a slight increase in nutrient
loads caused by agricultural practices, waste discharges or even natural
precipitation might trigger off accelerated eutrophication. Saad (1973) from
Egypt reported pollution of the Mariut lake as it continuously received drainage
waters rich in P fertilizers, untreated sewage and industrial waste.
An attempt has been made here to critically review the position afresh on a
global basis both for the tropics and the subtropics.

Soil and Climate, Crop and Cropping Pattern and Fertilizer Use
Soil and Climate
Almost all major soil groups are found in the tropics. Salt-affected soils
(both inland and coastal), acidic soils of arid and semi-arid areas, deep-water
paddy soils are the problem soils. The fertilizer use in problem soils is very low
but in the Entisols, Vertisols, Oxisols, and Ultisols it is fairly high on account of
intensive agriculture.
Tropical soils are generally low in organic matter and CEC. The texture of
the soils is generally coarse having higher percolation rate conducive to nutrient
losses. Mineralization rate of organic matter and nitrification of applied 'N' is
generally very high though it is less pronounced in highly acidic soils of tropics
which may have high anion retention capacity too. Maintenance of organic
matter is a problem in the tropics, with the resultant nitrate-formation. Some
soils have impervious layers below the surface while others have very high water
table. In impervious soils, leaching of N does not occur. Generally, in the soils of
high water table as well as those affected with salts fertilizer use is very low.
Rainfall in the tropics is either too high or too low. High total rainfall with high
intensity in short periods causes runoff and heavy losses of soil and plant
nutrients. Uniformly high temperature quickens the mineralization rate of soil
organic matter and nitrification rate of applied ammoniacal N fertilizers.
The fertilizer use is very low in both very low and high rainfall areas. The
pollution hazard through fertilizer use in these areas is, therefore, out of the
question. The potential problem of environmental pollution by fertilizer use is
basically limited to areas with moderate rainfall and assured irrigation where
fertilizer use is on the increase.
Crops and Cropping Pattern
Rice is the predominant crop in tropical and subtropical countries. Other .
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important crops are maize, wheat, barley, sugarcane, cotton, potato, tobacco,
millets, pulses and oilseeds, plantation (tea, coffee, cocoa, rubber, coconut,
oilpalm, cassava etc.) and fruit crops (citrus, mango, banana, grapes, etc.).
In deep-water paddy (about 25-30% of total rice area), fertilizer application
is a problem, while in rainfed rice, its use-efficiency is low. Due to alternate drying
and wetting, more NOJ losses take place in rainfed rice.
Fertilizer-use efficiency being higher in wheat, the fertilizer use in wheat is
expected to increase. In millet, pulses and oilseeds, fertilizer use is very low.
Pasture cultivation is not very popular in tropics. In some plantation crops, good
amount of fertilizers is used with fairly high level of efficiency.
Rice-rice, rice-rice-rice, rice-wheat, jute-rice-wheat, jute-potato, sugarcane
(main crop)-sugarcane (ratoon), wheat-sorghum, maize-potato-wheat-maize are
some of the cropping sequences followed in the Indian subcontinent. Rice-wheat
is very common in Egypt and Near East countries. In Egypt, yields of rice, wheat,
maize and cotton are quite high. Brazil grows rice, maize, wheat, cotton,
sugarcane, potato, but the yields are not so high. South Africa grows maize,
wheat, rice, cotton, etc. with average yields. Cotton yields are high in Israel and
Iran. In all Far East tropical countries like Burma, Thailand, Indonesia,
Philippines, rice is the main crop.
Fertilizer Use
Fertilizer use in tropics first started in plantation crops. Introduction of highyielding varieties of cereals and millets in the mid-sixties helped increase fertilizer
use. Table 1 shows that the fertilizer consumption (kg/ha) of arable land in some
of the tropical and subtropical countries is lower than the world average (75
kg/ha) and much less than that of some of the developed countries, such as the
Netherlands (743 kg/ha) and Japan (450 kg/ha). There may also be wide
variations in fertilizer use within a particular country. The fertilizer consumption
Table 1. Fertilizer consumption (kg/ha) of arable land in some tropical
countries, 1978-79
Country

N

P2O5

K2O

Nutrient
(kg/ha)

Brazil
Peru
Mexico
South Africa
Egypt
India
Philippines
Pakistan
Israel

17.4
28.9
32.4
25.9
172.8
17.7
25.4
34.2
102.1

37.4
4.8
11.1
27.9
30.6
5.6
6.1
9.5
49.0

24.4
3.7
2.4
8.9
1.3
3.3
7.0
0.4
53.0

79.1
37.4
45.9
62.7
204.8'
26.7
38.5
44.1
204.1

36.4

21.5

17.5

75.4

World

Source: FAO (1979).
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during 1980-81 in major states in India ranged from 0.4 to 226 kg/ha. Crop
productivity is related to fertilizer consumption. Egypt with higher fertilizer
consumption produces very high yields of crops. The same is true of Israel. South
Africa and Brazil with moderate fertilizer use have medium crop productivity. In
the Ludhiana district of Punjab where the wheat and rice yields are the highest in
the country, the highest amount of fertilizer is used. The rest of the tropical
countries have low average productivity with fertilizer use also being low. It is
apparent that if at all a pollution problem is created by fertilizer use, it may not
manifest itself in vast areas of the country but may pose a problem only in higher
fertilizer-use areas where soils are coarse-textured and are frequently irrigated.
However, one has to be watchful of the situation where there is a probability of
such a problem occurring.

Fate of Applied N, P and K Fertilizers in Soils
It is of fundamental importance in the context of pollution to discuss the fate
of applied N, P and K nutrients through fertilizers in tropical and subtropical
farming system. Due to generally low organic matter content of the soil, high
temperature, moderate to high intensity rainfall of monsoonal type, alternating
wet and dry periods and rolling topography, the loss of soil and nutrients either in
surface runoff or through leaching below the root zone is generally higher than in
temperate region soils.
Nitrogen
The fate of applied fertilizer N in soil is depicted in Fig. 1. There are six basic
reactions which applied nitrogen undergoes in soil (modified from Kanwar
1972b).
a. Utilization by crops in NH4 as well as NO3 form. Initial chemical form of
the added fertilizer N (other than ammoniacal and nitrate form)
undergoes transformation into NOJ form.
b. Incorporation into organic matter and immobilization.
c. Release from unusable organic forms into inorganic ones
(mineralization).
d. Transformation into inert gas and lost through volatilisation.
e. Lost out of the root zone of the plant by leaching
f. Lost in surface runoff and soil erosion.
The last two processes are important from the point of environmental
quality considerations. Leaching losses of nitrate or surface runoff of nitrogen in
different forms pose a threat to pollution of groundwater and surface waters,
respectively. Different forms of nitrogen added in organic or inorganic forms are
quickly mineralized through chemical and microbial action first into NH4 form
and then into NOJ. The conversion rate of mineralization is quite rapid in
tropical and subtropical cultivated soils. The NOJ so formed may become prone
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Fig. 1. Schematic representation of the fate of soluble and slow release N in the soil, and
relationship to the soil organic N pool, PARR (1973).

to leaching if it is not taken up by plants or denitrified. The rate of leaching of
nitrates is thence governed by the rate of percolation of water (downward influx)
which is dependent on soil properties and intensity of rainfall. The enrichment of
groundwater with NO3 is facilitated by absence of impervious layers in subsoil
and shallow water table.
In the case of surface runoff, more loss of applied fertilizer N is observed
when it is surface-applied. Fertilizer N applied at proper depth can be lost
only with soil erosion. Soil and nutrient losses are observed more from poorly
managed and fallow cultivated soils.
Phosphorus
Fertilizer P applied to tropical and subtropical soils undergoes dynamic
change which of course is dependent on the physico-chemical properties of
each type of the soil (Fig. 2). Generally, the water-soluble P is slowly reverted
to insoluble form which is dependent on the activity of Fe, Al and Ca in soil.
The various soil P fractions more or less attain a dynamic equilibrium with
water-soluble P in soil solution. The other important parameter is P-fixing
capacity of the soil which governs the availability of applied fertilizer P to
plants. The plants are able to utilize P from different soil P fractions to
varying degrees. Since the soil solution would generally be very low in
phosphate and their downward movement in the soil profile is also

232

WHITHER SOIL RESEARCH

i» »cu sons

Fig. 2. Equilibrium relations among soil solution P and the various fractions of the element in soil,
FAO (1980).

insignificant, it is unlikely that they would pollute the underground water.
What is significant at times is surface runoff of phosphates either as such or
with soil erosion which gets carried to surface waters and leads to
eutrophication. It may be mentioned that P concentration as low as 0.015
ppm is sufficient to support a nuisance growth of algae if other conditions are
favourable. A concentration of 0.05 ppm P supports abundant growth of
algae.
Potash
A dynamic equilibrium of various forms of K in the soil may be shown as:
K (lattice)
_fj^
K (exchangeable)
J^L
K (solution)
When fertilizer K is applied to the soil the reaction goes from right to left.
Considerable amount of K may remain on the exchange complex (dependent
on CEC) and the amount fixed in clay lattice will depend on the type of
minerals and their K-fixing capacity. Since only a small amount of K remains
in the soil solution and this alone being vulnerable to leaching, a very small
quantity of K can be lost in leaching. The surface runoff of K may be of
soluble form of K in soil solution and of other forms when they get physically
carried with soil erosion which is the major cause of K loss.
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Nitrate Enrichment and Control Measures
Groundwater
The potential of enrichment of groundwater with NOJ-N exists especially
when its deep percolation with water is facilitated in soils generally receiving
more than optimum dose of N-fertilizers. Many factors which facilitate deep
percolation are related to soil type, crop or cropping sequence, climatic
conditions, level of groundwater table etc. So far, most of the studies
conducted in India indicate a very low probability of NOJ-N concentration of
more than 10 ppm. It may be recalled that crucial limit recommended
by WHO in drinking water is 45 ppm NO3. However, some studies do indicate
higher levels of NOJ-N in groundwater associated with the intensive use of
fertilizer.
In India the level of fertilizer use is the highest in Punjab (115.9 kg/ha in
1980-81) (barring a small Union territory of Pondicherry). The Punjab soils
are alluvial, light in texture and intensively irrigated. In some of these soils, it
was considered that NOJ-N was leaching below the root zone of most crops.
Therefore, an investigation was conducted (Singh and Sekhon 1976a) to
determine the effect of N-fertilization on NOJ-N concentration in soil and
groundwater in intensively cultivated areas of the Ludhiana and Hoshiarpur
districts where the rate of N-application was very high and very low,
respectively. Water samples taken from farm wells in June and September
1975 were analyzed for NOJ-N. Probability plot (line A, Fig. 3) indicated that
90% of the well water samples contained NOJ-N less than the upper safe limit.
The NOJ-N content in well water was related to quantum of water movement,
depth of water table and amount of fertilizer N applied per unit area per year.
The NOJ-N content of well water correlated significantly with the depth to the
water table. Correlation coefficients were —0.29* and 0.41* for June and
September, respectively. The higher value in September indicates increased
leaching of NOJ from the soil profile during the rainy season (July to
September). Soil profile samples taken in June 1975 from farms in the
immediate vicinity of the sampled wells were analyzed for NOJ content.
Amount of NOJ contained in the soil profile up to 2.10 m depth correlated
with NOJ concentration of well water in September, thus confirming that NOJ
tended to reach the water table during the rainy season.
A significant correlation (r = 0.51*) was found to exist between the
amount of fertilizer N applied per unit area per year and the NOJ-N
concentration of well water in September. Multiple correlation between well
water NOJ-N concentration and amount of fertilizer N applied in the vicinity
of well and depth to water was 0.53** in September and 0.39** in June. It
tends to indicate that fertilizers may in the future contribute towards enriching
groundwater with nitrate in Punjab, especially if the rate of increase in
fertilizer use continues to increase markedly. So far, as the study indicates, the
probability of NOJ contamination of the groundwater is low but one has to be
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Fig. 3. Probability plots of nitrate content of well water and projected nitrate concentration of
ground-water under cultivated areas of Ludhiana and Hoshiarpur districts:
A. Log-normal probability plot for June and September 1975;
B. Log-normal probability plot for projected nitrate concentration. Singh and Sekhon
(1976a).

watchful of the situation. The low probability of NO3 contamination of well
waters is due to their depth to water table being anywhere from 4-10 m,
whereas movement of nitrate below the root zone was unlikely as most of it
was mopped up by the crops grown. If any amount of NO3 moved below the
root zone, it either denitrified or stayed in the unsaturated zone. In case a
CaCCh layer was present in the subsoil, NOJ could be effectively adsorbed
by CaCOs in calcareous soils as has been reported by Singh and Sekhon
(1978a). The other factor which may curtail downward movement of NOï is
the high anion exchange capacity of subsoil as was reported by Wild (1972)
for some northern Nigerian soils. One has to thus monitor for any likely
contamination of groundwater is the quantum of water movement in soil
profile at the current levels of fertilizer-N use.
The nitrogen levels showed marked effect on fertilizer-N movement in soil
profile. Generally, the 0-20 m soil layer retained maximum fertilizer-N (Jha
and Subbiah 1970). However, there was -an appreciable increase in the
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fertilizer-N in the first 20 cm layer as well as subsequent soil layers, with
increasing nitrogen levels applied to wheat crop grown on non-calcareous
alluvium soil of Delhi (Oza and Subbiah 1980). Wheat crop utilized 20-30% of
the applied N (applied as l5N tagged urea), while 38 to 43% remained in the
soil profile up to a depth of 80 cm after the harvest of wheat crop. Out of the
residual nitrogen, 0.5 to 4% was utilized by green gram. After green gram, the
fertilizer residue was about 27 to 37% of the originally applied amount; out of
this only 0.5 to 1% was utilized by the maize crop. The study indicated low
residual effect of applied N in a multiple cropping system. One of the causes
of the low residual effect was indicated as loss of N by leaching below 80 cm.
In a similar study conducted on Delhi soils and with wheat-green gram-maize
rotation, Sachdev et al. (1977) also reported low residual effect on subsequent
crops of nitrogen applied to wheat. They found the bulk of fertilizer-N
remained in 0-20 cm layer (i.e. 27 to 37%) after the harvest of wheat crop. A
certain amount of fertilizer-N had also moved down to 80 cm depth.
In another study on Delhi soils (Arora et al. 1980b), quantitative
relationship was established between subsoil water drainage (i.e., soil-water
flux up to 150 cm soil depth) and NO3-N lost in leaching out of the root zone.
In a multiple cropping system of maize-wheat-green gram, maize received 120
kg and wheat 80 kg N, the subsoil drainage was found to be 35% of the total
water received during the crop rotation in 1975-76. With this drainage about
18 kg N was lost as N03/ha, i.e. 15% of N applied to maize was lost in
leaching out of the root zone. It was found that the water and fertilizer N
leaching was considerable in the months of November and December when
the monsoonal rains had ceased. This was probably because of the fact that
low temperature and low evapotranspiration demand of the crop resulted in
considerable downward flux of water. The cumulative leaching loss of the
fertilizer N as nitrate after 3 years of crop rotation was found to be 24% of the
fertilizer N initially applied to maize crop @ 120 kg N/ha. Had the leaching
loss of NO3-N been quantitatively determined for all the fertilizer N received
by maize and wheat crop its extent would have been much more.
In a field study with lysimeter for upland direct seeded rice crop grown on
sandy loam soil of Delhi (Mahalanobis 1971), loss of 14.3 kg N/ha below the
root zone was reported from an application of 120 kg N/ha. In a similar study
(Naidu 1974) on the same soil, N loss was studied under different moisture
regimes in an upland direct seeded rice crop. While minimum leaching loss of
N, i.e., 6.66 kg/ha occurred in the treatment where 0-0.15 bar tension was
maintained throughout the crop growth. Maximum leaching loss of 25 kg
N/ha was observed in the treatment where 0-4 cm standing water was
maintained in the crop. Nitrate-N formed significant part of the N lost in
leaching out of root zone. Lysimeter studies in Gujarat also showed N losses
by leaching for 90 cm soil depth of Goradu soil under 564 mm rainfall. The N
loss was 14 kg/ha out of 180 kg N applied (Mehta 1971).
While none of the above-mentioned studies conducted on Delhi soils
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linked N lost through leaching to the enrichment of nitrate in groundwater, a
study conducted by Arora et al. (1980a) indicated high level of NOJ-N in six
tubewells at IARI farm where the above experiments were also conducted
(Fig. 4). Arora et al. (1980a) also considered rising nitrate concentration in
well water of Delhi villages to the intensive use of fertilizer. Water samples
from 10 wells of 5 villages (during 1975-77), contained NO3-N above the
critical limit of 10 ppm recommended by WHO for potable water.
In rice crop system, especially under submerged conditions, N loss
through leaching may be expected as certain concentration of NOI relative to
NH4 is maintained in the soil solution (Mohanty et al. 1981; Panda et al. 1981).
Leaching losses of applied N in different experiments were reported to be 27
to 48% (De and Digar 1954), 10.4 to 27.6% (De and Digar 1966), 4% (Hulagur
1976), 17% (Rao 1977), and 23 to 25% (Panda 1975) depending on the soil
conditions and source of N. Greenhouse and field studies at CRRI, Cuttack
(CRRI 1969) indicated that increasing drainage increased the cumulative loss
of leached N amounting to 10% of the applied N at a percolation rate of 10
cm/week. Pande and Adak (1971) working on both alluvial clay and lateritic
sandy clay loam soils of Kharagpur (Midnapore, India) observed that N was
lost from ammonium sulphate through leaching, both as NH4 and NO3 even
when applied to the reduced zone. Under saturation, the loss was more
through nitrate and under submergence through NH4-N.
Bandopadhya and Sahoo (1972) reported the highest cumulative loss of
42 kg N/ha with weekly drainage up to 30 cm soil depth from pot culture
study with rice crop grown in alluvial soil.
Viswanath et al. (1978) found that larger quantities of N (NH4 + NO3")
were lost in leaching when sources of N were ammonium nitrate, ammonium
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sulphate nitrate and calcium ammonium nitrate instead of ammonium
sulphate and urea.
Bradley and Cabral (1979) reported a discharge of 7 kg N/ha per year
from the cultivated area under vegetables in Sao Paulo, Brazil. They found a
considerable accumulation of N in the soil by fertilizer use which posed a risk
of its discharge to river in runoff during rain.
These and other studies reviewed by Tandon (1974) and Goswami and
Sarkar (1975) indicate that considerable amount of loss of N through leaching
may take place in rice. Although none of the studies reported suggests a
relation between leaching of N and its enrichment in groundwater, yet they do
indicate a potentially vulnerable situation.
Surface Waters
The enrichment of NOJ-N leads to eutrophication of in surface waters,
viz., lakes, ponds, tanks, etc. Very little information is available from field
studies to indicate the extent of fertilizer N applied to a crop being lost in
runoff water leading to enrichment of surface water. In India, runoff of
applied fertilizer could be expected in a rice system where cultivators follow
the practice to let off water from one field to another during flood irrigation of
rice. Water may also overflow from one field to another during heavy rains
leading to nutrient losses. In such a system simulated in pot culture for a
lateritic clay loam soil, Padmaja and Koshy (1978) observed that 70% of the
applied N was lost when draining was done on the same day of manuring. The
loss was reduced to 44% after 48 hours and that it became negligible after the
5th day of fertilizer application. Reduction in N loss with time was attributed
to hydrolysis of urea to NHl which is adsorbed as exchangeable ion or is fixed
by the clay colloids.
Bhatt et al. (1971) compared the N accompanying soil erosion of Dhulkot
silty clay loam soil on 8% slope at Dehra Dun (India) under maize-wheat
rotation, grass cover and cultivated fallow. The loss of 228.1 kg N/ha
under cultivated fallow was the highest followed by 79.9 kg N/ha under
maize-wheat rotation. No loss was noticed in the soil under grass cover.
Soil and nutrient losses in runoff under selected cropping treatments
were also measured by Barnett et al. (1972) in tropical soils of Puerto Rico.
Cropping systems tested were fallow, conventional tobacco {Nicotiana sp.),
mulch tilled tobacco, tobacco in grass strips, Pangola grass (Digitaria
decumbens), and Pangola grass with all above-ground parts removed. Slopes
ranged from 26 to 46% and treated plots received 134.4 kg N/ha (as 12-6-16
grade fertilizer). The concentration of N in runoff ranged from 0.01 to 2.202
ppm which was well below the accepted public health standards. The nitrogen
concentration in runoff measured as NH4 and NO3 concentration was found
to be very low.
The other systems where high soil and nutrient losses could be expected
are tea and coffee plantations grown on slopes in tropical soils which are also
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fairly well fertilized. However, if the plantations are well managed it is
possible to check various factors contributing to soil and nutrient losses.
Othieno and Laycock (1977) showed that there was no soil erosion and
concomitant nutrient losses when the ground cover provided bv the tea
canopy exceeded 65%.
Goel and Khanna (1969) estimated the losses of plant nutrients by water
erosion in alluvial tracts of Uttar Pradesh (India) under different cropping
patterns. Loss of total N varied from 7.37 to 13.64 kg/ha under various crop
rotations (Table 2). Goswami and Sarkar's (1975) review on the soil erosion
and nutrient losses indicates the extent of the problem. However, Kanwar
(1972a, b, c) reported that India was annually losing 6,000 million tonnes of
soil from 91 million ha which are reported to be suffering from erosion
problem. On the basis of soils having a slope of 0.5% and the loss of nutrients
being 5.8 kg N, 10.7 kg P2O5 and 42.8 kg K 2 0/ha, it has been calculated that
the minimum annual loss from Indian soil would amount to 2.5, 3.8 and 2.6
million tonnes of N, P2O5 and K 2 0, respectively, which is much greater than
the consumption of these nutrients in India through fertilizers.
The extent of loss of nutrients through surface runoff and soil erosion by
water may be quite formidable in subtropical and tropical soils. There are,
however, hardly any available studies linking the loss of nutrients, especially
from fields receiving fertilizers, to their accumulation in surface waters. In
fact, it is safe to presume that well-managed fertilized fields would not have
such a problem.
Table 2. Average loss of nutrients per year under various crops in kg/ ha

s.

Treatments

O.M.

Total
N

CaO

MgO

P205

K20

0.
1.
2.
3.
4.
5.
6.
7.
S.

Jowar-arhar
Moong-barley
Til-gram
Kodon-gram+Rai
Groundnut-arhar
Guar-arhar
Sannhemp-barley
Cultivated fallow-barley

109.76
128.87
89.91
198.81
115.29
143.96
139.39
245.77

7.86
8.62
6.37
13.64
9.29
8.86
9.59
13.15

38.03
78.83
47.26
35.84
18.74
62.06
52.27
118.74

7.59
9.63
12.92
30.32
9.72
6.29
28.45
82.09

11.96
16.65
12.73
30.49
11.52
12.37
18.22
30.62

27.67
51.12
37.16
94.76
33.74
35.51
63.93
127.75

Source: Goel and Khanna (1969).

Measures to Control Potential Leaching Losses
The foregoing discussion clearly indicates that the hazard of NO3 leaching
beyond the potential rooting zone to an extent may exist. It is believed that
the nitrates accumulated in the unsaturated zone (soil layer between potential
rooting zone and acquifer) are stable, because there is an insufficient supply of
oxidizable carbon to the denitrifiers. On the contrary, some studies indicate
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denitrification of nitrates accumulated in the unsaturated zone. The nitrates in
the unsaturated zone are likely to be leached down under the condition
conducive to deep percolation of water to reaching the acquifer. These losses,
i.e., either accumulation of nitrates in unsaturated zone or percolation to
acquifer or direct losses of nitrates to the acquifer could be controlled by
various agronomic and management practices.
The foremost of all the measures is to increase the fertilizer use efficiency
and also ensure greater utilization of residual nitrogen so that less and less of
it is prone to leaching losses.
Of the different fertilizer nurients, the utilization efficiency of nitrogen is
very low, seldom exceeding 50%. This is more so in the tropical parts of the
world where leaching, denitrification and volatilization losses of fertilizer
nitrogen are quite high.
The different means by which the N use efficiency of fertilizer N can be
increased are: (a) agronomic and (b) chemical. Selection of suitable carriers of
fertilizer for a particular crop under a given soil and climatic condition (Datta
and Venkateswarlu 1967; Lakhdive and Prasad 1971; Prasad et al. 1980),
application of suitable dose (Seshadri and Prasad 1979) at the right time (De
1979; Meelu 1980; Pillai 1981) by a proper method (IARI 1980a; Mandal
et al. 1980; Grewal and Sharma 1980) in a balanced proportion (Sekhon 1979)
and proper weed control (Mani 1975; Reddy and Hukkeri 1980) are the
effective agronomic practices to increase N use efficiency.
Of late, lot of efforts have been made to develop slow release N fertilizers
and chemicals which when applied in a small quantity along with the
fertilizers inhibit nitrification in soils. The slow-release N fertilizers when
applied to soil release N in a controlled manner and thus help minimize
nitrogen losses and supply adequate amounts of N to the crop throughout its
growing period.

Measures to Control Potential Runoff Losses
Soil erosion and runoff NOJ (or total N) losses by water may be the most
significant cause of pollution of surface water from the agricultural lands. Not
many studies have been done relating these processes with N enrichment of
surface waters and their resultant eutrophication. Particularly the N loss
occurring from well-fertilized land under a given crop rotation and condition,
is not well investigated. However, it has been well emphasized that wellmanaged and fertilized land under efficient crop rotation would have lesser or
no N losses as compared with fallow, poorly-managed and fertilized lands
(Goel and Khanna 1969; Bhatt et al. 1971; Kanwar 1972b).

Phosphate Enrichment and Control Measures
Ground- and Surface-Waters
As discussed earlier, there may not be significant movement of phosphates

240

WHITHER SOIL RESEARCH

in leaching water. Kanwar (1972b) has mentioned that while in fine-textured
soils the downward movement of P is very small relative to the total amount
of P present in sandy soils, on the other hand, because of low clay content
and low concentration of Fe, Al, Ca and Mg the phosphate loss can be more
than in fine-textured soils. Further, in flooded soils such as paddy soils, the
solubility of phosphate increases by flooding because of hydrolysis of iron
phosphates.
Mohanty (1966) studied the mobility of N, P and K contained in uncoated
and coated fertilizers through a clay soil column. The translocation of P2O5
through the soil column was observed up to 7.5 and 12.5 cm for coated and
uncoated fertilizers, respectively. Chhabra et al. (1980) studied the leaching
losses of P in sodic soils in soil columns. Their studies showed that losses of P
up to 60 ppm P beyond 30 cm column could occur when the sodic soils were
leached as such or after the application of gypsum to them on the surface.
In field studies with upland direct-seeded rice grown on the alluvial soil of
Delhi, Naidu (1974) found negligible losses of P through leaching even when
the crop was subjected to water regime of 0-4 cm standing water. However, a
less of 1.92 kg P/ha was reported by Mahalanobis (1971) in the direct-seeded
upland rice grown on the same soil under the conditions of frequent
irrigation. Under coffee plantation at Central Coffee Research Institute
(India), Varadarajan (1971) reported an annual loss of only 1.5 to 2.2 kg P/ha
under a rainfall of 2,750 mm. Total P loss in drainage waters from fertilized
and irrigated land under vegetable cultivation in Sao Paulo (Brazil) was
reported to be 1 kg P/ha per year (Bradley and Cabral 1979). In an
experiment with coconut in Sri Lanka, Loganathan and Nalliah (1977)
reported that the triple superphosphate treated plots had sufficient available P
down to a depth of 35 cm which decreased the soil profile sharply and was
practically zero below 70 cm.
Phosphate losses may take place basically through soil erosion by water.
Goel and Khanna (1969) found the loss of P2O5 by water erosion in alluvial
tracts of Uttar Pradesh (India) under different cropping patterns to vary from
11.52 to 30.62 kg/ha. The loss reduced considerably under different crop
rotations as compared with fallow. Bhatt et al. (1971) reported an average
annual loss of 10.7, 12.1 and 17.7 kg/ha P2O5 in the treatments of sorghum
(fodder)-wheat, sannhemp-wheat and maize-wheat. While under grass cover no
loss of P was reported, in cultivated fallow treatment a maximum loss of 70.5
kg P2 0 5 /ha was found.
It is quite evident from the above review that under subtropical and
tropical soil conditions P movement down the profile as well as its runoff loss
are insignificant processes. Even the physical removal of P with soil erosion by
water may not be of much potential threat to pollute the surface waters.
Although studies available do not indicate a clear-cut relationship between
phosphate fertilizer application and pollution of ground- and surface-waters
under different crop and soil conditions, yet it could be said with certainty
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that at the current levels of phosphate use in many of the tropical and
subtropical countries it may not pose any threat to environment. However,
one has to be watchful of the situation under the increasing levels of P2O5
consumption and especially in those areas where P buildup has been observed.

Potash Enrichment and Control Measures
Ground- and Surface-Waters
The fate of applied potash in soil is determined by the CEC of a soil and
the reaction rate with which the water-soluble potassic fertilizers contribute K
ions and their adsorption on the exchange complex. This would mean that in
soils of coarse texture with low CEC, there would be greater chances of K
loss. In the fine-textured soils with high CEC, the loss of K in leaching would
be dependent on the degree of saturation of exchange complex as the K
concentration in soil solution is its function.
Mohanty (1966) reported movement of potash to a depth of 17.5 cm in a
clay soil column. Lysimeter studies (Mehta 1971) showed that the amount of
potash leaching was 26 kg/ha for 90 cm depth of Goradu soil under 1,200 mm
rainfall.
Under field conditions, Mahalanobis (1971) reported 15.94 kg K/ha
leaching loss in a frequently irrigated direct-seeded upland rice. Naidu (1974)
in a similar situation found an average loss of 21.10 kg K/ha in the submerged
rice while the loss of K was only 5 to 8 kg/ha under unsaturated soil moisture
conditions.
In soils where coffee is grown at Central Coffee Research Institute (India),
an annual leaching loss of 6.6 to 8.8 kg K/ha was recorded under a rainfall of
2,750 mm (Varadarajan 1971).
Singh and Sekhon (1977c) studied the leaching of K in the illitic lighttextured soil of Punjab (India), viz., Tolewal loamy sand under different crop
rotations. K released from illitic minerals during rainy season was leached up
to 225 cm. They also found that K fertilization and cropping activities in the
profile did not affect leaching of K up to this depth. Singh and Sekhon
(1978b) further confirmed significant leaching of K from root zone in an illitic
soil during rainy season. They also reported that balanced fertilization with N
and P may reduce the leaching loss of K.
Loss of K through soil erosion by water may be substantial. Kanwar
(1972b) considered that erosion is the most serious cause of K loss. Since K
contents are higher in soil, the eroded material has more K than N and P but
the recycling process is so strong that K seldom enriches the water.
Goel and Khanna (1969) reported an annual loss of 127.75 kg K2Ü/ha in
fallow-barley rotation whereas under various crop rotations the loss varied
from 27.67 to 94.76 kg/ha in alluvial tracts of Uttar Pradesh (India). Bhatt
et al. (1971) also reported more K losses through soil erosion by water in
cultivated fallow treatment of Dhulkot silty clay loam on 8% slope at
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Dehra Dun. While there was no K loss under grass cover, its loss was much
less in crop rotation treatments.
Padmaja and Koshy (1978) reported runoff loss of 26% of applied K on
same day of fertilizer application to rice crop grown in lateritic clay loam soil
in pot culture experiment.
Potassium loss through leaching and its loss in soil erosion by water could
be quite substantial in a given soil and crop situation. However, the control
measure developed to check the losses are equally easy and effective.

Fertilizers and Soil Amendments as Contributors of Heavy
Metals and Fluorine to Soil
Some of the heavy metal contents like lead, cadmium, arsenic etc. in
fertilizer as incidental impurities may be deposited in the soil. Arora et al.
(1975) and Singh (1976) analysed total lead and cadmium content of fertilizers
(Table 3). Some of these fertilizers may contribute over a period of time,
significant quantity of metal which would while entering into the food cycle
via soil prove toxic to the human beings and animals. Singh and Sekhon
(1975, 1977d) have shown that lead and cadmium retained in the soil in
different fractions may be available to the plants through exchangeable
source.
Table 3. Total lead and cadmium content (ppm of fertilizers)
Fertilizers
CAN
Urea
Superphosphate
Rockphosphate
Muriate of potash
DAP
Suphala

Lead

Cadmium

Arora etal. (1975)

Singh (1976)

Singh (1976)

116

200
4
609
1,135
88
188
313

6
1
187
303
14
109
89

—
487
962
117
195
285

Singh and Sekhon (1977a) also considered that application of rock
phosphate or rock-based materials to the soil always implies addition of a
significant amount of lead and cadmium.
In the absence of systematic studies linking incidence of heavy metal
impurities in fertilizers and their passage via soil to food chain in toxic
proportion, it is difficult to determine whether fertilizers are soil pollutants in
regard to heavy metals. Even if small quantities are added by the fertilizers to
the soil, the dilution effect in soil and plant must be preventing such a hazard.
In India, the use of mineral gypsum as an amendment for reclamation of
sodic soil is increasing. In addition to mineral gypsum, large quantities of byproduct gypsum also known as phosphogypsum (by-product of industry
producing phosphoric acid by wet process) are being increasingly made
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available for reclamation purposes (Rohatgi et al. 1971). Both these types of
gypsum may cause some pollution problems particularly of fluorine toxicity.
Singh et al. (1962) reported that if F was taken in excess, it may prove to be
toxic to plants and also cause clinical disturbances in man and animals. Singh
et al. (1980) also found that application of phosphogypsum containing
moderate amount of F, say up to 1%, was not likely to result in any
considerable increase in soil-soluble F as gypsum would also result in reducing
the ESP and pH with the resultant immobilization of soil F.

Conclusion
Fertilizer use in tropical and subtropical countries is of recent origin and
has been a major contributing factor for higher agricultural production.
Increased fertilizer use in these countries holds hope for the future in feeding
the teeming millions. The question of fertilizer use and environmental quality
has been considered from time to time. Many of these scientific considerations
indicate that the use of fertilizers at the current levels and also the manner of
their use poses hardly any threat to the environment in the tropics.
It is not implied that fertilizers cannot be responsible for an enrichment of
ground- and surface-waters with NOl. Also, if they are judiciously used they
are not likely to become the cause of pollution. Many of the studies reported
in this review do indicate that sound agronomic practices and chemical
approaches can drastically curtail nutrient movement down the soil profile
with influx of water.
Major factors leading to the enrichment of surface water may be soil
erosion and nutrient runoff by water. Although quantitative and specific
information is not available, Kanwar (1972b) considered that it may be a
formidable source which could not be overlooked. It may, however, be
mentioned that soil erosion and nutrient runoff losses can be prevented by
adoption of suitable crops and cropping sequences, soil and water
management practices etc.
Intensive fertilizer use in a given area has been associated by some studies
with pollution of ground- and surface-waters, but these studies gave no direct
and quantitative relationship between the levels of fertilizer use in those areas
and the level of nutrient found in water. For example, most of the leaching
studies of nutrients have been limited to 2 to 2.5 m in depth whereas potable
water may be generally drawn from 5 to 20 m depth. Some of these studies
also indicated that it was not fertilizer use but the poorly managed manure
pits which contributed to the enrichment of groundwater with nutrients in the
village environment (Singh and Sekhon 1976a; Sekhon 1978). Unfortunately,
there are also no studies available for those areas where groundwater table is
rising at an alarming rate due to faulty drainage systems. Even in respect of
phosphate and potash, it is not difficult to conclude that at the current levels of
usage of these nutrients their accumulation in ground and surface waters is not
substantial. However, one has to be watchful of the situation where phosphate
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use is likely to increase significantly and specially in those areas where build up of
phosphates may take place.
One of the other ways by which the NO3 may enter animal nutrition is
through forage crops grown under high soil fertility conditions (Prasad 1981).
To meet the increasing needs of forages, it would be necessary to apply higher
N doses to these crops. Thus, research is needed to develop N fertilization
practices for minimizing or excluding NOJ from forages.
Despite the fact that the fertilizers are not so far categorized as pollutants
of the environment in the present context, we consider that a number of
studies on the following lines should be initiated so that they never become a
cause of it in the future.
Areas of Research
1. To determine quantitatively, nitrate, phosphate and potash losses
through leaching under different soil, crop and agroclimatic
conditions and linking it with enrichment of groundwater.
2. To develop different agronomic, chemical and management
approaches for improving fertilizer use efficiency and decreasing
nutrient losses.
3. To systematically study quantitative loss of nutrients through runoff
and soil erosion as contributing factor to enrichment of surface water
and resultant effect.
4. To develop suitable soil and crop management practices which are
situation-specific for the control of soil erosion and nutrient losses by
runoff.
5. Fertilizer use in rice crop needs greater attention for the improvement
of fertilizer use efficiency and water management practices in
curtailing nutrient losses through leaching, which potentially seems
to pose relatively greater threat to the enrichment of groundwater.
6. A constant vigil has to be kept through systematic survey of
groundwater table and levels of nitrates, phosphates and potash in
the water in the high fertilizer consuming areas where soils are coarsetextured, and rice, sugarcane, wheat and other irrigated crops are
grown.
7. To develop suitable plant types which have better ability to efficiently
utilize nutrients. Some plant types are known to mop up nitrate from
the soil and thus are able to prevent downward movement of nitrate
to a great extent.
8. To systematically study the possible soil contamination by heavy
metals incidentally contained in fertilizer. Study of soil amendments
as contributors of heavy metals and fluorine is also of equal
importance.
9. To study other factors like mineralogical sources of nutrients, organic
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manures and residues, rain water, sewage and sludges as possible
causes for enrichment of nutrients and toxic elements in ground- and
surface-waters.
10. To continuously monitor the nutrient levels in natural waters
especially whose watershed has intensive agriculture and high fertilizer
use.
11. To continuously determine the composition of rain water which may
contain sufficiently large quantities of nitrate and potash.
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Fertilizers
and Pollution
G.J. KOLENBRANDER*

Abstract
IN countries with an intensive agriculture, the effects of society on the
environment have been studied increasingly in recent years. But elsewhere in
the world, achievement of a higher production level will have priority for
some time to come.
A higher N-input can contribute to a higher output of consumable N,
but this is accompanied, unfortunately by heavier losses of N, P and K to the
environment.
The greatest loss of N, P and K occurs in the form of food consumed
by the population, the excrements of which, for reasons of hygiene, are
transported directly or indirectly to the ocean.
Where a farm can meet (part of) its own nitrogen requirement through
leguminous crops, the loss of P and K will have to be made good in some
other way if the soil is not to be exhausted. This can be done by means of
fertilizer, organic manure, or concentrated feeds, but these solutions require
much fossil energy.
Considering the world food supply situation, it might be important to
recycle elements that are valuable to agriculture from urban waste water,
which would at the same time achieve a reduction in surface water pollution.
On the farm, all technological measures should be taken to restrict losses to
the groundwater and the atmosphere as much as possible.
By combining data collected in Western Europe with the WHO-norms
for drinking water it was attempted to set limits to mineral-N fertilization on
arable land and grassland in intensive agriculture. It was found that, in the
case of arable land on sandy soil, it is difficult to comply with the WHOnorm.

AN ever growing world population increasingly demands food, thereby also
increasingly putting pressure on local agriculture to meet this demand. It was
pointed out at the Congress on "Cycling of Mineral Nutrients in Agricultural
Ecosystems" held at Amsterdam in 1976 that the consumable N-output (i.e.,
production of nitrogen in foods and feeds) is positively correlated with the
total farm input of nitrogen (Figs. 1 and 2). The total farm input of nitrogen
consists of a combination of N-sources such as biologically fixed nitrogen
(legumes), chemically fixed nitrogen (fertilizer-N) and nitrogen imported in
concentrated livestock feeds, in organic manure and in precipitation and
irrigation water.
However, it was also pointed out at the Congress that a higher N-output
•Institute for Soil Fertility, P.O. Box 30003, 9750 RA Haren (Gr.), The Netherlands.
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Fig. 1. Relation between input and output of nitrogen in farming systems with only an output of
animal products

is accompanied by a proportionally higher farm output of P and K (Fig. 3).
The relatively close relation between farm input and output of N indicates a
dominating influence of nitrogen, but it is obvious that, to avoid exhaustion
by overcropping, higher inputs of other plant nutrients, such as P and K,
should also be considered. A mixed farm, for instance, having the proper
proportions of arable land and grassland, could meet its own needs by
utilizing nitrogen, biologically fixed in the clover-grass pastures, on its arable
land via animal manure. However, in terms of other plant nutrients such as P
and K, grassland will be impoverished to a certain extent, the consequences of
which depend on the nutrient supplying power of the soil. If the supply of
these nutrients in the soil is not adequate, they have to be supplied in the form
of fertilizer, organic manure, or concentrated feeds.
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Fig. 2. Relation between input and output of nitrogen in arable farming systems

Taking into consideration the additional factors, such as the need of
replenishing P and K (Figs. 1 and 2), the farmer, by freedom of choice of Ninput, can cause a great variation in N-output, and can hope for economic
result. In industrialized countries, this freedom of choice has been used to
good advantage during the last 25-50 years, because of the availability and
economic pricing of fertilizers. In these countries questions are now being
asked about the secondary effects of these larger inputs, especially on their
environmental consequences. In the following sections these consequences will
be analyzed to consider as to what extent the increased inputs are acceptable
from the viewpoint of protection of the environment.
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Fig. 3. Relationship between consumable farm output of nitrogen, phosphorus and potassium

Effects on the Environment
Fig. 4 gives a schematic representation of the input and output of
nutrients of an arable farm. It is apparent that there are three "leaks" in the
cycle: (1) export of food from the farm to the population (N, P, K), (2)
leaching to the groundwater (N, P, K), and (3) volatilization to the
atmosphere (N).
The relation of these "leaks" to total N-input is shown in Table 1. The
data are based on Figs. 2, 3 and 5, which were derived from the same
information on balance sheets that was presented at the Amsterdam Congress
mentioned earlier. This information was collected in different, agriculturally
diverse, areas in the world.
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Fig. 4. The nutrient cycle of an arable farm

Table 1. Average output of nitrogen, phosphorus and potassium as a
function of total N-input
N-input
(kg N h a 100
100
100
200
200
200
300
300
300

Type of output
yr")
Consumable
Leached
Denitrif. + NH 3
Consumable
Leached
Denitrif. + NH 3
Consumable
Leached
Denitrif. + NH 3

Output (kg ha' 1 yr"')
N

%

70
10
20
130
30
43
1X0
66
51

(70)*
(10)
(20)
(65)
(15)
(21)
(60)
(22)
(17)

K
70
13

1'
11
trace

—

—

130
29

20
trace

—

—

180
43

2X
trace

—

—

Trace = 0-2.0 kg P h a " yr~'; *Figures in paren theses indicate percen ages of N-output

Food, Man and Environment
Table 1 shows that a higher N-input results in a higher consumable output
of N, P and K. On arable farms, consumable N-output varies from about 70%
at an input of 100 kg N/ha to 60% at an input of 300 kg N/ha. This is a
considerably higher percentage than that for livestock farms (Fig. 1), where Noutput averages 15%. The cause lies in the poor utilization of the nitrogen in
the animal feed: much of this nitrogen is excreted and "recycled" to the land,
thus constituting no farm-output. Also the minerals in the food consumed by
the population will be excreted almost entirely. In this case, however, often no
recycling to agriculture takes place as in the case with a livestock farm; the
excrements are transported directly or indirectly with the waste water to the
ocean.
This "leak" not only causes severe pollution of surface waters, but it also
permanently removes elements that are indispensable to food production. If
no soil exhaustion is to occur, these elements will have to be replaced one way
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Fig. 5. Nitrogen losses by leaching and to the atmosphere by denitrification and ammonia
evaporation as a function of total nitrogen input and the relationship between nitrogen
and potassium leached on arable farms

or another. This can be done by collecting and recycling the excrements
separately. If this is impossible for reasons of hygiene, then the only
alternative is to purify the waste waters, or to import the elements in the form
of fertilizer insofar as P and K are concerned. The nitrogen requirement, after
all, can be more or less met by biological fixation of N2.

Losses to the Groundwater
Losses to the groundwater occur through leaching. This process can be
controlled by the farmer only to a limited extent, because it is largely
determined by climatic conditions and soil properties. A control of these
losses can lead to a larger output without an increase in input. In other words,
the efficiency of the inputs is improved. Aside from being a direct economic
disadvantage to the farmer, leaching constitutes a direct threat to the quality
of our ground- and surface-waters used for drinking and also contributes to
eutrophication of surface waters.
Phosphorus. It is an important limiting factor in the growth of algae in
surface waters. Fig. 6 shows how P-concentration of the soil solution increases
with increasing P-status of the soil (Pw value). However, because the
concentration in the soil solution and the drainage water is low, leaching of
phosphorus is, from an agricultural point of view, of very little importance —
variation in sandy soils and clay soils 0-0.5 kg P ha~' yr"1; peats 2 kg
P ha"1 yr"1; (Kolenbrander 1973a, b).
Nitrogen. It plays an important role in the quality of drinking water in
connection with the occurrence of nitrite poisoning or methemoglobinemia in
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Fig. 6. Relationship between Pw-value and P-concentration in soil solution (sandy soil NGe-84
Ruurlo)

babies, and of cancer in older persons due to the formation of nitrosamines in
the digestive tract. The WHO has therefore introduced certain limits to the
nitrate content of drinking water. The recommended safe level is <11.3 mg
NO3-N r ' and the unsafe level is > 22.6 mg NO3-N f1.
Fig. 7 (Kolenbrander 1969) shows that leaching losses decrease in heavier
soil. This is due to the fact that the volume of macropores is smaller in a
heavy soil and, therefore, water movement in the profile is slowed down.
Fig. 8 shows the effect of quantity of drainage water and type of crop on
losses of N due to leaching. The results have been taken from a lysimeter
investigation by Maschhaupt (1941). It is clear that up to 500-600 mm
drainage water per year for this soil (25% particles <16 fim), a linear relation
exists between quantity of N leached out and quantity of drainage water.
The amounts of drainage water being equal, leaching losses from
grassland are found to be smaller than those from arable land. This is due to
the fact that there is no fallow period on grassland.
Fig. 8 further shows that leaching losses of N from arable land are greater
following a leguminous crop than in the absence of such a crop in the
rotation. A crop like winter wheat following peas will reduce this leaching loss
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Fig. 8. Leaching losses of nitrogen with and without legumes (Maschhaupt 1941)
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somewhat, but it remains greater. The phenomenon of heavier leaching losses
after a legume has also been observed by other workers (Karraker et al. 1950;
Bolton etal. 1970; Low 1973; Wiklander 1977).
The problem is that an increase in farm input through legumes for the
purpose of obtaining a higher consumable output will be accompanied by
extra N-losses compared with those from fertilizer nitrogen, resulting in a
heavier load in ground- and surface-waters.
In Western Europe, with its highly intensive agriculture and relatively
high population density, considerable research has been done in the recent
past on leaching of plant nutrients and their role in water pollution. With
these data from different West-European countries I have tried to assess the
magnitude of losses due to leaching. I have assumed that, for this climatic
region, the relation between amounts of drainage water and N-loss is linear;
this makes it possible to reduce all results to 300 mm drainage water per year.
Fig. 9 shows the relation between input of mineral nitrogen and the
amount of nitrogen from a sandy soil and a clay soil used as arable land and
as grassland. The groundwater level, which also plays a role here (Van Dijk
1980; Rijtema 1980), was more than 1 m below the surface in these
experiments.
The extremely high N applications concern trials in which animal manure
was dumped. In these cases, only the amount of mineral N contained in the
manure (Sluijsmans and Kolenbrander 1977) was counted on the abscissa.
The results in Fig. 9 demonstrate not only the effect of soil texture (sand
vs. clay) on leaching losses of N from the root zone, but also of the type of
crop (arable land and grassland). Further, it is clear that any increase in Ninput on arable land and grassland in excess of 100 and 200 kg Nmin ha -1 yr~',
respectively, will result in a relatively strong increase in leaching losses of N
which will in turn constitute an additional mineral load in ground- and surfacewaters.
Losses to the Atmosphere
Denitrification. By the process of denitrification, nitrogen is recycled in
the form of gas to the original source, the atmosphere, from where it was
removed by biological or chemical fixation. Denitrification is accompanied by
formation of nitrogen oxides, which may attack the ozone layer surrounding
the earth (White-Stevens 1977). This layer protects man and animals from
excessive radiation of short wavelengths.
To the farmer, there is an extra, economic, disadvantage: the process of
denitrification decreases the available input of nitrogen and therefore also the
consumable N-output. Fig. 5B shows that losses increase with increasing
inputs of nitrogen. While denitrification has a negative effect on consumable
N-output and on the ozone layer in the atmosphere, it has a favourable effect
on the nitrate content of ground- and surface-waters. Fig. 10, derived from
data from Van Dijk (1980) and Steenvoorden and Oosterom (1972), shows
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Fig. 10 N/Cl ratio in drainage-and ground-water as a function of the thickness of the saturated
zone passed by the ions at sampling (Steenvoorden and Oosterom 1972 and Van Dijk 1980)

that the ratio of N and CI concentrations in drainage water and groundwater
is lower as the saturated soil layer through which the water passes is thicker.
After passing through a layer of 50 cm (10 cm — 60 cm), about 80% of the
nitrogen disappeared. Because the ratio N/Cl is used, dilution does not play a
role. It may, therefore, be assumed that the nitrogen disappeared through
denitrification.
Fig. 10 also indicates that this effect is limited to the first 60-70 cm of
groundwater, and becomes very small beyond this depth. This would mean
that in soils with a relatively high water table a considerable higher
concentration of nitrate in the drainage water leaving the root zone would be
permissible than the norm set by the WHO for drinking water.
Considerable amounts of nitrogen have been found to disappear also
from surface water through denitrification. Vollenweider (1970) studied the rebalance sheet of six large lakes in Switzerland and found that about 60% of
the net N-load had disappeared, presumably due to denitrification. This value
is in good agreement with measurements of Van Kessel (1976), who found a
N-loss due to denitrification of 56% after a residence time of only 1.7 days in a
canal over a distance of 800 m.
NHi-volatilization. The ammonia content of the soil is generally very low,
so that losses due to volatilization and leaching are not significant. However,
organic wastes, especially those of human and animal origin, often contain
considerable amounts.
Fig. 11 shows ammonia loss as a percentage of the total amount of
ammonia-nitrogen present in organic waste and in fertilizer. It is clear that
after 14 days, 90% of the NH3-N present at the time of application is already
lost if such organic wastes are not immediately ploughed down.
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Fig. 11. Relation between NNH3-loss, as a percentage of the amount of ammonia applied, and
time after application of animal waste, sewage sludge, fresh urine and fertilizer urea

It may be argued that this is an advantage in view of possible movement
of N to the groundwater following oxidation of the ammonia in the soil. But
the ammonia that volatilizes will be spread by the wind and will return to the
earth in precipitation. Part of it will end up in surface waters (lakes and
rivers), thus creating an extra N-load, however in a very diluted form.
Correct methods of storage, transportation and especially of application
of organic wastes can limit pollution of the environment and may increase
consumable output through the improved efficiency thus obtained.

Are There Limits to the Inputs of Plant Nutrients?
In view of the deleterious effects which high inputs of some plant nutrients
may have on the environment, the question may be raised to what extent an
increased input is acceptable from the viewpoint of protective demands on the
environment. It is obvious that this depends entirely on the kind of demands
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made. For instance, a demand on an ecological basis will be much heavier,
because of the wide range of aspects involved, than a demand that concerns
only one factor, e.g., the nitrate content of drinking water or the P-load in
eutrophication of surface water. In view of the complexity of the problem we
will confine ourselves, for the time being, to the more "simple" cases.
Nitrogen
In regions with intensive agriculture and a temperate climate a
maximum rate of N application could possibly be established on the basis of
Fig. 9, in combination with the norms set by WHO for drinking water. Under
conditions of 300 mm drainage water per year (the basis of Fig. 9) and
accepting the WHO-norm of 11 mg NO3-N l"1, a leaching loss from the root
zone of, an average, 33 kg N ha"1 (Level A) would be permissible. In Fig. 9
a number of quantities of mineral nitrogen may be read off which would
constitute the maximum permissible amounts on sandy soils and clay soils
used as arable land and grassland. The same can be done for the highest
WHO-limit of 22 mg NO3-N l"1; the average maximum leaching loss would
then be about 66 kg N ha~' yr"1 (level B).
It is questionable to what extent losses due to denitrification in the upper
layers of the groundwater should be taken into account, because the results in
Fig. 9 were obtained in the presence of a groundwater table generally below 1
m below the surface, so that such losses at least in part, may already have
been incorporated into the leaching data. If we, in spite of this risk, wish to
introduce the possibility of taking denitrification into account, we could
accept Rijtema's figures, who estimates that at least 50% of the nitrogen in the
groundwater may disappear through denitrification. This means that for the
norm of 11 mg NO3-N 1"' also level B may be considered, but that leaching
losses for the maximum level could be raised by a factor of 2, i.e., 132 kg
N ha"1 yr"1 (level C).
Table 2 presents the maximum permissible doses of N, calculated in this
way. They comprise not only fertilizer-N, but also the mineral N contained in
organic manure and compost. Thus, in a temperate climate (300 mm drainage
water per year) on a sandy arable soil the WHO-norm cannot be met at level
A (no denitrification). Also at level B (with or without denitrification) there
Table 2. Maximum permissible applications of mineral N, kg N ha ' yr
Max. leaching WHO-norm
loss at 300 mm mg NO3-N r 1
drainage water, 50% denitrif.
kg N ha" yr~

A
B
C

33
66
132

11
22

Arable land

Grassland

Sandy
soils

Clay
soils

Sandy
soils

Clay
soils

0 kg N ha
70 kg N ha
260 kg N ha

100 kg N h a
360 kg N h a
900 kg N h a

320 kg N h a
450 kg N ha
650 kg N ha

500 kg N h a
725 kg N h a
1100
Nha

+
11
22
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are no possibilities for intensive arable cropping on sandy soils, because in this
situation an input of more than 100 kg N ha~' yr~' in the form of fertilizer is
needed (Kolenbrander 1973a). Only level C offers possibilities to arable
cropping on sandy soils.
The situation for arable cropping on clay soils is much more favourable
than on sandy soils, due to smaller losses through leaching (see also Fig. 7),
but in this case also, level A offers insufficient possibilities for intensive arable
cropping, which requires a high N-input. Levels B and C present no
restrictions to arable cropping on clays.
On grassland it should be reckoned with that, in addition to fertilizer,
mineral N in animal manure is available that must be recycled. The formula
on which the abscissa of Fig. 9 is based is as follows:
Nmi„ = Nf + XL
or
Nf = Nmi„ - XL
where
Nmm
L
x
Nf

=
=
=
=

maximum amount of mineral N applied, kg N ha-1 yr~'
number of livestock units (LU) per ha
mineral N applied in animal manure, kg N LU"1 yr-1
fertilizer N, kg ha"1 yr-1

Under West-European conditions, factor x for dairy cattle is about 45 kg
Nmin LU -1 yr~ . At a stocking rate of 3 LU ha~ the following maximum
values for Nf are obtained for grassland on sandy soils:
level A 185 kg N ha"1 yr"1
level B 315 kg N ha"1 yr"1
For grassland on clays, these "ecological" maxima are again considerably
higher and will give no problems from a productivity point of view at level A,
but definitely not at level B.
Phosphorus
As mentioned before, loss of phosphorus due to leaching varies from 0 to
2 kg P ha ' yr . However, even these small amounts cannot be entirely
disregarded in view of their importance to water management.
The relationship between annual discharge per hectare of catchment area
D c and the load per unit water surface Si of an open water basin (e.g., lakes,
water reservoirs, canals etc.) receiving all the discharges of the area can be
expressed as:
Dc = 10 SL AL AC with Dc as: kg P t ha"1 yr"1 and - S L as: g P, m"2 yr"1
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AL/Ac represents the ratio between the area of the basin (AL) and the area of
the watershed (Ac). For small basins in large watersheds, Dc will be small for a
specific value of SL.
The value of SL (specific surface load) is related to the trophic status of
the basin. For each basin there will be a distinct value of SL below which the
trophic status remains oligotrophic (biological activity is low). But there will
be also a value of SL above which the basin becomes eutrophic or
hypertrophic (biological activity high and very high, respectively).
This "dangerous load" for deep lakes in Europe was calculated to be 0.1 g
P nf2 yr"1 (Vollenweider 1970), for shallow lakes in the USA 0.5 g P nf2 yr"1
(Brezonik 1972), and for strongly polluted rivers in The Netherlands 6 g
P m"2 yr"1 (Peelen 1973). For "clean" water the norms of Vollenweider (1970)
and Brezonik (1972) are probably more acceptable than those of Peelen
(1973), but an important difference in the maximum P-load between deep and
shallow waters remains. This may be explained by the fact that the large lakes,
because of their greater depth, have a hypolimnion (lowest part of the lake
volume with anaerobic conditions) and therefore a higher "P solubility factor"
than the more "aerobic" shallow lakes, in which a greater part of the
phosphorus load is fixed to the bottom sludge.
The "permissible load" has been set at 50% of the "dangerous load." The
danger of leaching of P of agricultural origin, causing eutrophication of
surface waters, however small that may be, is actually present only in sparsely
populated areas. In those regions it could be necessary to weigh the
advantages of increased P-fertilization with a view to increase food
production against the disadvantages of a higher P-load in the surface waters,
especially when conditions are such that surface runoff and soil erosion are
liable to occur.
In densely populated areas the P-load of surface waters will be determined
mainly by the waste water produced by the population. The P-load of surface
water in about 1970 in The Netherlands, a densely populated country with an
intensive agriculture, may serve as an example (Kolenbrander 1974). The
internal contribution from sources within the country to the P-load (thus
excluding imports of P via rivers from abroad and excluding contributions
from detergents) was then about 8.2 million kg P per year and was distributed
as follows:
Excrements from population
Industrial waste water
Agriculture
Natural load

49%
21%
18%
12%

It is clear that the contribution from agriculture was about 50% higher
than that from natural sources; the population, however, contributed about
three times as much. This fact must be taken into consideration when an
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answer is to be given to the question: "more food and/or cleaner water?"
For Dutch conditions, a Dutch working group recommended an average
maximum P-load of 1 g P irf2 yr~', a considerably lower value than the value
actually found in 1970 of about 6 g P m"2 yr"1 (Golterman 1976).
Potassium
The element potassium is not important as a factor in soil and water
pollution. From an agricultural point of view, however, an excess is
objectionable, because the composition of grass from grassland with high
levels of potassium, combined with high applications of nitrogen, may lead to
grass tetany (hypomagnesemia) in cattle. But this situation does not really
constitute pollution of the soil, because high levels of potassium can be
quickly reduced to normal proportions by omitting fertilizer and/ or manure.
Henkens (1978) reported the limits to stocking rates (dairy cows) per
hectare grassland in different West-European countries (Table 3), whereby
often a balanced K-fertilization regime was used as the criterion.
Table 3. Maximum numbers of dairy cows per ha of grassland (Henkens
Country

West Germany
The Netherlands
Belgium
The Netherlands
Switzerland
West Germany
Sweden

Conditions

Max. no. of
dairy cows
per ha
grassland

1-2
2-2.25
2.5
Grassland on sandy soils 2.75-3.00
Pasture
Grassland on clay soils

Hay fields

3.0-3.5
3.9-4
2.9-5

Taking variations into consideration, an average maximum value of three
heads of dairy cattle per hectare grassland is obtained. At this stocking rate,
potassium and phosphorus levels can be maintained in the soil that cannot be
considered excessive (Commission European Communities 1978).
This threshold value of 3 LU ha~ is also an indication of where the
concept "feedlot" begins. Feedlots are enterprises where a much higher
stocking rate is maintained, which is made possible by purchasing roughage
and concentrates from outside sources. Because of the relatively small
consumable output (see Fig. 1), such an enterprise produces a large surplus of
animal manure which is "dumped" on the available farmland. This creates a
risk to the quality of ground- and surface-waters.

Nature of Future Research
In the industrialized nations, which often have an intensive type of
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agriculture, the effects of society on the environment have been studied
increasingly in recent years. But elsewhere in the world, a higher production
will have priority for some time to come. Yet it is desirable to involve
environmental effects in future production-oriented research from its inception,
and to set limits on fertilizer use appropriate for local conditions. Obviously
the data presented here cannot be applied to strongly different climatic areas
and/or to a more extensive type of agriculture. However, it would be wise to
take advantage of the insights gained, and so to conduct research more
purposefully and effectively.
The foregoing shows that an increase in food production (i.e., consumable
output) through an increase in input of N, P and K can be expected to result
in a heavier load on our environment, i.e. ground- and surface-water and,
may be, also the ozone layer around the earth. To lighten this load as much as
possible, attention will have to be given especially to efficient utilization of the
available plant nutrients. For nitrogen, this does not only apply to fertilizer
nitrogen, but also to nitrogen biologically fixed by legumes. A more efficient
utilization will, at the same input level, increase consumable output and lessen
environmental pollution. Such an increase in efficiency is possible by using
different technological means, such as:
1. Development of appropriate crop rotations that not only increase
inputs but also better utilize biologically fixed nitrogen.
2. Improvement of methods of storage and application of animal manure
and compost to restrict losses due to leaching and volatilization as much as
possible.
3. When methods 1 and 2 do not offer possibilities and other growth
factors as water, pH, phosphorus, potassium and trace elements are not
limiting, N-fertilizer can be resorted to as a supplement. To optimize the
efficiency of the inputs by restricting losses as much as possible, various
techniques and materials can be used, e.g., split application, band application,
slow-release N-fertilizers, and nitrification inhibitors.
In the regions with an intensive agriculture and a high fertilizer
consumption, research should be concentrated on reaching a compromise
between the demands made by agriculture to obtain maximum yields on the
one hand and the limitation necessary to prevent pollution of soil and of
surface waters on the other.
For feedlots, which produce manure surpluses because of their high
stocking rates, measures could be considered that will lead to a better
distribution of the manure or slurry over the available area of cultivated land.
Thus, serious pollution with nitrogen of the deeper groundwater, a source of
drinking water, can be avoided (Commission European Communities 1978).
Finally, it is clear from Fig. 4 and Table 1 that export from the farm of
minerals contained in food products constitutes the most serious "leak" in the
mineral-supply cycle in agriculture.
In regions with an intensive agriculture these losses of N, P and K a'e
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compensated by fertilizers. But this is possible only through the use of large
amounts of fossil energy needed to manufacture the nutrient elements in a
form that is suitable for agricultural purposes. The demand for fossil energy
will increase strongly if low-input regions go over to intensification.
Intensification can never be carried out with biologically fixed nitrogen alone,
because this nitrogen will result in a higher output of P and K which will also
have to be compensated for. This can be done practically only with fertilizers.
Zwerman and De Haan (1973) and Gravitz (1977) point out that greater
attention should be given to recycling of urban waste waters to agriculture.
Utilization of waste waters from which P has been removed will not only
place a curb on pollution of our waters with P, but will also give a positive
contribution to the maintenance of the nutrient cycle, e.g., of N and K, in
agriculture to the benefit of food production.
For these developments, so important to future generations, we have the
necessary technological know-how. However, it is feared that energy
problems, coupled with economic, social and hygienic factors, will be a
serious drag on progress into the direction indicated above.
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Commission V

Soil Genesis, Classification
and Cartography

Pedology Research:
Soil Genesis
E. S C H L I C H T I N G *

Abstract
IN this paper some methodological problems of soil genesis research are
discussed and some perspectives explained.
Methodological problems are connected with the factor analysis, with
the reconstruction of the original conditions in the case of soils from layered
mixed parent materials, with balance sheets for lithogenic features in
the case of indexless supply or removal (e.g., cyclic salts or erosion) and for
features which can be litho- and pedogenic (e.g., clay maxima and minima)
and with the investigation of the course of soil formation.
It is pointed out that soil genesis research is needed for the selection of
diagnostic features in soil classification and should concentrate more on
recent processes and features in order to improve the ecological meaning of
soil classification.
It is further pointed out that the objects of soil genesis research should
not only be profiles on abstract parent material sections, but also catenae on
concrete geomorphic units, since these are appropriate units for soil
cartography.
SOIL science is a geo-ecological discipline. As such, it has many relations
to biology, and as a younger discipline it took over from the older one many
terms, and modes of thinking, some of which do not suit its objects. One such
term is soil "genesis" which is also the topic of Commission V of the Congress
(in the German translation it is even "genetik"). This was a temptation to
construct analogies between soil- and bio-genesis (e.g., in the form of a
genealogy of soils). These have rather retarded than accelerated the
advancement of our sciences. Therefore, it would be appropriate to consider
soils not as organisms but as open systems, which they are. Soil formation is
rather a metamorphosis in the geological and a succession in the biological
sense, than a genesis in the biological sense.
This "genesis" is determined by the "factors of soil formation," namely,
parent material, climate, relief and time as well as — in cultivated soils —
human activity. It is the course of "soil forming processes," consisting of
numerous reactions, which can be grouped into transformations of mineral or
organic matter and translocations of solids, solutes or gases. They coin the
"soil features," i.e., the physical state and the chemical nature of the
components mentioned, which constitute in a distinct lateral combination the
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"horizons" and in a distinct vertical sequence a "profile." It is generally
accepted that the object of soil genesis research is a tridimensional section of
the soil mantle reaching from litter to parent material and having the same
horizon pattern, the pedon. Consequently, it is the task of soil genesis research
to fill the sentences "Factors determine processes, processes coin features"
with qualitative and quantitative information in definite cases. Whatever
expectations may be derived from that, they can only be met if the research is
conducted according to the state of the art. Therefore, I shall at first point out
some problems and then some perspectives in my view.

1. Methodological Problems
1.1 Factor Analysis
The solution of the equation - - soil features = f (factors of soil
formation) — requires the investigation of soils in litho-, topoclima-, chronoor anthroposequences, thus a monofactorial variation, i.e., independence of
the factors from each other (including time). It is generally known that
vegetation does not meet this condition (therefore, litter is not a parent
material in this sense).
However, it should not be forgotten that the relief also depends on soil
formation and climate, varies the climate and, under the pedon aspect, the
parent material even in homogeneous geomorphic units. It, therefore, seems
advisable to concentrate more on the study of catenae (which tolerate
lithological differences) since they represent the spatial reality.
Especially important, however, is the linkage between humid tropical
climates and older land surfaces in equatorial regions. Many soil features
considered as "tropical" could equally well be just "old" (e.g., features of oxic
horizons). To allow a better distinction between clima- and chronosequences,
in the tropics, more soils should be studied on land surfaces the age of which
is similar to that of other regions. But here the climates have changed
substantially, even in the late quartenary, from sub-humid to dry or cold
temperate. In the former periglacial regions, soils of chronosequences older
than 5000 to 10000 years most likely belong also to different climasequences.
Nevertheless, more long-term developmental sequences should be studied
since they represent the chronological reality.
The day of the observation that soil features depend on climate is
regarded as the birthday of pedology. Probably as a reaction to the preceding
geological-concept of soils as desolate conditions of rocks, many more climathan litho-sequences were investigated. Greater yet is the lack of studies on
anthropo-sequences. They require at first a typification of the cultivation
procedures with respect to kind (not only tillage but also addition of foreign
or removal of soil materials, fertilization or exhaustion, drainage or irrigation)
and intensity, and then appropriate objects as well. This task should not be
more difficult than in the case of climates.
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The investigation of anthroposequences would improve the prognoses
about man's impact on soil fertility, and that of clima- (or litho-) sequences
would allow to deduce the climate over the former land surface from features
of mature fossil soils (or the parent material even from entirely transformed
profiles). This, of course, requires a recent nature of the reference soils or the
distinction between recent features and relics from a past climate on the basis
of special investigations. Therefore, geologists can use fossil soils as
documents of the landscape history only inasmuch as soil genesis research has
taught to read the recent sources.
Mainly important are the factor analyses for an improved understanding
of soil geography. This can be done better if more suitable data are available.
The data determined in many sequence studies, however, are at most suitable
to characterize a pedon qualitatively (e.g., % humus in the fine earth of one
horizon). For a quantitative interpretation often not only the gravel + stone
contents are missing but even the most important quantitative soil features,
namely, thicknesses and bulk densities of the horizons which determine their
masses. Here is a gap between routine analysis and the insight that a pedon
should be characterized by the mass of its components per area unit (cf
Section 1.3).
1.2 Reconstruction of the Parent Material
Since all statements about soil genesis are derived from differences
between solum and parent material, the latter has to be characterized. It must
have been at or — if the material (e.g., limestone) is transformed under large
losses — over the place of the solum. The customary consideration of the
material without any gradient under the solum (R or C horizon) as the parent
material is principally wrong, practically permissible only in the case of
isotropic materials (e.g., basalt, glacial till or loess after long-range transport).
To check this by the proof of identical ratios between stable components in
solum and R or C is especially advisable when the parent material of entirely
weathered profiles must be sought besides the pedon.
This basically applies to soils from anisotropic R or C (e.g., layered
sediments). Such a search has good prospects in cuesta landscapes where the
sediments concerned have been preserved under younger ones. By stratigraphical
comparison the original sediments can be located and by the proof of identical
depth functions of ratios between stable components facies differences
between the two localities can be excluded. The task is difficult when
transformation could happen during sedimentation gaps (e.g., terrace gravel
under loess, alluvial loam under dune sand), and it is hopeless when younger
sediments are absent. This applies a priori to the youngest sediments in a
landscape.
On the other hand, the original composition (not the structure!) of soils
derived from mixtures (e.g., solifluction debris at petrographically
heterogeneous slopes, loess from local and distant sources) can be
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reconstructed when these x admixtures (1) can be identified qualitatively, (2)
are preserved unaltered somewhere, (3) differ considerably in x stable
components and (4) have entered the mixtures quantitatively (i.e.,
unselectively). The results of such calculations (in layered mixtures separately
for each layer) can be checked in moderately weathered profiles by the proof
of identity between calculated and real soil masses and in strongly weathered
soils by the proof of equal results with a second set of x stable components.
The higher the ratio between labile and stable components, the more
accuracy in the determination of the latter is required. That is especially a
problem in the case of mixtures with limestone and for an estimation of the
amount of lime, gypsum or salt dust. These aeolian inputs are certainly very
important for the soil genesis in dry regions but have not yet been quantified
sufficiently. More research on their stable components is needed.
Fluviatile sediments (e.g., terrace gravels, alluvial loams) are characterized
by mass (size and density) selective translocation from more or less large
catchments. The reconstruction of their original composition would
theoretically be possible but with such large efforts and such small chances
that it is not being practised. No reconstruction is possible if atmogenic
supplies do not contain any stable components (e.g., cyclic salts) or when they
change very much in their composition (e.g., urban or industrial emissions). In
these cases even qualitative conclusions from single profiles remain vague.
1.3 Extent of Soil-forming Processes
It must be assumed that all processes happen in all soils, only their extent
being different. Statements about the extent are deduced from "debit-credit"
differences in the solum. The debit values are calculated from the mass of a
stable index in the solum and the ratio between the index and the relevant
feature in the parent material.
Calculations of volume and porosity changes are, of course, impossible
when only a mixed parent material was reconstructed only (cf Section 1.2), but
are often omitted even when they would be possible. This is regrettable, since
such investigations of the structure genesis, together with micromorphometry,
could contribute to a better understanding of compaction or loosening in
many soils.
Statements about changes of the mass of all or of special components are
difficult (even in soils with an identified parent material) when stable indices
occur only in traces. When the parent materials concerned mainly consist of
labile components, their weathering losses, or the residual accumulation of
other components, are difficult to determine. This applies to the decalcification
of soils from limestones and to the desilification of soils from (ultra) basic
magmatites.
The more a parent material without stable components was supplied (cf
Section 1.2) and/or the indices were eroded together with the soil material, the
more the weathering losses are underestimated and the residual accumulations
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are overestimated. The former obscures the interpretation of soils with salic,
gypsic or calcic horizons and the latter that of oxisols or ferralsols on old land
surfaces. Especially in the case of the latosols the role of the residual
accumulation should be determined, since it concerns components of equal
ecological (sorbents for P) and technical (sources of Al) importance.
Statements about absolute gains and losses during soil genesis are
impossible in the case of indexless supply or removal, and they are a problem
in the case of secondary components (e.g., clay minerals or iron oxides). Even
when known parent material and preserved indices allow the determination of
losses of primary materials, the transformation rate of weathering products
into secondary minerals remains unknown. Such factors (e.g., for clay
formation) can be calculated from the formulae of the reacting and resulting
minerals, assuming negligible leaching, or from the quotient between the
masses of clay gained and of nonclay silicates lost in profiles in which no clay
destruction is assumed. Multiplication of the nonclay silicate losses with the
former factor gives the maximal clay formation and leads to an
overestimation of the clay destruction in weakly transformed soils already,
whereas application of the latter factor results in minimal clay formation and
underestimation of clay destruction at least in strongly transformed soils.
Such balance sheets for single horizons require the determination of the
clay translocated in the profile. The eluviation losses can only be derived from
the illuviation gains in the other horizons, and these gains can only be
determined by micromorphometry. With this method, however, the
proportion of clay re-incorporated in the matrix after translocation cannot be
measured precisely. This makes it difficult to distinguish between clay losses by
translocation and by transformation. Therefore, the clay destruction is still an
open problem in "podzolic" soils and even more in "ferrolyzed" soils the
parent material of which in the sense of Section 1.2 is unknown (and may
have originally contained more coarse light and fine heavy minerals in the top
soil).
1.4 Course of Soil-forming Processes
This chronological sequence cannot be deduced from a spatial sequence of
features in different landscapes (e.g., solonchak-solonetz-solod at best from a
clima-, but not a chronosequence) and not always from that of features in
profiles or thin sections (following the principle: near to parent material or
matrix = initial, far from = final), because translocations may reach different
horizons and transformations may be determined by the depth-dependent
amplitude of soil moisture and/or aeration. Therefore, the investigation of
development sequence is necessary.
These sequences can consist of soils from the same parent material but
being buried at different times (burial sequences), or of soils from parent
materials of the same kind but differing in age (formation sequences), or a
combination of both. For burial sequences the total fossilization of the soils
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has to be proved (which requires special investigations) and in both cases the
identity of the parent materials (cf Section 1.2) as well. After successful proofs
such objects should be protected and thoroughly investigated, in view of both
their rarity and their importance for soil genesis research.
Such sequences hitherto were studied mainly in periglacial and
peridesertic regions in which burial under loess or dunes and formation of
moraines or terraces was a normal event in landscape history. In tropical
regions such studies are more or less restricted to soils from volcanic rocks.
Investigations of other development sequences certainly would lead to a better
understanding of tropical soils, the more so, since this would be a chance to
study old chronosequences without substantial changes of climate.
Statements about soil genesis gained from the comparison of features in a
development sequence are at first hypotheses, starting from real results but
possibly misinterpreting the reactions. Monofactorial experiments, on the
other hand, give correct information about reactions of model substances, but
possible inaccurate results for soils. Simple experiments are more justified if
the time and space dimensions of the reactions to be studied are small.
Therefore, the experimental evidence for sesquioxide transformations is rather
good, that for transformations of primary and secondary silicates is weaker
and that for many combinations of transformations and translocations in
profiles is rather poor. Here lies an important task for future soil genesis
research in cooperation with Commissions I, II, III and VII.
Statements about soil genesis deduced from balance sheets in
development sequences tend to underestimate recent processes. These are
better investigated by turnover measurements (applied to formation sequences
they allow to prove conclusions drawn from balance sheets). To investigate
the atmogenic supplies, the biocycled elements and the leaching losses (not
just to determine the concentrations of waters and plants!) is not a technical
problem, except for some gases. In spite of that there are only few ties
between balance sheets and turnover measurements. Possibly the recent
turnover is regarded as a border-line of soil genesis that many specialists do
not even dare to approach. This shyness may also explain why the genesis of
stable soil components was investigated more thoroughly than the genesis of
the amplitude of labile structural features. These recent processes should be
studied much more in cooperation with Commissions IV and VI. The borderline is moving, the turnover of today may be the genesis of tomorrow. A
comparison between older and recent processes also would reveal trends and
thus improve the reliability of forecasts. And that is the meaning of soil
genesis research: knowledge of the past does result in understanding of the
present and allows prognoses, at least for the near future!

Soil Genesis and Soil Classification
The aim of soil classification is an abstract system, arranging all soil
individuals into as few groups as possible. The chance to unify these
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contradicting criteria seems to be the best when grouping is done according to
a similar genesis. Since few factors determine many processes and these coin
numerous features, a grouping of soils according to the factors of soil
formation appears to be a logical approach. This was done earlier (zonal soils
are ir fact coined by climate, azonal ones by parent material) and similar
proposals are still existing (e.g., climaphytomorphic and lithomorphic soils).
Such systems, however, are very vague, due to the impossibility in many cases
to isolate certain factors (cf Section 1.1), and very subjective, since all soils are
coined by all factors the effects of which cannot be qualified (e.g., those of
parent material, relief and climate in the case of Vertisols).
A grouping according to certain main processes (like transformation of
organic and /or mineral components, translocation of solutes or solids
as well as combination of them) seems to be more perspective. There are
surprisingly few attempts to construct a worldwide system, though there are
profound differences (e.g., between processes in dry and moist regions) as well
as astonishing similarities (e.g., between processes in warm and cold regions).
Such a system could be raised right now and should be developed further in
relation to the state of soil genesis research. A "new" process of soil
formation, however, should be accepted only if the necessary evidence is given
(cf Sections 1.2, 1.4), as required for a patent.
Most of the newer and more detailed classification systems, however, are
(or claim to be) grouping according to soil features reflecting soil genesis.
Amongst these, there is a striking restriction to the chemical nature of solid
secondary components. This probably has to be related less to the
"agrochemical past" of soil science and more to the idea that only "pedogenic"
substances are real soil features. Lithogenic (e.g., minerals inherited from the
parent material) and atmogenic features (e.g., soil moisture and temperature)
are rather considered to be parts of factors of soil formation. But the contents
of quartz or water in a profile are equally the results of soil formation. Stable
lithogenic features reflect soil genesis back to the parent material (cf Section
1.2) and the labile ones, together with the atmogenic features, determine the
recent pedogenesis. Consequently, their close correlation with recent
pedogenic features can be assumed a priori. Relevant for the choice of
diagnostic features should be (besides the recognizability in the field): (1) as
close a correlation with as many other features as possible, and (2) in principle
equally good suitability to group soils as documents of landscape history and
as ecologically active landscape segments.

3. Soil Genesis and Soil Cartography
The aim of soil cartography is a concrete organization of landscapes
which combines the area of similar soils and separates the different ones from
each other. The smaller the scale, the more the combination is necessary; the
larger the scale, the more the differentiation is possible. The spatial structure
of the soil cover, however, does not correspond with the hierarchy in systems
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based on "pedogenic" features, main processes or even factors of soil
formation. Soils of very different taxa can rather occur in a close association;
even intrazonal, azonal, and zonal soils at small distances. Therefore, another
concept is needed for structuring the soil cover.
Not only soil bodies but their parent materials, too, are not just
characterized by their composition but also by their shape; they are
geomorphic units. Parent material is an abstraction; the real parent bodies of
soil formation are these geomorphic units. In the intensity of transformation
the upland part resembles the topsoil and the lowland part the subsoil, the
inter-pedon translocations resemble the inter-horizon translocations and the
leaching from the soils resembles the discharge from the landscape. Soil
formation on the geomorphic unit produces the profile pattern in a catena, as
soil formation in a section produces the horizon pattern in a profile.
Such catenae should be regarded as objects of soil genesis research much
more than hitherto. They can originate from geomorphic units which, like
moraines, are topographically more heterogeneous than petrographically
(topo-catenae), which, like flood plaines, are petrographically more
heterogeneous (but in regular order!) than topographically (litho-catenae) or
which, like mesas, are in both respects heterogeneous. In this order the
problems connected with the reconstruction of the parent material (cf Section
1.2) increase. Many existing data on catena, however, cannot be interpreted
quantitatively, because an essential quantity is lacking, namely, the area of the
different soils. These data would be very important for distinguishing the
effects of inter-pedon translocations (upland losses = lowland gains) and those
of discharge from the landscape. The course of soil-forming processes can
rarely be investigated in burial sequences (since there are scarcely any intact
catenae fossilized), but better in formation sequences (e.g., basalt flows or
moraines of different ages). And, finally, balance sheets can be complemented
by determinations of the recent turnover. This would serve landscape ecology.
Such catenae should be considered as appropriate units for soil
cartography. When the scale permits, even the topogenic and, within these,
the anthropogenic soil individuals can be shown. On the other hand these
catenary soil associations can be combined with other catenae to second order
associations if they are connected by recent translocation (e.g., colluviation,
groundwater transport), and further to third order associations, if these
translocations are relic (e.g., solifluction, loess transport). A further grouping
can be done then, according to similarities due to relic or recent conditions. A
nomenclature for such soil associations needs to be developed. To name them
according to the predominant soil(s) is not justified so long as soil genesis
research does not reveal their diagnostic value for landscape history and
ecology.

Soil
Classification
R.W. ARNOLD*

Abstract
MOST soil classification systems define and describe properties of soils that
are readily observable or relatively easy to measure. An acceptable system
must be internally consistent and satisfy its purpose. A classification effective
for prediction minimizes the variance of properties within a taxa relative to
the variance of the whole population. To date no taxonomy has been
adequately tested. Retaining flexibility so that new knowledge can be
accommodated, accepting new paradigms if they emerge, refining
quantitative aspects of soil properties, testing definitions for completeness,
improving use of predictive relationships, developing a classification of soil
map units, evaluating new analytical tools in classification, and increasing
international cooperation are some of the challenges in soil classification.
The future is bright if we accept the opportunities offered by these
challenges.
SOILS that are periodically waterlogged do not support the same vegetation as
droughty upland soils. For most conceivable uses, steeply sloping stony soils
are used and managed differently than nearly-level clayey soils. It is now well
known that soils are too variable for all of them to be treated similarly. As a
result, man has devised numerous soil classification schemes according to his
degree of understanding of soils and also his desire to organize that
knowledge into perceived relationships. Most systems have been hierarchal
consisting of several categorical levels with each category divided into classes.
Historically the basis for grouping or dividing soils has been dominated
by man's relationships with soils, particularly his using them. There have been
soils, heavy and light, sticky and loose, wet and dry; soils growing wheat and
corn, grasses and forest, and so forth. Geology being one of the important
factors influencing soil formation, there are soils derived from granite and
shale, soils of glacial and residual origin and soils of upland and floodplain,
and so on.
Eventually soils were recognized as objects having their own
characteristics suitable for the basis of classification. Within the upper soil
mantle there are differences in texture, colour, layering and aggregation, and
various combinations associated with different kinds. Since then, most
systems have been morphogenetic ones.
In pedological systems, the concepts of soil development and
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morphological features believed to be related in some way to processes of soil
development help guide the selection of properties used to define categories
and their included classes.

Individuals and Hierarchies
Current pedological concepts consider soils to be individual entities that
mentally can be grouped together into ever larger classes. This approach
recognizes unique land areas in which the active processes and conditions
have produced similar soil properties. It also implies that different
combinations of processes and conditions give rise to different kinds of soils.
The fact that, for the most part, soils form a continuum on the earth's
surface presents challenges for recognizing and identifying boundaries
between soil individuals. Judicious use of multiple working hypotheses to
eliminate unsupported conjectives of soil genesis aids in predicting and
recognizing some of the boundaries of soils within a locality. Many kinds of
soils can be grouped together until the final group includes all soils. Once this
aggregation has been accomplished, individual soils can be perceived as the
dissection of the class of all soils into smaller and smaller groups with the
eventual isolation of a particular kind of soil body. In this context a
hierarchal system of pedological soil classification is one that relies on defined
basic units of soils that exist without further subdivision and on specified
relationships that group the thousands of recognized units together.
The structure of a soil classification scheme depends on the purpose of the
classification and on the importance and priority given to the criteria for
arraying the categories. A few systems are rigidly controlled by derived
mathematical relationships; however, most schemes retain flexibility by
employing relative weights associated with perceived interactions of sets of
properties. For example, a dark coloured, base-rich surface horizon does not
represent the same development process or condition for all soils. Its relevance
depends on the whole set of properties being considered for any given soil.
Taxonomy of the soils defines and describes properties of soils that are
readily available and/or relatively easy to measure. Quantifying soil properties
and their relationships to one another has received increasing attention in the
development and testing of soil classification schemes.

Acceptance
To be acceptable, a classification needs only to satisfy its own stated
purpose and be consistent with definitions of categories and use of properties
selected to provide mutually exclusive classes within the categories. Thus,
there can be many soil classifications, each internally consistent and correct,
but there are few that have enjoyed general acceptance by the scientific
community.
As Butler (1980) noted, soil classification developed and used in a local
setting tends to be intuitive and relatively simple because it has a very specific
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purpose, usually utilitarian, and its scope or area of application is limited. The
myriad of possibilities of such a classification does not readily promote a
regional, national, or worldwide perspective of soil properties, their associated
landscapes, and the technologies being considered.
The soils literature now contains numerous examples of the variability of
soil properties throughout limited geographic areas. This information permits
us to focus our attention on testing some basic assumptions about
classification systems in general and soil classification in particular. The
principles and logic used in the design and construction of classification
systems are well known and generally accepted as satisfactory. They include:
reference to using properties of the objects themselves that cause other
properties or those that result from and are associated with other properties;
abstractedness of definitions of high level categories; selecting criteria or
features that satisfy the level of abstraction of definition of each category; the
inclusion of all members in each category and the mutual exclusiveness of
classes within a category.
Webster (1977) summarized some of the classification concepts examined
by Beckett and his coworkers. They noted that although the properties clearly
related to a particular interpretation may be known, often there are too many
soil areas to make feasible all the measurements desired. Classification is a
possible solution where generalization of specific information and prediction
of values or behaviour is based on samples from separate classes. It is hoped,
and expected, that variation within a class is less than for the whole
population and small enough for generalization of prediction to be useful.
Success depends on the extent of these relations.
Webster (1977) cited the example where a classification of soils based on
pedological features was reasonably satisfactory for generalization and
prediction of mechanical behaviour for airfields in an area in south-central
England. In this case, some of the properties used to classify pedological
profiles were significantly related to the limits of features used to predict the
particular engineering behaviour. Thus, the classification was a useful
shortcut.
It is generally accepted that about half of the variance in physical
properties of soils in a region can be attributed to differences between classes
in a fairly simple classification of soil based on profile appearance,
physiography, or geology. Webster also reminds us that chemical properties
are less well segregated by simple classification and that between-class
variance is likely to be only about one-tenth of the local variance. Statistically,
variance is the square of the standard deviation and is a common expression
of variability of measured properties. The ratio of within-class variance to
total variance is sometimes called the relative variance and is one way of
expressing the effect of classification. The complement, one minus the ratio,
can be considered as the proportion of variance accounted for by
classification.
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A recent study by Harris and Cleveland (1981) illustrates the seasonal
nature of several chemical properties at five sites. The sites were selected
because of differences in forest management practices, however, they also
represent four soil series in the U.S. Soil Taxonomy (Soil Survey Staff 1975).
Although not analyzed for effectiveness of classification, it casually appears
that neither site nor soil class separates the variance into any consistent
pattern useful for generalization and prediction. This affirms the futility of
predicting behaviour which is not closely related to the properties and values
used to define and separate classes in a taxonomy. It further demonstrates the
caution when using a mean value of a class as a prediction value for a soil or a
soil area. That is, when or where the variance is large for a property, the
mean value of that property may be a poor estimator on which to make
generalizations or predictions. In this case, the variability appears to be due to
spatial differences (within site) and to management differences (between sites).
Much of the testing of classification systems has been related to the
variances of properties and the applicability of such information for
generalization and prediction of values or behaviour at unvisited sites. Such
tests are mainly of utilitarian interpretations concerning use and management
of soil resources. If the management relies heavily on chemical features, then
the tests have found soil classification less useful than when management
involves mainly physical properties. In effect, these studies are measures of
how well the values of one classification can substitute for another set of
values that usually require additional onsite investigation. They rely on
reasonably good correlations between what is desired and what is used as a
surrogate or substitute for the desired feature. For example, if the available
water capacity to a depth of 80 cm is desired it could be measured directly in
the field with a double-ring infiltrometer, by gravimetric sampling by depth, or
with other appropriate devices. However, an average value, or even a limited
range of values, can be estimated from the soil textures to a depth of 80 cm
and such estimated values may be satisfactory for the purpose.
In too many instances the acceptable tolerance of values for a given
purpose are not known with any degree of assurance and an adequate
evaluation of the classification is not possible. Thus, a great deal of
speculation exists about the necessary precision, accuracy, and reliability of
soils information.
It is tacitly assumed that pedological classifications do a satisfactoryjcb of
classifying soils according to the purposes of the systems. Disagreement and
concern centre on the appropriateness of the definitions and criteria by which
the definitions are recognized. These are judgemental and, therefore, subject
to conjecture, debate, and arbitration.
Let me illustrate with reference to the U.S. Soil Taxonomy (Soil Survey
Staff 1975). The purpose of the system is to array soils in a genetic framework
because it is believed that an understanding of soil development provides a
sound basis for consistently identifying, locating, and predicting areas
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dominated by limited ranges of sets of properties. The consistent prediction of
the nature and occurrences of soil areas is the rationale behind a soil
classification that is to be used to assist in transferring scientific information
and soil-related technology.
Neither the interpretations for technology transfer nor the assumed
genesis of a soil can be directly obtained from Soil Taxonomy. They require
additional thought processes to link such predictions with the features and
properties used in the classification. Because the definitions of categories are
abstractions they can only serve as a basis for differentiating the population
into classes. The criteria to be used are those observable or easily measurable
properties believed to be closely related to the abstract basis of differentiation
of each category.
Soil science does not yet know very much about long-term soil processes
but the consensus of pedologists is that the uniqueness of processes in time
and space has resulted in differences that are important in understanding why
and where the soils occur in landscapes. It is thought that the patterns in
space as related to time will reveal a systematic scheme of soil development. A
framework already exists and large general patterns do occur. Refinements
and details both add to, and subtract from, various theories and concepts of
soil genesis, but the net result has been improved understanding of the
complexity and enormity of pedology.
There has been little testing of soil classifications that profess to be genetic
arrays because the criteria for success, or for acceptability, are not well known
and certainly not yet agreed on. It is known that each category must include
all soils and that the classes within each category must be mutually exclusive.
Although plinthite and fragipans are identified in soils and are recognized
in classification, there is little agreement on the processes or measures of the
degree of development of such soil features. Until there are satisfactory
methods for assessing the similarity and contrast of the effects of soil genesis,
there is little prospect of serious testing of genetically based soil classification.

Challenges for Soil Classification
Pedology has advanced rapidly in the past 25 years with the development
and use of standards. Soil colour, texture, structure, and other features of
horizons are readily understood by pedologists throughout the world because
the terms are reasonably well codified and described. Procedures for mapping
soil landscapes are similar everywhere and even the naming of map unit
delineations follows guidelines understood by one another. The in-depth
reviews and searches for more meaningful classification schemes have resulted
in sharper definitions, more quantification of soil properties, and the
unravelling of new relationships of soil geography and soil genesis. The
information explosion has taxed the traditional means of handling data and
this has led us into new pathways of communication and data systems
management.
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What are the challenges in soil classification in the 1980s and 1990s and
what should we be doing?
1. Flexibility. Some early classifications were rigidly constructed to handle
the available knowledge with little forethought to the possibility of new
information. Most of those systems are no longer in use. There must be
flexibility in each scheme to accommodate new knowledge without an
immediate collapse of the structure and organization of the accumulated
information. If each new piece of information or new technique for measuring
has no place within an existing soil classification system, then it must either be
ignored or, in an attempt to gain relevance, some portion of the system will be
destroyed. The human mind can readily perceive the possibility of unseen and
known situations, consequently classifications should reflect these possibilities
and include ways to add or modify the existing structure to accommodate
future observations or present-day's unknowns.
2. Paradigms. The logic of soil classification schemes includes the seeds of
self-destruction. Each scheme is a reflection of a state of knowledge, imperfect
and biased by those who design and shape it. As more soils are described and
analyzed and different relationships are revealed, eventually a classification is
so burdened with the old and the new that a fresh look is needed. There is a
problem of being able to accept a new paradigm when it emerges. Does
pedology have the capability and the capacity to accept major changes in the
philosophy and structure of knowledge of soils? Resistance, reluctance to
change, and stubbornness to accept ideas, new concepts, and new thought
processes can so severely impede our understanding of pedology and
organization of information that we are forced to continue to develop system
after system. Pedologists must not become complacent with their view of the
universe. Their teachings and philosophy of relationships must not become so
fixed that a revolution in soil science is the only way to proceed. The challenge
tends to apply to the wise, the leaders, the keepers of the light, and others
whose guidance is readily accepted by other pedologists.
3. Soil property definitions. Soils have many features that can be
observed and measured. Those selected as definitive for classification need to
be examined carefully and quantitative parameters for their recognition
developed. Pedologists must search for universally acceptable definition of
important soil properties. New methods of measuring properties should be
related to previous methods as an aid in correlating existing data and
extending a knowledge base. Many classification schemes describe soils in
terms of diagnostic horizons, materials, and other features that must be
quantified for consistent recognition by scientific observers. Sometimes
refinement of precision of measurements is useful; other times improved
accuracy of a method is helpful in achieving standardization. Pedology should
continue to unify its science of quantifying soil properties that can be
identified by competent pedologists throughout the world. Only then will there
be a high probability of arriving at a universal base for soil classification.
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4. Flow charts as cross checks. As a corollary of quantifying definitions
of soil properties, all definitions need to be tested and evaluated for
completeness of logical decision making. Computer programmes often
diagram the steps involved in going from input to output, thereby providing
evidence of gaps and possible shortcuts for appropriate decisions. Soil
scientists should always pay attention to the rigour and applicability of the
definitions they use to support concepts and models of the real world. The use
of flow charts could easily become a part of the procedure for checking how
well parameters are linked together to support and substantiate definitions of
diagnostic horizons and other features. Their application would help focus
attention on needed research, would help ensure uniform application of
information in decision making, and improve communication among the
world's soil scientists.
5. Predictive relationships. The good reputation of pedology is founded,
in large part, on the relationships that exist between soil units and practical
interpretations that predict soil behaviour for specified uses. Although
computers may allow us to consider hundreds of items in matrix correlations,
the relevance of any given relationship is a judgement of man. The more
meaningful relationships are those that are attributed to cause and effect.
Speculations of the past have often been found wanting, however, refinements
of parameters and their measures have been important in sharpening up
relationships. As this has happened, the reliability of predictions has also
increased. Classification schemes used by soil survey and built around genetic
concepts have proved effective because they link observable properties of soils
to observable features of landscapes. A continuing search for cause and effect
relationships should be supported by pedologists because the results serve as
evaluations of any classification scheme. Definitions of categories that rely on
genetic concepts are readily tested by new or more precise correlations of soils
and processes of their formation. If the rationale for some category and class
distinctions has been weak, then new information also suggests areas of future
research that would have impact on soil classification.
Predictive relationships are the framework of a soil classification system
that links the classes of a category together and relates one category to
another. The objectives or purposes of a classification are the reference by
which a system can be judged, consequently, it is increasingly important to
describe and explain the rationale behind the decisions that build the structure
of a classification. The strengths and weaknesses of the rationale should be
revealed by developing predictive relationships from new data sets.
6. Map unit classification. Soil map units consist of delineations that
contain the same named soil components. The reference soil names are those
from a class of a taxonomie system.
The distinction between map units or landscape units and taxonomie
units as reference classes in classification scheme is very important. Only a few
classifications of map units per se have been developed. The hierarchal land
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systems used by the British and the Australians are the examples. There is a
need for better recognition of how pedology views the earth's suface. What are
the concepts that give rise to our mental models of soils as they exist in the
landscape? As soils are studied in the field they are found to be explained by
the interaction of processes of landscape evolution and those processes that
have been or are operating within the soil materials. The geomorphic and
pedologic processes combine in our understanding of why certain soil
properties occur where they do and how the soils are distributed across the
landscape.
The classification of soil map units as one of the more fascinating
challenges stems from the fact that soil is not commonly the basis for category
definitions in land systems, consequently, the hierarchy of units is not a
hierarchy of soil map units. Patterns of soil geography, explanations of
patterns, and the rationale for relationships to serve as the structure of soil
map unit classification would be required to develop a meaningful
classification system of soil map units. In contrast to a taxonomy of soil
profiles, a map unit classification would have to consider scale as a property
of each category because extent, size, and shape may all be significant
properties.
7. Techniques of classifying. Current paradigms of soil classification are
founded in the philosophy and logic of the 1800s. The principles that guide
the design and application of hierarchal systems appear to remain valid even
though quantification rapidly replaces the qualitative nature of prior soil
information. In the search for new relationships of properties in
multidimensional space, there will be many new techniques presently
unfamiliar to pedologists. Webster (1977) discusses a number of methods that
may be applicable in soil science, such as ordination, dispersion and
discriminant analysis, and geostatistical mapping methods.
Mankind seems to have an insatiable desire to classify, and all aspects of
daily life are pigeon-holed into classes. This is just as true for each new
application of a model or of a method because each attempt structures our
knowledge in a slightly different way and each thrust can easily be perceived
as the basis for a better, more meaningful, more universally acceptable
classification. Pedology must always move ahead in examining and evaluating
the world of soils. Hopefully, we will progress with a minimum of lateral
digression and yet have the capability to recognize a new paradigm when it
comes.
8. International cooperation. Our predecessors established the congresses,
excursions, and exchanges so vital to our present understanding and
knowledge of soils. Where, when, and how soil science goes in soil
classification depends now on the international community of pedologists. We
have the challenge to work together to revise and improve an international
soil reference base that can enhance our sharing of knowledge, and contribute
significantly to the transfer of soil-related technology.
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Information systems are being developed rapidly in most parts of the
world. Many are compatible with each other, some are not. Will we
standardize enough of our soil descriptions and measurements to provide
meaningful interchange of information? Can we agree on definitions of soil
properties? Are we willing to consider new structures of our pedological data
base? Can we agree on a common purpose for a soil classification system and
work together to make it a reality? What are we teaching the next generation
of pedologists? They will be better equipped with computers, satellite
communications, and improved laboratories but will they also have
maintained and strengthened the philosophy of our science and shared the
camaraderie of wanting to be involved in making a better world? The
challenge is here today — for each one of us.

Concluding Remarks
The future is very bright for international cooperation in pedology and it
should lead us to a common soil classification reference base. Think of the
tremendous advantage of having a system that enhances our opportunities to
share experiences, knowledge, and future research activities; nations as they
work and coordinate their own soil activities, can develop information
systems that are responsive to their needs. A network of national centres
sharing their wealth of knowledge is surely an encouraging prospect. The
continued enthusiasm and dedication of individuals and groups whose ideas
become the research of tomorrow and whose techniques and innovations give
rise to fresh insights would ensure and promote healthy progress of pedology.
Never before in our history has there been both the opportunity and the
need to share so much with so many. The future is bright and whither we go
in soil science is up to us. Surely each one of us can accept these challenges in
the coming years.

References
Butler, F.B. (1980) Soil'Classification for Soil Survey. Clarendon Press, Oxford, 129 pp.
Harris, S.G. Cleveland, G. (1981) Soil Sci. Soc. Am. J. 45, 139.
USDA Soil Survey Staff (1975) Soil Taxonomy : a Basic System of Soil Classification for
Making and Interpreting Soil Surveys. Soil Conservation Service. USDA Agric. Handb. No.
436. U.S. Govt. Print. Off., Washington, 754 pp.
Webster, R. (1977) Quantitative and Numerical Methods in Soil Classification and Survey.
Clarendon Press, Oxford, 269 pp.

Priorities for
Soil Research in the Tropics
HARI ESWARAN*

Abstract
SOIL research in the tropics has not been as productive as it should or could
have been due to a multitude of reasons including time, money, and in some
instances, even qualified personnel. The greatest impact has come from the
contributions of the international agricultural centres and from multi-lateral
and bi-lateral programmes and to a lesser extent from national
organizations. There is a very real need to strengthen and upgrade national
soil organizations and international funding agencies should probably
consider this.
The paper examines the general areas that need immediate attention.
Most critical is perhaps soil resource inventories — not so much national
coverage but more so the quality of these inventories. An accurate
evaluation is vital to national planning and depends on supporting facilities
such as qualified personnel, good laboratories, etc. Other problem areas
include soil conservation, control of salinity and alkalinity and management
techniques for special soils. With current trends in population and pressure
on land, soil research is no more a luxury but a necessity in the developing
countries.

IN a discussion of land resources and world food issues, Van Wambeke (1979)
poses the question, "It is often argued that modern agricultural technologies
can increase the present food production in the world approximately 30 times
and yet we are nowhere near this situation, why?" There is no simple answer
to this question, but a major part of the solution lies in increased food
production in areas where it is needed most — the less developed countries
(LDCs). The food-deficit areas of the world are concentrated between the
Tropics of Cancer and Capricorn.
Most LDCs in the tropics are agrarian and 50 to 80% of the people live in
rural areas, where sustenance depends on producing food and fibre crops or
raising livestock adapted to local soil and climatic conditions. These people
form an impoverished majority in the LDCs, and for their upliftment they
need appropriate agricultural technology. By and large, however, little
progress has occurred, and the outlook has worsened for many of these people
for a multitude of reasons, including lack of capital and absence of extension
programmes. Compounding these problems is the lethargic pace of research
and development in these countries.
Research priorities for the soils of the tropics must be discussed in the
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context of providing solutions to urgent problems. The urgency is highlighted
by findings in The Global 2000 Report to the President, Entering the Twentyfirst Century.
1. World population will grow from the present 4 billion to 6.35 billion in
2000, and 90% of this growth will occur in the poorest countries.
2. World food production is projected to increase by 90% over the 30
years from 1970 to 2000, but much of the increase will be consumed in
countries that already have relatively high levels of per capita food
consumption. At the same time, real prices for food are expected to double.
3. The area of arable land that will be brought into production will
increase only 4% by 2000, so that most of the increased output of food will
have to come from higher yields.
In this context of urgency, this paper evaluates needs in soil research in
the tropical countries, describes current efforts and future prospects, and
discusses the constraints on research.

An Overview of Current Status
A suitable time frame for commencing the discussion is the period from
the late 1940s through the 1950s, which marked the end of the colonial period
in many LDCs. With the departure of the colonial powers, many LDCs lost
facilities and experienced personnel, and as a result research institutions were
weakened or nonexistent. Some LDCs developed their own institutions, but
their efforts were hampered by lack of experienced personnel and adequate
facilities. The 1960s saw the emergence of bilateral and multilateral technical
assistance programmes; those of the Food and Agriculture Organization
(FAO) and United Nations Developmental Programme (UNDP) must be
particularly commended, as they helped many of these institutions get back on
their feet. But many of these programmes were designed for short-term,
problem-oriented projects, and the result was that there were no follow-up
activities; often there were few qualified people in the country to build on the
efforts that had begun.
In development projects, continuity is essential, but many LDCs either
were not committed to research efforts of their own or were unable to achieve
increased food production at the necessary rate. This problem led to
formation of the Consultative Group" on International Agricultural Research
(CGIAR) and a Technical Advisory Committee (TAC) to assist them. The
result has been the various international agriculture research centres (IARCs)
such as IITA, IRRI, CIMMYT. The most recent link in this chain of IARCs
is the International Service to National Agricultural Research (ISNAR). The
trend of the IARCs is towards production — and commodity-oriented
research. Apart from their excellent contributions, the IARCs have also
created an awareness among national leaders of the need for and potential
rewards of these efforts.
In the last two or three decades, many national institutes have been
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established for specific commodities, such as the coconut research institute,
oil-palm research institute, and rice research institute. To some extent, these
institutes have been established at the expense of discipline-based research.
Because not enough attention has been paid to soil research in the last few
decades, technology transfer from the IARCs and other commodity research
organizations will soon suffer. Creating high-yielding hybrids, improving pest
control, and applying other production technology will have only a marginal
impact unless agricultural management is based on sound soil information.

Research Priorities
Soil Resource Inventories
Many nations compile soil resource inventories as a matter of routine, or
as a response to specific needs. Although the practical value of soil maps is
recognized by those who make and use them, a recent study by Cornell
University (Forbes and Eswaran 1979) clearly shows that the quality and
information content of these inventories vary greatly. The clear consensus of
participants in two recent workshops organized by Cornell University (1977,
1979) was that more effort is needed to improve the quality of soil maps and
soil survey reports, and more research is needed in quality control of mapping.
Today's users require more specific and detailed kinds of information than
that contained in many inventories now available. Unfortunately, in many
countries there is little or no dialogue between soil scientists and planners.
Although several western countries have made serious studies on this
question, similar work has not been done in the LDCs. As a result, many soil
maps and reports are mere academic exercises and are not useful to the
planners. There is an urgent need to develop methodology to appraise soil
resource inventories, and the Cornell group made some initial efforts. Fig. 1
(Eswaran 1979), taken from the work of this group, shows a flow chart for the
appraisal of soil-resource inventories. Similar efforts are necessary to improve
the quality of soil maps and soil survey reports, and to make them more
acceptable to the user.
Apart from making national inventories of soil resources, a correlation of
these inventories is necessary for technology transfer. The Arab Centre for the
Studies of Arid Zones and Dry Lands has already embarked on the regional
correlation by developing a project on the soil map of the Arab World on a
scale of 1 : 1 million. Other regions could follow this example. Ideally, such
maps would share the same legend, like the FAO-UNESCO soil map of the
world. The FAO-UNESCO soil map is on a 1 : 5,000,000 scale, which is too
small for the purposes of technology transfer. Scales of 1 : 1,000,000 or
1,500,000 are more appropriate. Equally important, a uniform legend should
be used for large-scale national maps. The current efforts of the International
Soil Science Society (ISSS) to develop an International Reference Base are
thus highly commended.

APPRAISAL OF SOIL RESOURCE INVENTORIES
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Soil Characterization and Classification
The demands of modern agrotechnology require more specific
information on soils. Many modern soil classification systems (Soil Survey
Staff 1975) are designed to meet such demands. This aspect of soil research
has been sadly neglected in the LDCs. For several reasons, including lack of
personnel and facilities, basic soil research in the LDCs has not received the
kind of priority that it deserves. Because of sharply limited funds and
resources, LDC scientists are called upon to respond to immediate needs;
basic research is considered a luxury, and we are continually forced to view
tropical soils through "temperate-zone eyes."
One cannot overemphasize the need for basic studies of soils of the
tropics. Agronomic trials are wasted if we cannot extrapolate the information
from one site to other areas. One aspect of basic soil-characterization studies
is the development of analytical techniques. A classical example is the
determination of the Cation Exchange Capacity (CEC) of soils, the
conventional method being the use of NHL»OAc at pH 7.0. Acid soils of the
tropics never attain this pH and, since many of these soils have a very high
pH-dependent component, the CEC at pH 7.0 may be as much as 10 times
higher than the CEC at the pH of the natural soil — and only the latter is
important to plant roots! Through the work of the international committees
of the Soil Management Support Services of the United States Department of
Agriculture, Soil Conservation Service, which is funded by AID, attempts are
now being made to rectify this problem by substituting the Effective Cation
Exchange Capacity (ECEC) as a reference method.
In these variable-charge soils, anion exchange capacity is equally critical,
but we still do not have easy, reproducible methods to determine it. Other
areas require special techniques of analysis and there is much room for study.
The physical properties of soils of the tropics is one such aspect that deserves
in-depth evaluation.'For example, some Oxisols may show negative available
water, and we do not know the implications of this.
Mineralogical and micromorphological characterization of soils of the
tropics have just begun. One reason why these have been a monopoly of the
western countries is the heavy investment necessary for equipment. The
International Clay Conferences and Working Meetings on Soil
Micromorphology have established the role of these studies not only in soil
science but also other nonagricultural uses of soils. The physics and chemistry
of some soils, such as Oxisols and Aridisols, depend almost entirely on their
mineralogy. A very large number of salts can be present in Salorthids, but the
soils are studied as though sodium chloride and sulphate were the only two
present.
One final point must be made. For most annuals, the plough layer is a
critical part of the soil, but we still do not have the methodology and
parameters to characterize it adequately. This may also be a deficiency in
many classification systems. Even in a system as advanced and highly
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demanding as Soil Taxonomy (Soil Survey Staff 1975), little information can
be obtained about the root zone. There is probably a need for a
multidisciplinary working group composed of soil physicists, chemists,
mineralogists, micromorphologists and agronomists to evaluate and
recommend techniques of analysis to characterize this zone. In Soil
Taxonomy, the soil type was not included. It should perhaps be reintroduced,
and the concept of the soil type confined to properties of the plough layer.
Soil-Plant Relationships
The gap between soil scientists and agronomists seems to be widening and
one reason may be the terminology that soil scientists have developed. There
are not many agronomists who understand how to use soil survey
information, let alone comprehend classification terminology such as
"Tropeptic Haplorthox." Although I have called for more in-depth studies of
soils, they should not be done at the expense of losing contact with the real
world of soil-plant relationships, on which people depend for their survival. It
is a disconcerting fact that there are no soil scientists in any of the
international agricultural research centres. In mid-1977, the Centro
Internacional d% Agricultura Tropical (CIAT) commenced a land resource
inventory to* meet the growing concern of many CIAT scientists about
apparent anomalies in the performance of "improved" varieties of tropical
crops grown in locations different from those in which they had originally
been developed. This was further stressed by Brady and Metz (1980), who
stated that the green revolution has failed to fulfil expectations in most areas
of the world. They indicated that yields and production levels are only a
fraction of those predicted when the new high-yielding cereal varieties were
first released in the 1960s, and concluded that environmental factors are
largely responsible.
To close the gap, there is a great need to develop the science of
agropedology. The onus is on the soil scientist to show the relationship of soil
properties to plant growth, and I believe much work can be done in this
direction.
Not enough research in soil-plant relationships is related to the overall
question of soil survey interpretations. In most national programmes in the
LDCs, this is perhaps the least developed area of study, and in some countries
it is nonexistent. If soil scientists cannot provide the interpretations for use
and management of the soils, their work is incomplete and their findings may
not be fully used. There is an urgent need to develop principles and
methodologies for soil survey interpretations that are applicable to soils and
soil conditions in the tropics. This task may turn out to be our most
important effort in the remaining two decades of this century.
Problem Soils and Soils in Specific Zones
Use of marginal lands for agriculture has become a recent concern
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because of the stress on highly productive land. Soils that have been avoided
in the past, such as Sulfaquents, Sulfaquepts, and some salt-affected soils, are
increasingly being used for crops. Many times, the results are disastrous.
There is much more to be learned about these soils.
Recently, much interest has been shown in tropical highlands. In these
areas, the climate is favourable for producing temperate-zone crops other than
tea and coffee, which are conventionally grown here. Not much is known
about the soils, however, and they vary from region to region. In central
Africa, the surfaces are mid- to end-Tertiary, and the soils weathered and
reworked. Some have a special horizon called the sombric horizon, about
which we know little. In other highlands, the soils are Inceptisols, Spodosols,
and even Histosols. Most of these soils are under forest, but they are
increasingly being cultivated. As a result, erosion hazards increase and other
problems occur.
Soil and Water Management
Although much general information is available on soil and water
management, there is still a lack of site-specific information, especially in the
dry areas of the tropics. The kind of site-specific research that is needed ranges
from appropriate field techniques to the development of low-cost technology
that could be applied on a large scale. In addition, specific practices have to be
developed for problem soils such as Psamments, Gypsiorthids, Salorthids, and
Vertisols.

An International Soil Research Institute
Food self-sufficiency on a global scale is a concern for all, and forms one
of the reasons for the establishment of the network of international
agricultural research centres. This network permits countries or national
institutions to cooperate in joint endeavours to generate and exchange
agricultural technology. The IARCs also act as catalysts to national efforts;
more important, however, they help to coordinate research without
duplicating national programmes, and in some instances they assist specific
programmes of individual LDC institutions. Every analysis of the IARCs has
clearly shown their resounding success.
The question has often been asked: Is an international soil research
institute needed? The answer depends partly on how effectively the results of
the IARCs research have been transferred to the small farmer. Since there is a
general agreement that there is a lack of knowledge of the characteristics and
management requirements of soils of the tropics, we have to assume that the
transfer is not complete. Therefore, there is ample justification for an
international soil research institute (ISRI).
Some of the priorities to which such an institute could be directed include
(a) resource appraisal and allocation and (b) soil use.

SOIL RESEARCH IN THE TROPICS

293

Resource Appraisal and Allocation
1. Identify characteristics of soils that will help establish land-use
priorities and help design practical soil and water conservation practices.
2. Develop computer systems (software) to store and retrieve data on soil
and climate in different areas.
3. Develop an international soil classification system to serve as a basis
for international communication and for the development of land-resource
management policies of nations.
4. Determine the environmental impacts of increased agricultural use of
marginal lands and develop methodologies for the sustained economic use of
these lands without degradation of the resource base.
Soil Use
1. Conduct basic research on soil-plant relationships.
2. Develop methodologies for more accurate characterization of the
physical and chemical environment of the root zone and of the entire soils.
3. Develop principles and methodologies for the transfer of agronomic
technology.
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Data Handling of Soil Surveys
for Soil Cartography
J. SCHELLING*

Abstract
As a basis for a panel discussion, some general considerations are given on data
handling for soil survey, with emphasis on soil cartography and on automation
in data handling. An important task of research in this field is the improvement
of methods in order to improve the quality of the products for the user. For soil
classification we can define a parameter to measure the quality for a specific
purpose. Existing classification can be graded with this parameter. Numerical
methods are available to construct a soil classification optimal for this
parameter. For the mapping legend, similar parameters can be used to grade
the quality; here, formal methods of optimizing the legend are lacking, and
their development would be important. The step from point data (pedon
data) to area data (delineations on a soil map) is a crucial aspect of soil
survey. Soil survey methods differ in kind and degree of formalization; the
more explicit and formalized the method, the easier is this kind of research.
Soil survey methodology is considered at a very general level, and different
approaches geared to improving the quality of the products are sketched.
International cooperation in this field of research is advocated. Conventional
and automated cartography are sketched and the weak and strong points of
both methods compared. Soil information systems are treated mainly on the
basis of their possible components.
WHEN the papers on soil genesis and soil classification and this paper on data
handling of soil surveys for soil cartography in particular for the panel
discussion are considered, their relationship becomes evident. The following
scheme indicates direct relations of the subjects:

Soil genesis

Soil classification
I
Soil survey
I '
Soil cartography

However, this scheme is incomplete, since a clear distinction can be made
between soil classification and soil map legend.
The same is true for soil cartography. Soil maps are not the only form of
data produced by a soil survey. The user of soil data and his requirements are
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outside the topics of Commission V, but are included in Commission VI.
Nevertheless, we can only judge the quality of the products we make in
relation to the requirements of the users.
A more complete scheme of interrelation (without feedback) is the
following:
soil genesis
I
soil classification
I
soil map legend
I
soil survey field work
I
soil data
I
soil data handling
I
products (soil map, etc.)
I
user
Since soil genesis and classification are being dealt with by Schlichting
and Arnold, I will limit my discussion to the relationship between soil
classification and soil map legend.
Soil classification is a system used for the description and ordering of
pedons, the smallest homogeneous three-dimensional soil bodies. The soil
map legend describes areas on a soil map and the classes in which they are
ordered. Each delineated area on a map is the image of a corresponding area
in the field and the three-dimensional soil body that is covered by this area.
Each of these (delineated) soil bodies consists of a large number of pedons,
but not all pedons within one delineation are of the same kind. In some
parts of the mapping legend, one unit may have a number of soil classification
units listed as their contents (complexes, association). Many units contain
impurities, small areas of soils different from the contents that are listed.
In the international literature, the terms soil classification and soil map
legend are often used rather loosely. The FAO system (FAO-UNESCO 1974)
is strictly a soil map legend, but is often compared with Soil Taxonomy
(USDA Soil Survey Staff 1975), which is a soil classification system. The
names of units of Soil Taxonomy are used as names of soil map units that are
essentially complex in Soil Taxonomy terms. The term cartography covers
only one form of data produced by soil surveys. For this discussion a wider
scope is necessary.
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soil data
soil data handling (including cartography)
products (including maps)
The user and his requirements determine the kind of products to be made.
Formerly, the all-purpose general soil map was the only product, and the user
could either take it or leave it. Gradually, more specialized products are
becoming available, giving a more direct answer to the users' queries.
Automation has increased the possibilities of making separate products in
answer to each separate query. This means that products are more
differentiated and specialized and are not only in the form of maps, but also
of statistics, data on magnetic tape, etc. For this reason, the term soil data
handling is preferred to the more limited soil cartography.
The subject of the panel discussion is how this part of soil science could
contribute to a better utilization of soils for the benefit of mankind. For soil
survey, this can be interpreted as increasing the quality of the products of soil
surveys for the user by improving survey methods. In this paper, the main
object is to consider soil survey in general in order to improve the products,
especially the soil maps. Several important aspects will have to be left
undiscussed here, as that would involve going into detail.
Quality aspects of soil descriptions, soil properties, soil classification and
the map legend should be established. Since this is outside my own subject, I
will only mention that optimization of the quality of soil classification is
possible (de Gruijter 1977) but there are no ways of optimizing the map
legend.

General Aspects of Soil Survey Methodology and the
Relation between Point and Area Data
One of the essential aspects of soil survey is the step from the point data
(pedon data, auger bore and soil profile data) to the area data (delineated
areas on a soil map). The most direct and precise observations of the soil are
made on a very small sample, and from this sample with the aid of
oredominantly non-soil information (landscape and environment), the point
data are extended to make statements about areas on a soil map. This work
has only a limited scientific background, and in some aspects it may be more
of an art than a science.
Point data
(pedon, auger bore
and profile data)

Area data
(Delineated soil bodies)

What most survey procedures have in common is a set of point (soil) data
and area (mostly non-soil) data that are used to construct the soil (area) map.
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The way in which point data are applied to the areas is critical; their strength
or weakness determines the quality of the resulting map. Four different
methods will be sketched in order to give some idea of how the methods could
be formalized and analyzed, and their qualities can be investigated.
Free Survey
In free survey, the relation between point and area data is least apparent.
The decisions of the surveyor can be based on an elaborate set of geographic
data, without any kind of fixed decision procedure. This is probably one of
the reasons for the small amount of research aimed at improving this method
of survey.
Methods Based on Aerial Photographs
More systematic than the free survey are some of the procedures based on
the use of aerial photographs. Here, geomorphology, land use and vegetation,
human aspects and artefacts and graphic aspects of the photograph are
considered separately, covering about 20 different aspects. Using the separate
maps of each of these aspects, a photointerpretation map is made, based on
the knowledge of the relations between these aspects and the soil (Buringh
1960). This map must be checked in the field, to determine what soils are
present in the delineated areas and, if necessary, to correct the boundaries.
Thus, the validity of the followed procedure can be tested after the map has
been completed. Compared with the free survey, this very systematic
procedure allows clearer analysis of the influence of the different aspects on
the final quality of the map.
Grid Survey
A third possible survey method is the grid survey, where a fairly dense
grid of observation points is the only basis for map construction. Depending
on the kind of data, we can use mathematical interpolation techniques,
varying from the simple Thiessen polygons, with boundaries midway between
observation points, to rather sophisticated techniques producing isolines.
Remote Sensing
In remote sensing methods applied to soil survey, the area information is
a continuum of measured picture points of many different parameters. Based
on a set of soil data collected for this purpose, the ground truth, the
relationship between soil data and remote sensing data is established. On the
basis of this empirical relation, the area data are translated into soil area data.
This procedure is well formalized, and testing the quality of the different
aspects is possible.
In each of these four examples, point and area data are used in a different
way, and the methods differ considerably in the degree of formalization of
their working procedures.
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Improvement of Soil Survey Results
If we want to make a choice of approach for the comparison of quality, as
sketched below, this limits the possibilities. It is disappointing that apart
from the addition of remote-sensing methods to the existing airphotointerpretation, no important improvements have been introduced in
soil-survey methodology. The study of soil survey methods in order to
improve the survey results is still in its infancy. This is not because of a lack of
activity of the pioneers in this field, but because the survey organizations have
been slow in using the ideas that have been developed; hence the stress in this
paper on the need for further activity in this field.
The use of more automated methods can stimulate this development,
because data handling will become easier, and the necessity to make methods
more objective and quantitative will improve the climate in this line of work.
For the improvement of soil survey methodology, different approaches are
possible.
1. Within the context of present methods of soil survey, separate aspects
of methods can be improved, in the hope that this will have a good effect on
the quality of the end product. One example is the improvement of
groundwater depth classes, by measurement of groundwater levels in many
boreholes at the moment when characteristic levels have been reached.
2. The quality of the end-products from several different methods can be
compared and the method that gives the best product selected for further use.
Since only one" set of conditions (soil, landscape, land use, costs, etc.) can be
used for this comparison, it is uncertain as to what the outcome would be
under different conditions, for instance, in another area.
3. Different survey methods can be compared in such a way that the
influence of the separate important aspects of each method on the end-result
can be estimated, thus indicating where improvements can have most effect.
New methods can be developed, combining parts that are most effective.
4. A more fundamental approach would be to study the relationships
between point and area data and to try and improve the quality of the results
by improving the background theory. This would involve the study of genetic
factors in the landscape and their relations with soil characteristics.
Most soil survey organizations have taken the first approach, but usually
without explicit measurement of soil map quality as a yardstick. Soil scientists
of the Oxford School (Beckett and Webster 1971; Bie 1972; Burrough 1969;
Western 1979) have followed the. second approach, with elements of the third
approach. The Netherlands Soil Survey Institute (Steur 1961; Marsman and
de Gruijter 1981) has tried an approach along the lines of the third variant.
A specific line, usually following the first variant, was chosen by the
Cornell University Symposia (1977, 1978) on soil resource inventories, where
methods were suggested for the grading and checking of different aspects of
soil surveys in order to set quality standards that the user can apply. The first
step is to develop methods for measuring the quality of any soil survey in a
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way that is effective but not too expensive and time-consuming. Once this has
been started, a balanced research programme can be set up. Since this line of
research is important for many survey organizations, an international
cooperation of research organizations could give sufficient scope to make such
a programme feasible.
Some areas where present methods need improvement can be indicated:
Point information on the soil should be sampled and used more
intensively and systematically.
The relation between point and area data should be studied as a basis
for improvement of soil surveys.
Pre-survey study of soil variability should be promoted, in order to
optimize the sampling density.

Soil Cartography
Conventional Soil Cartography
Cartography is a true science which also has elements of art. A map has
several functions; it is (1) a geographic inventory of data, (2) an instrument for
showing relations between these data, and (3) a means of data transfer.
If we aim mainly at the first function supplying the points, lines and areas
on the map in the form of codes in black and white, the information content
can be rather high and production is cheap and easy. But readability is poor
and every symbol has to be read separately. Data transfer is very difficult and
relations are not visualized.
The other extreme is the map printed in colour, with a legend of several
hundreds of units. Here all functions are more or less fulfilled but the choice
of colours will determine whether the second and third functions are met. The
black-and-white map, where every data area of the same type is recognizable,
can also fulfil functions (2) and (3) but the number of different units that can
be easily separated is limited. The costs are also low, and less sophisticated
techniques need to be applied. The interesting question of the choice of
cartographic methods would be outside the limits of this paper, but some
general considerations on cartography may be relevant.
In his book Semiologie Graphique, Bertin (1967) gives a general theory
for graphics that is relevant to cartography. In this system, every element on a
map, as fixed by two coordinates, can vary in size, value, grain size, colour,
orientation and form. For, the signals these variables convey to the person
looking at the map have specific meanings. Some signs give the impression of
being similar (association); some of being different (selection); some of being
ordered; and some of differing in quantity.
This general theory can be applied as a background for map design. It will
not cover every problem that is encountered, but it focuses attention on
systematic map design and thus can lead to improvements.
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One of the usual shortcomings of soil maps is that the main part of the
map is covered by a few units that are fairly extensive, while coverage of many
other units individually forms only a very small portion of the map.
Sometimes units occur only once or only at a few places on the map. As a
means of conveying information, such maps are not very effective. If we could
split up these two groups of units and show them separately, the information
could perhaps be transmitted more effectively. One map could show the soils
most frequently occurring in the area, giving the reader the most important
facts about the area; the other map need only show the soils that occur
occasionally.
There are other ways of solving this problem, so that in cartography we
would have something similar to the small letter-type in book-printing. The
tendency to overload the map with information is a burden to the user. If we
use cheap methods of map production, it is better to make simple separate
maps, and let each map give a direct answer to a single question. This
approach calls for a completely different kind of cartography: simple blackand-white maps with simple legends, meant for inexpensive quick production.
In conventional cartography this is no easy task, but in automated
cartography, better possibilities exist for achieving this goal.
Automated Cartography
In automated cartography, two entirely different types of maps are
available, requiring different forms of data handling, and different sets of
machinery. They are:
grid maps
polygon maps
The grid or raster map is made up of squares that are identifiable by
specific symbols from a line-printer or, even better, a matrix plotter, usually
ordered in gradations from black to white. For the grid map, a computer with
the usual line-printer or a simple plotter, together with commercially available
cheap programme packages, are sufficient to go into map production.
The polygon map gives the exact image of the conventional map, with
curved soil boundaries identical to the conventional map. Here, a fair amount
of specialized and sophisticated machinery such as digitizers, plotters, steering
computers, cathode-ray tubes and specialized software are needed.
Another more fundamental distinction in methods is between maps that
are made with normal conventional survey methods, and those derived from
point data by automated methods. In the latter case the survey methods in the
field must be adapted to the automated data handling.
Grid Maps. Grid representation can be used for maps made in the
conventional way, or the survey method can be set up to establish for each
cell a representative profile by some kind of sampling pattern. In both cases,
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an adequate cell size has to be chosen on the basis of scale, storage capacity,
computer programme, costs, etc. When translating a conventional map into a
grid map, by overlaying the grid on the conventional map, a table can be
made containing a soil indication for every cell.
The grade of detail can be very simple, with only the major soil in the cell,
or it can be more sophisticated, with percentages for each of the soils present.
Once the data base has been set up, any kind of interpretative map can be
produced quickly and easily by the addition of conversion tables. This is the
cheapest and simplest form of automated cartography and is within the reach
of everyone who has access to a computer of sufficient size.
Polygon Maps. These maps consist of point lines and areas. In soil maps
and other thematic maps, the delineated areas that contain only one kind or a
specific combination of soils are of special importance. In its simplest form,
the area is surrounded by a closed line, a polygon. This polygon can be
defined by a series of points with their coordinates and straight or curved lines
connecting these points. For this kind of cartography we need:
machinery for measuring and recording coordinates — a digitizer
a machine for drawing maps — a plotter
machinery for steering the whole cartographic process — a steering
computer
machinery for editing and for storing data and programmes
trained operators
Digitizing by hand is the most time-consuming part of automated
cartography. Automated digitizers have been developed but these are still
expensive, and only economical for heavy workloads. Further progress in this
area can be expected. At the moment, scanning is used in the printing industry
for colour printing. Plotters for automated drawing are well developed, and
cheap machines for small jobs are available. Steering computers for large
systems are still expensive, and adequate cartographic software packages are
available, allowing all the necessary functions for a survey job. Editing is still
a rather time-consuming task, but developments are under way to ease this
and to save time.
For the operation itself, trained cartographers with a short additional
training in the automated jobs can be employed. In large organizations, a
certain amount of work can be done by personnel at lower level.
The main advantage of automation is probably speed, a variety of maps
that could also be produced conventionally can now be produced more
quickly. A map can be inspected on the screen before it is drawn and
corrections made at this stage. The conditions for an intensive dialogue with
the users are favourable, but in order to use these effectively, a learning
process that involves time and effort will be needed.
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Maps Derived by Automated Methods from Point Data
Point data, profile descriptions either of auger bores or profile pits, with
their coordinates, can form the basis of automated map production. Several
methods are available with different degrees of sophistication, such as grid
methods, proximal maps, contouring and multivariate maps. Interpretation of
the point data, as for instance computer simulation of water available in the
rooting zone, can give very accurate results, which, by the use of contouring
programmes, are converted into maps. For the quick production of maps that
give answers to specific questions, these methods can be used well, if the basic
data are available in the required form. We need more research into the
quality of the results compared with the more conventional methods in order
to be able to make the right choice of method in every case.
Coventional versus Automated Cartography
Conventional Cartography
Usually one map is made with
a general, all-purpose legend;
making more maps is possible,
but expensive.

Automated Cartography
A large number of maps is possible, each
with a specific subject and legend; making
more maps is cheaper than in conventional
cartography.

A limited amount of data
can be stored per cm2 of
map; the retrieval of these
data is slow and complicated.
The bulk of the data is stored
in the report, and can only
be retrieved with difficulty.

A large bulk of data can be stored in the geographic data base and selections can be made
easily and quickly. Data otherwise stored in
the conventional maps and in the report can
be stored in the same system.

The products, map and
report are visible and can be
read by everyone. The
products are easily available.

The data base is a black box; specific
products are given in answer to questions
raised by the user. A special publication is
needed to show the user how to make his
choice from the many possibilities of maps,
tables, etc.

C a l c u l a t i o n s are t i m e consuming.

Calculations, statistics, etc. are produced
rapidly.

Coloured map production is
time-consuming.

Once the digital information is available,
preparation of plates for colour printing
from it is easy. Printing preparation from a
hand-coloured example is possible by
automatic scanning.

Drawing is time-consuming.

Hand-digitizing is time-consuming. With
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automatic scanning, the production of highquality input and editing are time-consuming.
Required machinery is fairly
sophisticated; for photocopying and lettering, it is
rather expensive.

Required machinery is very expensive.
Special working procedures are needed.
Cartographers interested in automation
can be trained in a fairly short time. The
automation of cartography in itself is often
not yet cost-effective, but it is cost-effective
in combination with other tasks (control of
legend, area calculations, etc.) or when a
large number of maps are produced from the
same data.

Changes in scale usually
require redrawing.

Changes in scale are very simple, unless they
require generalization. Generalization can
only be partly supported by automation; no
overall methods exist.

Trained cartographers are
required.

Some of the work requires trained cartographers, and some does not, but only in
large organizations could work be split up
between trained cartographers and personnel
at a lower level.

Soil Information Systems
An information system is a system consisting of procedures, machines,
information carriers and data, which can be used to execute the necessary
information processes. It is an assembly of working methods; computers;
drawing and other machinery; magnetic tapes and other means of storing
data; and soil, yield, environment and other data relevant to making necessary
products such as maps, tables, etc. for the user.
It is a tool that can vary considerably in size, from a single file with only
groundwater level data to very sophisticated systems that are used throughout
the soil survey of a large area for every conceivable purpose. A short list of
possible components will indicate the possibilities of an information
system.
Possible Components of Soil Information Systems
In general, automation is only valuable when it concerns large data sets
that are used many times. Additional advantages can be the possibility of
using new methods not available in the conventional system, such as
calculations, simulations, etc., and the speed at which results can be produced.
An increasingly important external reason is the use of digital data by those
who require data in a form directly usable in computer models. Because the
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handling of data in an automated system is not directly under manual control
during all stages, it is very important to use high quality data; otherwise the
considerable efforts required are wasted. Automation is still expensive, and
the input of data, control and editing are particularly time-consuming.
Data used in soil information systems can be divided into two groups: (1)
field data for a single soil survey project, and (2) data available in general files,
covering a large area such as a country.
If we set up a data base for a single survey project, it is only interesting
when the data are used intensively and when facilities such as machinery,
programmes and experience are readily available. We have not yet reached the
stage of automation where a do-it-yourself package is available to the user at
a low price, but we may hope that this situation will improve in the future.
Some of the line-printer mapping programmes such as SYMAP are a step
in this direction, but there is still a big gap between experimental use for a
limited area and full-scale daily production.
The second group of information systems used for large, countrywide
operations in large organizations, can cover many aspects. Anyone
considering automation must make a very careful analysis of all aspects
involved: technical, economic and human. Many surveyors are reluctant to
accept automation, and the strain of adopting new working methods that
involve very accurate work should not be underestimated. The following list
of possible uses only indicates available choices, but this does not imply that
these are of interest in each individual case.
Profile Descriptions
Profile descriptions can be stored and manipulated. Much effort is needed
to make the surveyors more punctual in their data recording, and to produce
a data set with a low percentage of error. Much effort has been put into this
subject and even translation can be automated. The profile descriptions have
so far mainly been used for the selection and reproduction of data, for
instance for automation of reporting. When the same sets of data are used
repeatedly, this can be worth while. It is not clear to what other uses this will
lead that will pay for the considerable investment involved. These data,
together with the related results of physical, chemical, mineralogical and
micromorphological analyses, could play a role in international soil
classification. The philosophy and methods are, however, still very much
incomplete.
Auger bore descriptions, the most abundant hard soil data that can be
gathered, can be used intensively once they are brought into the information
system. The system of data gathering must be geared to the kind of use to be
made of the data. There is no sense in using all the data gathered in a free
survey, since the kind of sampling does not allow the use of statistics. In
connection with quality control, adequate inexpensive methods of sampling
need to be developed.
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Soil Analyses
The results of physical, chemical, mineralogical and micromorphological
analyses are abundant, and it is tempting to computerize their use. However,
several conditions, which may seem trivial, must be met before this costly
operation is warranted, for example:
all methods of sampling, analysis, description, etc., must be
normalized and described, preferably in accordance with international
conventions.
the control of quality, consistency, and completeness should be
rigorous.
the plans for data handling should be set up in advance, in order to
enable evaluation of the data handling system.
Soil Classification
In organizations where large numbers of classification units are handled,
like the 12,000 soil series in the USA, it is attractive to make a special file in
the system for this purpose. This file can contain names, locations, areas in
different surveys, classification criteria and names of different levels of the soil
classification. A link with the files of the pedon descriptions and analyses is
essential. Functions of this file for correlation and report writing are evident.
Functions of improvement or renewal of classification systems are needed for
the future. Functions for comparison and correlation between different soil
classification systems and for international exchange need to be developed.
Yield and Other Soil Performance Data
When data on yield under different forms of management are available, it
will be advisable to store them efficiently. These data form the basis for
interpretations and links with the files for soil classification, mapping legend
and interpretations are essential. Only when the required data handling can be
formalised does automated handling become possible.
Interpretations
The interpretation of soil data for different purposes is complicated, and
careful handling of these data sets, to keep track of interpretations of the same
or similar soils under similar conditions is important. The system should also
provide possibilities to accommodate changes, to take care of changing
interpretations because of improvements in knowledge, changing management
practices, etc. Links with related files, including climate, are important.
Mapping Legend
The mapping legends of different surveys have both common and differing
aspects. It is important to keep track of these and to be able to compare the
interpretations; for this purpose, links with other files are needed.
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Soil Maps
Once soil maps are digitized and a complete geographic data base is set
up, any kind of derived map, like a suitability map, can be produced quickly.
The advantage to the user is that each map can be made in such a way that it
gives an answer to any single question. To this end an open dialogue with the
user must be established in order to define questions and answers carefully.
Since calculations can be made easily, complex interpretations of soil data are
feasible.
Environmental and Other Miscellaneous Data
Although not strictly a part of soil information, climatological data are
essential for many soil interpretations. Either a link with a climatological data
base, or a set of well-chosen climatological data is a valuable tool. For other
projects ecological data, geomorphological data, etc. may be of special
importance. The frequency of use will determine whether digital data are
important enough to warrant the necessary costs.
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Pedology: Research
Present and Future
R.S. MURTHY*

Abstract
THE four speakers have covered the aspects of soil genesis, classification and
cartography — present and future: Hari Eswaran on 'priorities of soil
research in the tropics', R.W. Arnold on 'Whither soil science, soil
classification', E. Schlichting on 'Whither pedology research, soil genesis',
and Ir. J. Schelling on 'Data handling on soil surveys for soil cartography'.
The topics have covered a wide spectrum and have given a good exposition
with challenging questions.
Soil characterisation is an important aspect emphasised by Eswaran,
the plough layer which constitutes the critical part of the rooting depth need
to be correlated and reintroduced in Soil Taxonomy.
Schlichting elaborates research needs in soil genesis to be linked with
geomorphic units and soil geography which are better parameters in spatial
reality. Arnold has dealt with soil classification which is an important topic
for effective use of soils. He points out that Soil Taxonomy can neither cater
directly the interpretation for technology transfer nor assumed genesis for
soils.
In Schelling's paper on'Data handling' the speaker has laid emphasis
on automation in data handling and linkages in crop production
programmes.
The establishment of an International Soil Research Institute (ISRI)
for resource appraisal in the tropics has been suggested to tackle the soil
resources.

You have just heard four distinguished scientists: Dr. Hari Eswaran on
'Priorities for Soil Research in the Tropics', Dr. R.W. Arnold on 'Whither
Soil Science? 'Soil Classification', Dr. E. Schlichting on 'Whither Pedology
Research, Soil Genesis' and Dr. Ir. J. Schelling on 'Data Handling of Soil
Surveys for Soil Cartography'. They have covered a wide spectrum of topics
which are thought-provoking, extremely interesting and are of great concern
to all of us. The topics are also very relevant to the theme of the Congress. I
wish to sum up the views expressed in each of these papers, highlight some of
the statements, draw conclusions and finally raise a few questions that might
help in seeking further clarification to facilitate future planning and
organizing of the various research and development programmes concerning
soil science in the tropics.
First in the sequence of papers is Priorities for Soil Research in the

•National Bureau of Soil Survey and Land Use Planning, Seminary Hills, Nagpur.
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Tropics. The food-deficit areas in the world are concentrated between the
Tropic of Cancer and the Tropic of Capricorn. Almost all the less developed
countries are agrarian where majority of the population dwells in rural areas.
The global situation with respect to population by 2000 A.D. will be of the
order of 6.35 billion, 90% of which will be in the tropics. As such, with
limited arable land, the only way to meet the challenge is to step up yield
levels by adopting modern technology.
The overview of the current status of research work in tropical countries
reveals that very little attention has been paid in the field of soil research. The
input of any amount of production technology will have a marginal effect
unless agricultural management is based on adequate soil information. Indepth studies indicate limited progress in this direction due to lack of
sufficient capital, absence of effective extension programmes and slow pace of
research and development.
In this context of urgency, Dr. Eswaran has tried to highlight and
evaluate research needs in soil science in tropical countries, describe the
current efforts and future prospects and discuss the constraints in research in
less developed countries.
Soil resource inventories deserve high priority. Despite their wide
variation in both quality and contents, there is an urgent need to develop
methodology for resource appraisal and to correlate for technology transfer.
The modern classification system especially Soil Taxonomy is designed to
meet the demands of agro-technology which requires more specific soil
information, trained personnel, priorities, facilities and funds.
Soil characterization is another aspect emphasized by Dr. Eswaran. The
plough layer constitutes the critical part of the rooting depth for normal
agricultural crops. The concept of soil type confined to properties of plough
layer needs to be reintroduced into the soil classification system. To fulfil this
task, a multidisciplinary working group comprising soil physicists, chemists,
mineralogists, micromorphologists and agronomists needs to evaluate and
recommend the techniques to characterize this zone to understand the soilwater-plant relationship.
Soil survey interpretation — the means for proper use and management —
has to be developed in tropics with respect to soil and water management sitespecific research needs, to be initiated for problem soils including Vertisols.
Dr. Eswaran also makes out a strong case for the establishment of an
International Soil Research Institute (ISRI) for resource appraisal and
allocation listing the objectives, namely, soil characterization for deciding
land-use priorities and planning soil and water conservation practices, develop
international classification system and land resource management policies,
study environmental impact of increased agricultural use of marginal lands for
sustained use, undertake basic research on soil-water-plant relationship,
characterize soils in root zone and develop principles and methodologies for
transfer of agro-technology.
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Questions
1. Establishment of an International Soil Research Institute has been
proposed. Whether an Institute at international level is required for the
purpose or the input can come from the appropriate national institutes in
different countries in which case the international activity could be confined to
purely coordination? Scientists may be aware of the IBSRM, the International
Board for Soil Resource Management, proposed by the Steering Committee
constituted by the International Rice Research Institute and Soils and
Agronomy Division, University of Cornell, U.S.A.
2. What are the sources of funding, manpower requirements, conduct of
basic and applied research, etc.?
3. There are certain soil constraints which are peculiar to tropics, which
have been identified by IBSRM. Should we try to solve them on a priority
basis?
In the paper on Soil Genesis, Dr. Schlichting elaborates research on soil
genesis for selecting diagnostic criteria or features in soil classification with
more emphasis on recent processes and features to improve the ecological
meaning of soil classification. The object of soil genesis research is three
dimensional section (soil pedon) of soil continuum from litter to parent
material.
While discussing the methodological problems concerning factor analysis,
the speaker has referred to the requirement of soil investigation in lithotopo-,
clima- and chrono-sequences. In this respect, concentrated study of catenae, a
specific geomorphic unit is prepared since they represent spatial reality. The
linkage between humid tropical climate and older land sufaces in equatorial
regions where climatic changes took place in late quarternary has been
pointed out. Studies on such long-term developmental sequences would reveal
the chronological reality and distinction between recent features and relicts
from a past climate. More important are the factor analyses for better
understanding of soil geography. The routine analysis characterizes soils only
qualitatively. But quantitative characterization often is not possible for want
of required data.
The customary consideration of C or R horizons as parent material is not
always correct. The parent material can be checked by the proof of identical
ratios between stable components in solum and C or R horizons. This helps in
the reconstruction of the original composition of soils.
Dr. Schlichting has also discussed the extent of soil-forming processes
that can be deduced from debit-credit differences in the solum. If the parent
materials largely consist of labile components, their weathering losses or
residual accumulation are difficult to determine. As regards the course of soilformation processes, investigation of development sequences is important. In
tropical regions such studies are more or less restricted to soils from volcanic
rocks.
Touching upon the soil genesis and soil classification, the speaker is of the
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view that in classification, arranging soil individuals of similar genesis into
different groups would serve best the purpose of generalization. But the zonal
and azonal concept cannot quantify the effect of all the factors of soil
formation. There have been attempts to construct an international system
although there are profound differences as well as astonishing similarities.
Such a system should be developed in relation to the state of soil genesis
research.
The speaker concludes that the stable lithogenic features reflect soil
genesis and the labile and atmogenic features together determine the recent
pedogenesis and as such their close correlation with recent pedogenic features
can be assumed a priori. The choice of diagnostic features should be (besides
the recognizability in the field) (i) as close a correlation with as many other
features as possible, and (ii) in principle equally good suitability to group soils
as documents of landscape history and as ecologically active landscape
segments. The speaker has also indicated the need for a fresh concept for
structuring the soil cover or soilscape keeping in mind that the real parent
bodies of soil formation are the geomorphic units.

Questions
1. Substrata may be isotropic or anisotropic as R or C horizon is not a
sure shot for being considered as parent material. In the process of land
evolution chronology or in old surfaces one should search for parent material
expressions in coarser soil particles (sand fraction) in the soil matrix. Should
the identical ratio be investigated in each of the horizons of the pedon through
depth including isotropic/anisotropic parent material suppositions.?
2. Will the present dry period and input of dust justify the genesis of soils
right from the original composition in case of Paleargids, etc.?
3. (a) When the methodology cannot determine the losses or gains during
genesis, the real genetical interaction and causes for the development of
features will remain unknown. Should there by any new approach to solve
this lacuna?
(b) The use of formulae can throw light on recent development of soils
but not on the genesis of old soils as identified in the tropics. While admitting
the balance-sheet methodology to hold good for new soils, can it be applied to
older soils of the tropics?
4. Soil map on any scale shows the association of dominant and less
dominant soils of a specific landform in the terrain, together called soilscape.
Should the catenary soil association a/id combination with other catenae be
the same as mentioned above? To what extent does the catenary association
serve the purpose of users or to what extent does it illustrate the different
hierarchial soil groups?
Dr. Arnold's paper deals with a very important subject, i.e., Soil
Classification, which has generated tremendous interest in recent years. To
work with soils, man has devised schemes of soil classification according to his

PEDOLOGY RESEARCH: PRESENT AND FUTURE

311

degree of understanding and need for organizing knowledge of soil properties
and their relationship. An agreement on common purpose for a soil
classification system with common methodology and terminology to meet
international demands needs hardly any emphasis.
The structure of a soil classification scheme depends on the purpose of
classification, the importance and priority assigned to the criteria for arraying
the cetegories. Most schemes retain flexibility by employing relative weights
associated with perceived interaction of sets of properties. Majority of the
systems are morphogenetic and hierarchial comprising categories and taxa.
Construction of those hierarchial schemes is based on pedological concept
approach. Quantification of soil properties and their relationships to one
another are points for consideration in developing and testing the soil
classification scheme. Acceptability of a classification scheme is ensured when
it satisfies its stated purpose and consistent definition of categories and use
properties selected to provide mutually exclusive classes within the categories.
Soil classification developed for specific utilization purposes has limited
applicability because it cannot promote regional, national or international
perspective of soil properties, soilscapes and technology. The speaker is
emphatic that when the variation within a class (taxon) becomes less than for
the whole population and small enough for generalization, prediction turns
out to be useful and validity of classification scheme would rest on the extent
of these relationships.
The consistent prediction of nature and occurrences of soil areas are the
rationale behind a soil classification which is used to assist in transferring
scientific information and soil-based technology. In Soil Taxonomy, the
purpose of the system is to assemble soil units in a genetic framework to help
to identify, locate and predict areas consistently on a sound basis. But soil
taxonomy can neither cater directly the interpretation for technology transfer
nor assumed genesis of soils. Because of the fact that categories can only serve
as a basis for differentiating the population into classes, the speaker has
expressed the view that additional thought processes are required to link the
prediction with features and properties used in classification. Until there are
satisfactory methods and procedures for assessing similarities and contrasts of
the effects of soil genesis, there is little prospect of serious testing of
genetically-based soil classification.
While giving indications to the challenges in soil classification involved
presently and in the future and tasks before the classifiers, the conclusions
drawn are:
a. Any classification scheme should be flexible to accommodate new
knowledge complementary to the existing soil information.
b. Soil properties selected as definitive need careful examination.
c. The new methods to evaluate properties should be related to old methods
to correlate existing data and extending knowledge base.
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d. The classification scheme based in terms of diagnostic horizons and other
soil features should be qualified for consistent recognition by others.
e. Flow chart would help cross-checking and focus attention on required
area of research and improve communication among world's soil
scientists.
f. The distinction between map units and taxonomie units as reference
classes in the classification scheme is important.

Questions
1. Most of the modern classification systems are morphogenetic. The
characteristics of plough layer which forms a vital part of the root zone of
agricultural crops are ignored. Can attempts be made to account for these
processes of generalization of higher categories in the hierarchial system?
2. Ustic moisture regime of great group level needs close study with
respect to the quantum of soil moisture storage during growing season of
crops. Would it be worth while considering subdivision of great groups to
subgroups prefixing Udic, Typic and Aridic for meaningful crop management
in which case moisture regime at subgroup level needs generalization for
different families indicating different moisture potential under the same great
group?
3. The particle-size criteria for family classification, fine (35 to 59% clay)
and very fine ( > 60% clay), are not always meaningful indicators of the
nature of packing and surface area. In Vertisols, two very fine soil families
crack differently and respond differently. Do we need to account for the
percentage of fine clay fraction < 0.1 n in the total clay which means at family
level classification proportion of fine clay content < 0.1 n should be reflected
for better utilization?
Dr. Schelling's paper on Data Handling of Soil Surveys for Soil
Cartography has dealt with how effectively the finished product can contribute to
the better utilization of soils information for the benefit of mankind. The speaker
has laid special emphasis on automation in data handling.
To produce quality maps, etc., for the users, one needs to consider the
interrelationships of the methods and nature of soil survey, soil description,
genesis and classification, mapping legends, handling of data and their
interpretation leading to the cartographic products. The speaker has presented
a comprehensive scheme to consider such interrelationships at stages. In soil
classification one can define a parameter to measure the quality for a specific
purpose and the existing classification can be graded with such a parameter.
Besides, numerical methods are available to construct a soil classification
scheme optimal for this parameter. Similar parameter can be used for
mapping legends to grade the quality but formal methods of optimizing the
legends are lacking and their development would be essential.
In soil survey methodology the step from point data (pedon, bore, etc.) to
area data (delineation of soil boundaries) are the crucial aspects. The speaker
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has indicated four different soil survey methods and suggested as to how best
the methods could be formalized. The more explicit and formalized the
method, the easier would be the kind of research.
In free surveys, decisions and objectives of surveyors are based on sets of
geographic data and as such relation between point data and area data is least
apparent. A more systematic method based on aerial photo interpretation and
point data to area data by actual traversing and field check appears to be the
best to test the validity and quality of prepared map. In the grid method, close
grid points are the basis for preparing soil map. The speaker has proposed
mathematical interpretation technique for drawing boundaries midway
between the observation points.
Reviewing the above methods, the speaker strongly feels that there could
be no improvement in soil survey methodology in the absence of automation.
It would stimulate the activity.
In the field of cartography the speaker has referred to the tendency to
overload the soil map with too many details which becomes a burden to the
user for clear understanding. In order to alleviate this, preference has been
indicated to simple, separate maps each of which would give direct answer to
a single question by the users. But it would be no easy task in the
conventional cartography unless one adopts automated cartography leading
to polygon and grid maps. In speaker's view, digitizing by hand would be
time-consuming. Automated digitizers, no doubt, are expensive but for quick
production of maps, are most suitable provided the basic data become
available in the required form. He has also cautioned that the data handling in
the automated system is not directly under manual control during different
stages. It is important to take care of the quality of data.
In conclusion, linkages have been stressed with the files of soil
information data, analytical data, levels of soil classification and
interpretation for comparison and correlation between different classification
systems. By establishing such linkages, yields under different forms of
management and other soil performance data constitute important functions
of survey and classification.

Questions
1. It is our experience that grid point can indicate neither soil variation on
the terrain nor the soil characteristics essential for quality product: (a) single
pedon at a grid point in a cell of 1 sq. cm or bigger cannot represent the entire
soil pattern in the cell area, (b) pedon location on the grid point may not
represent major land form unit within the cell area. Pedon characteristic
situated on a major unit will represent the soil as well as land characteristics
of the cell area leading to difficulties in assessing major soil potential, and (c)
drawing soil boundary midway between observation points is too arbitrary.
2. By using remote-sensing techniques, how can the map prepared on the
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basis of empirical relation and data translated into soil area data qualify for
quality map?
3. Automated cartography is too expensive for a developing country and
is not yet cost effective. Data handling is not directly under manual control at
all the stages. How do we ensure the quality of data to maintain standards?

Commission VI

Soil Technology

Reclamation of Waste Lands
and World Food Prospects
I.P. ABROL*

Abstract
THE world has at present even more land available to be reclaimed and
brought under cultivation for growing food crops than the area cultivated at
present. The largest areas of potentially arable land lie in the continents of
Africa and South America and relatively very little in Europe and Asia.
While considering the world as a whole, there appear tremendous
potentialities of increasing cropped area towards meeting food production
goals, but in practice, the possibility of increasing food production through
increased cropping area in one country may be of little consequence in the
context of how the food sufficiency goals will be met in a country on another
continent. Therefore, each region or country will have to develop its own
strategies to achieve its denned goals and considering the socio-economic
and political setting on the one hand and the tradition and level of education
on the other. For the reclamation of waste lands appropriate technologies,
economically feasible and workable at the farmers' level, will be required
before large-scale reclamation projects can be taken up. Adequate physical
infrastructure and mechanisms for the transfer of technology from
experimental station to the farmers' fields will have to be ensured for the
success of projects. The paper outlines details of the technology for the
reclamation of an estimated 2.5 million hectares of sodic soils of the IndoGangetic plains of India. It has been shown that vast areas of sodic soils
lying barren for decades could be reclaimed economically and that their
reclamation will contribute substantially to the food needs of the region on
the one hand and control of environmental degradation on the other.
Alternative technologies for bringing these soils under a system of
agroforestry are indicated. Strengthening of mission-oriented research
programmes coupled with overall development will make it possible to
reclaim increasingly difficult waste lands and contribute to the increasing
food needs of the future.

SINCE the earliest recorded history, the problems of population growth and
food supply have dominated the human mind. Man has constantly strived to
ward off the spectre of mass hunger and famine by skilful exploitation of the
natural resources. Despite the massive accumulation of scientific knowledge
for improved agricultural production over the past 100 years, our civilization
is still threatened with the age-old problems of increasing population and food
shortages. However, if experience over the past decades is any indication,
future food needs will be met through the efforts of all concerned and it is

•Central Soil Salinity Research Institute, Karnal, Haryana, India.
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generally agreed that these increases will come about through one of the
following ways:
1. By reducing preventable losses of farm products between the
cultivators' fields and the kitchens of consumers through improved
storage, processing, transport etc.
2. By improving the level of management of soils already under
cultivation.
3. By bringing under plough the potentially arable soils which are
presently not cultivated for growing food crops.
There have been discussions whether it is better to increase the production
of food crops on the existing arable lands, which is quite possible and
probably not too difficult, or to extend the area by reclaiming the uncultivated
lands. In the past 20 years, the world has fed nearly 50% more people with
only 20% increase in the arable area. In theory, the increased production
necessary for the future might be obtained entirely through increased crop
yields on the existing cultivated land by adopting modern technologies. In
practice, increased output is likely to be obtained, as in the past, by employing
both the methods. Which method is more suited in any given situation will
depend on the relative costs of the relevant resources and availability of
adequately tested scientific technologies apart from the political and socioeconomic considerations. In this presentation, I will be chiefly concerned with
the potentialities of food production from wastelands lying such due to a host
of factors including a lack of adequate technologies for their profitable
utilization.

World Arable Land Resources
An estimate of the world's potentially arable land resources was made by
the U.S. President's Science Advisory Committee (U.S. Report 1967), and
Table 1 is based on this study. Potentially arable land was defined as land
including soils considered to be cultivable and acceptably productive of food
crops adapted to the environment. Other estimates made independently of this
study (Buringh et al. 1975; FAO 1969) show that the estimates are fairly
realistic and could form a basis for future projections of world food
production. Data in Table 1 show that only 10.6% of the total land area of the
world is cultivated at present and that about 24.2% of the total land area
(3,190 million ha) is considered cultivable or is potentially arable land. This
total area is indeed large and means that there is even more land available to
be reclaimed in the future than is cultivated at present time in the world as a
whole. The table further shows that the largest area of the potentially arable
land not now used for crops lies in Africa, mostly south of Sahara. The next
largest area is in South America. In the continent of Europe and Asia more
than 80% of the potentially arable land is already being cultivated. Thus,
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Table 1. Total land area and arable land by continents
Region

Africa
Asia
Australia and
New Zealand
Europe
North America
South America
USSR
Total

Total land
area
(million
ha)

Cultivated
land
(million
ha)

Land area
cultivated

(%)

Potential
arable
land
(million
ha)

Ratio of
cultivated
to potential land

(%)

3,010
2,740

158
519

5.2
18.9

734
(.27

22
83

820
480
2,110
1,750
2,240

32
154
239
77
227

3.9
32.1
11.3
4.4
10.6

153
174
465
6X1
356

21
XS
51
11
64

13,150

1,406

10.6

3,190

44

Source: The World Food Problem, A report of the President's Science Advisory Committee, Vol. II,
Report of the Panel of the World Food Supply (USA).

while considering world as a whole, there appear tremendous potentialities of
increasing cropped area towards meeting food production goals. But, in
practice, the possibility of increasing food production through increased
cropping area in a country, say, in South America, may be of little
consequence in the context of how the food sufficiency goals will be met in a
country in Asia where practically all the potentially arable land is already
under cultivation. Conversely, pressure for increased food production and
availability of viable technologies might favour that lands hitherto difficult to
reclaim can be brought under cultivation profitably even in a country where
potentially arable lands are not in abundance. Therefore, it would appear that
each region or country will have to develop its own strategies to achieve the
defined goals and considering the social, economic and political setting on the
one hand and the tradition and level of education on the other.

The Role of Technologies
By the term "technology" is meant the whole range of management
practices that go into farm production. This includes method of land
preparation, best suited crops and varieties and cropping sequences, their
fertilization and best suited cultural practices including planting techniques,
irrigation, drainage, disease and pest control etc. On the one hand there are
primitive levels of technology such as shifting cultivation practised by many
farmers of the tropics and on the other extreme are the most sophisticated
technologies applied in the production of, say, tomatoes in Holland in
greenhouses with complete control of the environmental factors. Adoption of
sophisticated technologies in a country or a region cannot come about without
the overall economic development and the elevation of the level of education
of the people. Thus what might be possible for a farmer in the arid California
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of USA, might be completely out of reach for the one in the arid Rajasthan in
India. Also, farm management practices differ from region to region and
country to country and are conditioned by tradition on the one hand and
prevailing socio-economic and political circumstances on the other. For this
reason what can be done in one region to improve soil management and
increase production will not be exactly what is needed in another place. In
order, therefore, that the farming technologies are effective and can lead to
continuous improvement in food production, it is essential that:
1. The relevant technologies are developed to meet realistic goals
considering the social, economic and political setting on the one hand
and tradition and level of education of farmers on the other.
2. There is adequate physical infrastructure for the transfer of technology
from "Lab to Land."
3. There is continuous effort to improve upon the technologies as more
scientific knowledge and experience is gained and as the economic
conditions become more favourable.
Large areas of potentially arable land not used for crop production are
important to what might be possible for future food production. As the
available technologies improve, the total area under crops will expand. Soils
that are highly productive under the present-day technologies were not so
useful for crop production a few decades ago; similarly, soils that were of
limited value 15 years ago are highly productive now. With improved
understanding of soils and their limitations, technologies will be developed in
the future to make soils, that are now of limited value, highly productive. To
accomplish this the situation within each country must be judged on its own
merits. New technologies must be tailored to each local condition. This can be
best accomplished by the teams of scientists who are a part of the social
system and are aware of the constraints operative at the farmer's level. That is,
relevant researches are taken up by teams of scientists who can appreciate the
social, cultural and political aspects of the country and guide team efforts
towards best solutions under the farmer's situation. Research programmes of
necessary magnitude must be organized so as to continuously provide support
to the field programmes aimed at improving the level of existing productivity.

Major Constraints in Land Reclamation in India
Kellog and Orvedal (1969) have presented a detailed discussion why so
many potentially arable soils are unused for crop production and have
particularly analysed the factors operative in the humid tropics. As pointed
out earlier, the constraints limiting the reclamation of potentially arable lands
will differ from place to place. Economics primarily will determine the extent
to which additional food supplies will be obtained by opening up new lands,
but advances in science and technology will play a major role in providing
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alternatives and appropriate methodologies. For instance, over 400,000 ha of
so-called deserts have been brought into cultivation in south-eastern Australia
since World War II as a result of soil researches which showed that low
productivity of these soils was chiefly due to the deficiency of trace elements
and that addition of small quantities of copper and zinc to fertilizer
applications made all the difference. I will present the situation in India and
then, as an example, show how reclamation of hitherto barren sodic soils
could contribute significantly to the food needs on the one hand and in
arresting the soil degradation on the other.
Table 2 gives the land utilization statistics of India. It is seen that nearly
78% of the potentially arable land, 183 million ha are already under
cultivation. The 40 million ha not now under cultivation and considered
potentially arable have been lying barren due to one or another soil constraint
(Table 3) and the lack of economic and proven technologies for their
reclamation. Also, it is likely that sufficient concern has not been created by
the scientific community in the minds of those responsible for decision
making, for as was summed up by Simonson (1967), "Ultimately it is the will
of a government and its people to develop policies and mobilize its resources
and energies for agricultural production which will determine how much of
this potential can be realized."
Table 2. Land utilization statistics of India (area in million ha)
Total geographical area
Total area for which land use statistics are available
Area under urban and other non-agricultural use
Areas which are barren and unculturable (e.g. perpetually snow bound or rocky etc)
Culturable wastes (potentially arable)
Area under forests (35.0) and permanent pastures (48.0)
Agricultural lands

328.048
305.506
18.000
21.000
40.000
83.000
143.000

Source: Indian Agriculture in Brief. Directorate of Economics and Statistics, Ministry of
Agriculture and Irrigation, Govt, of India, New Delhi.

Table 3. Approximate area and major constraints offered in the reclamation of
potentially arable areas
Major constraint

Approximate area
(million ha)

Water-logging
Salinity and sodicity
Ravines
Lateritic soils
Riverine lands, coastal sandy areas, stony and gravelly lands.
high altitude and steeply sloping lands

6.0
7.0
3.7
12.0
11.3

Total

40.0

Source: Compiled from Report of the National Commission on Agriculture, 1976, Ministry of
Agriculture and Irrigation, Govt, of India.
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The Problem of Salt-affected Soils
Salt-affected soils reduce the productivity of an estimated 7 million ha of
otherwise productive soils (Abrol and Bhumbla 1971). Based on the nature of
the soil problem and their geographical distribution salt-affected soils
in the country can be broadly grouped as follows (Bhumbla 1977):
Broad Group

1.

Coastal salt-affected soils
a. Coastal salt-affected soils of arid
regions
b. Deltaic coastal salt-affected soils
on the humid regions
c. Acid salt-affected soils

States in which the soils occur

Approximate
area (million ha)

Gujarat

0.714

West Bengal, Orissa, Andhra
Pradesh and Tamil Nadu
Kerala

1.394
0.016

2.

Salt-affected soils of the medium and
deep black soil regions

Karnataka, Madhya Pradesh,
Andhra Pradesh, Maharashtra

1.420

3.

Salt-affected soils of the arid and
semi-arid regions

Gujarat, Rajasthan, Punjab,
Haryana and Uttar Pradesh

1.000

4.

Sodic soils of the Indo-Gangetic plains

Haryana, Punjab, Uttar Pradesh,
Bihar, Rajasthan, Madhya
Pradesh

2.500

7.044

The above estimates are only approximate and, as pointed out by Kanwar
(1977), the magnitude of the problem is much more severe because an
additional 20 million ha in the canal irrigated areas have already run the risk of
being degraded through the influence of salts.
Differences in climate, soil characteristics including nature of salts,
available water resources and associated features require a different approach
to the management of salt-affected soils occurring in different regions. I will
confine, here, to the problem of reclamation and management of 2.5 million
ha of sodic soils spread in the Indo-Gangetic plains.

Sodic Soils of the Indo-Gangetic Plains
Formation and Extension
In the Indo-Gangetic plains, sodic soils are generally confined to areas with
a mean annual rainfall between 550 and 1,000 mm. In areas with mean annual
rainfall above 1,000 mm, salt-affected soils generally do not occur extensively
and in areas with a mean annual rainfall of less than 550 mm, the dominant
soluble salts are chlorides and sulphates which impart the soils saline
character rather than sodic (Bhargava ef al. 1976; Abrol and Bhumbla 1977;
Bhumbla and Abrol 1978).
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Sodic soils occur interspersed with normal soils and may occupy,
sometimes, a few thousand hectares at a stretch. The soils occur in both the
canal-irrigated and unirrigated regions and, for this reason, introduction of
canal irrigation alone cannot be the sole factor for their formation. The soils
usually occupy somewhat lower elevation in the otherwise flat terrain. During
the rainy season, July to September, water accumulates in the low-lying areas.
Weathering of aluminosilicate minerals provides a steady supply of alkali
bicarbonates which accumulate in the undrained basins. In the ensuing dry
season, as a result of evaporation, the soil solution is concentrated resulting in
an increase of the sodium adsorption ratio (SAR) of the soil solution which in
turn results in increased adsorption of sodium on the exchange complex and
soil pH. The displaced calcium precipitates, resulting in the formation of these
soils (Bhumbla 1977). Introduction of canal irrigation and other
developmental activities has accentuated the problem through restricting
surface drainage, and the rise in groundwater table resulting in reduced
natural leaching. Rise in groundwater table in regions where the groundwaters
have a high proportion of sodium relative to divalent cations and/ or high
residual alkalinity further results in accumulation of sodium in the root zone.
In other cases use of groundwaters with high sodic hazard for irrigation has
resulted in the extension of sodic soils.
Characteristics
Sodic soils of the Indo-Gangetic plains have several common features
(Bhumbla et al. 1972; Bhargava et al. 1972; Bhargava and Abrol 1978;
Kanwar and Bhumbla 1969; Govindarajan and Murthy 1969). These are:
1. Excess soluble salts are present chiefly in the upper 0-30 cm. Sodium
carbonate and bicarbonate form an appreciable portion of the soluble salts.
Soils have high pH, up to 10.5 in 1 : 2 soil/water suspension.
2. Excess sodium carbonate in the soil results in the precipitation of
calcium in the soil solution causing accumulation of sodium on the exchange
complex and resulting in high exchangeable sodium percentage (ESP). ESP
values of 80-90 or more are common in surface layers. Generally, sodicity
decreases with depth.
3. The soils are generally medium-textured in surface layers (sandy loam
to loam) tending to become heavier with depth. Illite is the dominant clay
mineral in these soils.
4. The soils nearly always have some (2 to 4%) calcium carbonate
throughout the profile depth and often also a zone of accumulation of calcium
carbonate in amounts large enough to qualify as a calcic horizon. Usually the
zone of CaCC>3 accumulation is around 1 m from the surface.
5. The soils are highly dispersed and consequently have poor physical
properties, resulting in restricted water and air movement.
6. Groundwaters in sodic soil-infested areas have generally low to
medium electrolyte concentration and can be profitably used for irrigation.
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Impact of Sodic Soils
Sodic soils occupy extensive areas in the otherwise most productive IndoGangetic plains. While the losses of potential crop production from these soils
lying barren are realized, rarely has concern been expressed for the indirect
adverse impact of these soils on the society. Sodic soils are poorly permeable
and absorb little or no rain water resulting in the loss of excellent quality rain
water from the area. Also, in areas with extensive sodic soils, the problem of
floods from small and medium intensity monsoon rains is accentuated causing
damage to the growing crops, particularly in the affected areas. Large
amounts of runoff also carry huge quantities of nutrient-rich surface soil and
no effort has been made to assign a monetary value to these losses. Similarly,
it has been commonly observed that expenditure on the maintenance of public
structures including roads, bridges etc. is much higher in sodic soil-infected
areas as also the incidence of diseases, such as malaria. Sodic soil areas belong
either to the government or to the poorer strata of society who cannot afford
to make the required monetary investments unless immediate returns are
ensured. Urgent need for increased agricultural production and for raising the
living standards of the poorer sections of the society demands that economic
and speedy methods are evolved for the improvement of sodic soils.

Reclamation of Sodic Soils
Earlier Efforts
Leather (1893) is credited (Agarwal et al. 1979) as the first scientific
worker who took up systematic studies on the nature, formation and
improvement of sodic soils occurring in the state of Uttar Pradesh. However,
the findings, though a significant step forward, remained obscure until the
implications of the principles of cation exchange phenomena in soils were
fully understood. Renewed and vigorous research efforts to understand the
problems of sodic soils were made between the period 1955 and 1966 by
Agarwal, Yadav and associates working in U.P. (Agarwal et al. 1979) and
Kanwar, Bhumbla and associates working in Punjab and Haryana (Kanwar
and Bhumbla 1960-62). These investigations led to a better understanding of
the nature of these soils and their crop production potentialities on the one
hand and the need for further intensifying research efforts to evolve a package
of reclamation technology on the other. The impact of these researches was
the decision of the Government of India to set up a Central Soil Salinity
Research Institute and a Multilocational Coordinated Research Project on
Soil Salinity and Water Management to undertake mission-oriented research.
Recent Efforts
Research efforts over the past decade have resulted in evolving a package
of practices for the reclamation and management of sodic soils of the IndoGangetic plains. A brief account of these research findings is given below.
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Drainage
Drainage of sodic soils presents special problems. It has been shown
(Dhruvanarayana et al. 1977) that subsurface tile drains are ineffective in
lowering the groundwater table because of the extremely poor hydraulic
characteristics. On the other hand vertical drainage, i.e., any bore hole or well
from which underlying problematic water is extracted either under pressure or
through pumping, appears promising for lowering the water table in these
areas. The conditions for successful vertical drainage, i.e., presence of a
favourable aquifer within 10-20 m and favourable quality of groundwater, are
met with in most of the areas having sodic soil problems. This, therefore,
appears to be an ideally suited drainage measure for the control of
groundwater table.
Apart from the control of groundwater table, management of monsoon
rains averaging 600-700 mm during the rainy season poses problems in sodic
soil areas. Data in Table 4 bring out the problem more clearly. For a return
period of 2.33 years, a 2-day rainfall of 15.5 cm followed by a dry spell of 28
days is expected. Thus, within a short period the crops face excess water
conditions at one time and near-drought conditions at another. To overcome
this and to conserve the excellent quality rainfall, three-tier system of
water management involving rain water storage in the crop land, shallow
dug-out ponds and provision of surface drains has been recommended
(Dhruvanarayana 1979).
Table 4. Frequency analysis of maximum rainfall (cm) for 1 and 2 days and
the length of dry spell at Karnal, Haryana (Dhruvanarayana et al.
1978)
Event

Return period (years)

1 day rainfall
2 days rainfall
Dry spell (days)

4.1
5.1
15

1.01

2.33
12.0
15.5
28

5
15.2
20.1
34

10
18.3
23.8
39

100
28.9
35.5
54

Amendments
For the replacement of excess exchangeable sodium, role of amendments
is well recognized. Being cheapest and abundantly available, gypsum, CaSCV
2 H2O, is the most commonly used amendment for sodic soil reclamation.
Quantity. The quantity of gypsum required for sodic soil improvement
depends on the quantity of exchangeable sodium that must be replaced and
the depth to which soil improvement is desired. This quantity is often referred
to as the gypsum requirement (GR) of soils and is determined in most
laboratories by the method first given by Schoonover (Richards 1954). For
soils containing soluble sodium carbonate, as most sodic soils of the IndoGangetic plains do, the method estimates both the gypsum required to
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neutralize the soluble carbonates and that required to replace exchangeable
sodium. It was, however, shown that when gypsum is surface-applied to a
sodic soil high in soluble carbonates and leached, only a small fraction of the
applied calcium reacts with soluble carbonates and that the latter are leached
practically unreacted (Abrol et al. 1975). Based on these and other studies
(Abrol and Dahiya 1974) it was suggested that Schoonover's procedure
overestimates the gypsum requirement for soils containing soluble carbonates
and that a modified procedure (Abrol et al. 1975) was more realistic. It has
also been shown (Bhumbla and Abrol 1975; Abrol and Bhumbla 1979) that if a
proper choice of crops is made, it is sufficient to add gypsum to improve only
the surface 15 cm soil, thereby reducing the reclamation cost considerably.
Further soil improvement is accomplished by continuous cropping with rice as
one of the crops. For highly deteriorated soils of the region it has been shown
that 12-15 t gypsum/ha is sufficient to start cropping with rice and wheat in a
rotation. For advisory purposes a graphical relationship between soil pH and
the gypsum requirement of soils (Fig. 1) was prepared (Abrol et al. 1973) since
the pH of these soils is very well correlated with soil ESP (Gupta et al. 1981).
These studies have also brought out that the existing diagnostic criteria for
sodic soils need to be reviewed and suggestions for modifications in this
regard were made by Abrol et al. (1980).
Other amendments. Apart from gypsum, several other materials have
been used or recommended for sodic soil reclamation. These include soluble
calcium salts, acids or acid-forming materials. Milap Chand et al. (1977)
studied the effect of eight materials on changes in soil properties and crop
growth in a highly sodic soil and found that gypsum, sulphuric acid and
aluminium sulphate were nearly equally effective in improving the soil and
grain yield of barley. The study also brought out that when available,
pressmud from sugar factories, adopting sulphitation process for juice
clarification, can be profitably used for sodic soil reclamation. In another study
(Verma and Abrol 1980a, b) effectiveness of pyrite as an amendment vis-a-vis
gypsum was evaluated in replicated field experiments. Pyrite was found to be
only about one-fourth as effective as gypsum and the ineffectiveness of pyrite
was attributed to the lack of its oxidation once incorporated in sodic soil of
high pH (Venkatakrishnan and Abrol 1981). Phosphogypsum, a by-product
of fertilizer industry, is available in large quantities for use as an amendment.
This material, however, is likely to contain considerable quantities of the element
— fluorine — depending upon the source of rock phosphate used. Presence
of this element posed fears as to its likely role in soil-plant animal system.
Greenhouse and laboratory studies ((Singh et al. 1979a, b; Chhabraef al. 1980b)
have shown that the solubility and uptake of fluorine is reduced with reduced soil
ESP and pH and therefore application of gypsum-containing moderate
quantities of fluorine, is not likely to result in increased fluorine uptake by crops,
such as rice and wheat.
Application

method. For sodic soils, containing soluble carbonates,
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Fig. 1. Relationship between pH (1:2 soil:water mixture) and the gypsumrequirement of the sodic
soils of the Indo-Gangetic plains, India. Light, medium and heavy refer to soils of clay
content approximately 10, 15 and 20%, respectively. A cation exchange capacity of 10
me/100 g soil is common for most medium-textured soils.

Khosla et al. (1973) found that mixing limited quantities of gypsum in a
shallower depth was more beneficial than mixing in a larger depth (Table 5).
Table 5. Effect of depth of mixing 13 t gypsum/ha on the grain yield of
barley, paddy and wheat grown in succession in a highly sodic soil
(Khosla et al. 1973)
Depth of mixing*
(cm)
10
20
30

pH**
9.3
9.5
9.9

ESP
25
37
75

Grain yield (t/ha)
Barley
Paddy
2.6
2.5
0.5

7.0
6.1
5.6

Wheat
3.3
3.2
2.0

*Gypsum was applied before growing barley crop; **pH (1 : 2 soil/water) soil samples (0-10 cm)
taken before transplanting rice crop.
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When gypsum was mixed in a larger depth, it got diluted resulting in only a
small decrease in ESP throughout the depth. Also, when mixed in a greater
depth, a larger fraction of gypsum is likely to be used up in neutralizing
soluble carbonates at the expense of exchangeable sodium replacement (Abrol
et al. 1975). For the same reason it is recommended that gypsum be surfacebroadcast and mixed with surface 10 cm only after one irrigation has been
applied to push down the soluble carbonates a few centimetres deep.
Gypsum fineness. Fineness to which mineral gypsum must be ground for
soil application is an important consideration in large-scale reclamation
programmes. Based on laboratory and field studies, Chawla and Abrol (1980)
suggested that gypsum passed through 2 mm sieve and having a wide particle
size distribution is likely to suffice if rice is grown as the first crop. It was also
shown (Abrol et al. 1979) that the quantity of water required to dissolve the
applied gypsum mixed in surface soil is likely to be much smaller than the
quantities inferred from solubility of gypsum in pure water.
Crops in Sodic Soils
Proper choice of crops during reclamation of sodic soils is important.
Growing crops tolerant to excess exchangeable sodium can ensure reasonable
returns during the initial phases of reclamation. In Table 6 important crops
are listed according to their relative tolerance to soil sodicity based on results
of several field studies (Bhumbla and Abrol 1975; Abrol and Bhumbla 1979;
Chhabra et al. 1979; Singh et al. 1979; Singh et al. 1980). In general, crops
that are able to withstand excess moisture conditions are also more tolerant to
sodic conditions. Relative tolerance of rice and wheat (Fig. 2) shows that at an
ESP of 55, while the yield of rice was reduced by only about 10%, wheat
completely failed to grow, indicating high tolerance of rice to sodic
conditions. The high tolerance of rice to sodicity arises due to its ability to
withstand and in fact the need for a layer of water on the field throughout the
growing season. Low permeability of sodic soils is an advantage because
losses of water due to deep percolation are restricted, although in most cases
sufficient-to-leach soluble salts resulting from exchange of sodium are present
in the root zone. These factors make rice an ideal crop during the reclamation
of sodic soils and in fact enhance the reclamation process. The effect of
growing rice on changes in ESP of differentially gypsum-treated plots (Table
7) show that during rice growth soil ESP is reduced rapidly, particularly when
the initial ESP is high. From this and controlled greenhouse studies (Chhabra
and Abrol 1977) it was inferred that growing rice resulted in high cumulative
removal of soil exchangeable sodium by mobilization of native insoluble
calcium carbonate as a result, chiefly, of increased hydrolysis and carbon
dioxide liberation by plant roots.
Management Practices
Adoption of best suited cultural and crop management practices is

Table 6. Relative tolerance of some crops and grasses to exchangeable sodium
Tolerant*

Semi-tolerant

Sensitive

Karnal grass (Diplachna fused)
Rhodes grass (Chloris gayana)
Para grass (Brachiaria mutiea)
Bermuda grass (Cynodon dactylori)
Rice (Oryza saliva)
Sugarbeet (Beta vulgaris)

Wheat (Tritieum vulgare)
Barley (Hordeum vulgare)
Oats (Avena saliva)
Raya (Brassica junced)
Senji (Melilotus parviflora)
Berseem (Trifolium alexandrinum)
Sugarcane (Saccharum officinarum)
Bajra (Pennisetum typhoides)
Cotton (Gossypium hirsutum)

Cowpeas (Vigna sinensis)
Gram (Cicer arielinum)
Groundnut (Arachis hypogaea)
Lentil (Lens esculenta)
Mash (Phaseolus mungo)
Mung (Phaseolus aureus)
Peas (Pisum sativum)
Maize (Zea mays)
Cotton, at germination (Gossypium

hirsutum)

Crop yields are seriously affected if the ESP is more than about 55,35 and 10 in respect of tolerant, semi-tolerant and sensitive crops, respectively. Tolerance
in each column decreases from top to bottom. The grasses listed are highly tolerant and some, like Karnal grass, will grow even in soils of ESP 8.0 to 9.0.
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Fig. 2. Relative tolerance of rice and wheat to exchangeable sodium.

Table 7. Effect of growing rice on changes in soil ESP (Abrol and Bhumbla
1977)
Treatment*
gypsum
t/ha

ESP before growing rice crop ESP after growing rice crop
(April 1971)
(November 1971)
0-15 cm
15-30 cm
0-15 cm
15-30 cm

0
7.5
15.0
22.5
30.0

87.0
67.0
33.0
15.5
14.0

94.0
87.0
83.0
64.5
57.0

50.0
29.5
25.5
16.0
12.5

63.0
63.0
56.0
32.5
36.0

*Gypsum was applied in June 1970.

essential for obtaining maximum returns from the inputs to sodic soils.
Planting. Planting techniques can be modified to overcome unfavourable
soil conditions for germination or crop establishment. Dargan et al. (1974)
reported a significant increase in rice yield when four and six seedlings were
transplanted per hill in a sodic soil, compared with the usual practice of
planting only one or two seedlings per hill in the normal soils. In another
study it was found that planting somewhat older rice seedlings proved better
than planting the usually recommended 30-day-old seedlings.
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Nutrients. Low organic matter content and high pH impart inherent poor
fertility to sodic soils. Poor air-water relationships and high pH further
influence the transformation and availability of applied fertilizers to the
crops.
(i) Nitrogen. Being low in organic matter and available nitrogen,
management of nitrogenous fertilizers is particularly important. A number of
field studies (CSSRI Annual Reports 1971-76) have shown that crops grown
in sodic soils respond more to higher levels of applied nitrogen than the crops
grown in non-sodic soils. Among the different sources, ammonium sulphate
proved to be a better source of nitrogen than urea (Nitant and Dargan 1974;
Chander and Abrol 1972). In view of these and other studies, it is
recommended that crops grown in sodic soils be fertilized with 20% more
nitrogen than the recommended rates for non-sodic soils.
(ii) Phosphorus and potassium. Chhabra et al. (1980) reported that sodic
soils have high amounts of Olsen's extractable P and that a significant fraction
of this is leached to lower depths following an application of amendment and
ponding. Field studies have further shown that crops such as rice and wheat,
grown in a rotation, are not likely to respond to applied phosphorus for initial
3-4 years (Dargan and Chhiller 1978; CSSRI Annual Report 1979). Similarly,
it has been shown that these crops do not respond to applied K because of
sufficient release from the soil minerals (Pal and Mondal 1980). In view of
these findings, crop fertilization with P and K is not recommended, at least in
the initial years of reclamation. This could result in considerable saving to the
farmers.
(Hi) Micronutrients. Among the micronutrients, zinc deficiency is most
common in sodic soils. Several studies have attempted to define the optimum
zinc fertilization needs of crops in sodic soils (Dargan et al. 1976; Takkar and
Singh 1978; Takkar and Randhawa 1978) and the transformations of applied
zinc in soils (Takkar and Sidhu 1979). These studies have clearly brought
out the need for applying zinc to the soil in the initial years for obtaining optimum
yields.
Irrigation. For crops other than rice, irrigation management presents
major difficulties in obtaining optimum yields from sodic soils. Low
infiltration rate and hydraulic conductivity result in reduced profile water
storage. Root penetration in these soils is restricted due to dense/high ESP
sub-soil layers (Abrol and Acharya 1975). Further, the movement of stored
water to the root zone is slow resulting in rapid drying of the surface soil
layers (Acharya and Abrol 1978; Acharya et al. 1979a). These limitations
require that the crops are irrigated more frequently and with smaller
quantities of water at each irrigation (Acharya et al. 1979b; Gaul et al. 1976)
than the crops grown in non-sodic soils. Ability to deliver small amounts of
water at a time with sprinkler system appears to offer a practical way to
manage high frequency irrigation needs in sodic soils although at the present
level of development there is little possibility of its adoption by the farmers.

332

WHITHER SOIL RESEARCH

Economics of Reclamation
To test and demonstrate the technology for the reclamation of sodic soils
an operational research project was initiated at two locations. The chief
objectives of this project were to (1) test and demonstrate the technology for
reclamation on the farmers' fields, (2) work out the economics of reclamation,
(3) identify constraints in the transfer of technology and (4) act as a feed-back
system for the research scientists. Results relating to crop yields and soil
properties were presented by Mehta et al. (1980) and on economics of
reclamation by Singh (1980). Results of these studies showed that if increase
in the land value is not considered as a real benefit the reclamation cost could
be recovered in about 3 years and that the farmers of reclaimed sodic soils
have a sound repaying capacity. For these reasons reclamation of sodic soils
was considered economically feasible and sound. It needs to be mentioned
that the calculations do not include other benefits like employment
generation, economic stabilization and regional development which will occur
when large-scale reclamation is taken up. Similarly, improvement in soil
properties will result in the conservation of rain and soil and reduce runoff
causing flooding in the low-lying areas — benefits that must be considered in
any policy formulation on the large-scale reclamation of sodic soils. The
country's need for increased food production and economic feasibility of the
reclamation of sodic soils demand that a massive programme of reclamation is
launched. Initial availability of funds appears to be the chief limiting factor.
Since it is not possible for the poor farmers to take up reclamation on their
own, a need to supply credit on easy terms appears to be absolutely essential.
This requires the involvement of organized credit institutions and sound
education and extension programmes to ensure adequate technical backing
for the successful implementation of the reclamation projects.

Reclamation Programmes
Considering the economic feasibility and the creditworthiness of sodic soil
reclamation, the state governments have initiated reclamation projects. The
governments have set up Land Reclamation and Development Corporations
with a major responsibility to help the farmers in reclamation. The
corporations assist the cultivators in getting loan repayable in easy
instalments, procurement of inputs such as gypsum, installation of tubewell
for irrigation, land levelling etc. To make the programme further acceptable,
the government provides a subsidy on gypsum cost. In the past 3-4 years
nearly 100,000 ha of sodic soils have been brought under cultivation in the
three states of Haryana, Punjab and Uttar Pradesh. Programmes are under
way to take up reclamation of about 100,000 ha each year in these states. If
accomplished, this will mean additional 1 million ha under cultivation
which will produce an additional 5 million tonnes of food grains annually at
the present level of technology. This figure may look small against the
country's needs as a whole but is substantial considering the regional needs.
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The Alternatives
A considerable fraction of the 2.5 million ha of sodic soils forms part of
the village common lands meant for community purposes including grazing
grounds for cattle etc. Since these lands do not belong to any individual
farmer, their reclamation is presenting problems. In the present author's
opinion it will also not be advisable to reclaim these lands and bring them
under crops like rice and wheat. This will deprive the villages of common
lands which are essential for cattle grazing and other community purposes. In
view of this and the extreme pressure on the available land resources it would
appear ideal to bring these lands under a system of agroforestry by growing
suitable trees and grasses. Efforts are therefore needed to identify grasses and
cultural practices for growing trees in highly sodic soils.
Grasses in Sodic Soils
Field and greenhouse studies have shown that Karnal grass (Diplachne
fusca), Rhodes grass (Chloris gayana), para grass (Brichiaria mutica) and
Bermuda grass (Cynodon dactylori) are highly tolerant to sodic conditions
and can be successfully grown in sodic soils (Ashok Kumar and Abrol 1979a,
b,c; Ashok Kumar et al. 1980). Karnal grass grows extremely well even when
no amendment is applied. Karnal grass and para grass are also highly tolerant
to ponded water conditions, typically obtained in sodic soil areas during the
rainy season. When grasses are grown there is a continuous decrease in soil
sodicity with time and an improvement in soil physical properties due to the
biological action of grass roots. Thus growing tolerant grasses will not only
provide the much needed forage for cattle population but also improve the
soils resulting in increased adsorption of rain water, reduced runoff and soil
losses due to erosion.
Trees in Sodic Soils
Earlier attempts to grow trees in highly sodic soils were largely a failure.
Systematic field experiments by Yadav et al. (1975), however, showed that
species like Eucalyptus, Prosopis juliflora and Acacia nilotica can be grown in
highly sodic soils if the seedlings are planted in 90 cm X 90 cm pits after the
pit soil has been treated with gypsum and farmyard manure. Recent studies
(Abrol and Sandhu 1980) have shown that if the tree seedlings are planted in
auger holes, 15-cm diameter and 180-cm deep, filled with a mixture of original
soil, 3-4 kg gypsum and 7-8 kg farmyard manure, seedlings made excellent
growth and there was 100% survival of the planted seedlings. In this technique
a favourable environment is created for root growth and penetration in a
limited area and to a depth of 180 cm. The roots, thus, nearly bypass the
sodicity problem and proliferate in the zone where moisture is continuously
available. By this technique a large number of holes, 8-10, can be
made by one person in one day and it is also possible to dig the holes
mechanically with an auger attached to a tractor. The technique holds

334

WHITHER SOIL RESEARCH

promise for large-scale adoption for afforestation programmes in sodic soil
areas.
The likely benefits from agroforestry programmes in sodic soils include
conservation of valuable soil and water resources, availability of wood for fuel
and consequently greater availability of animal waste for manurial purposes
releasing pressure on already scarce fertilizers. Apart from the direct benefits,
the indirect contribution of these programmes leading to a better environment
cannot be ignored.

What Next?
While the researches have provided an answer to some of the problems
concerning the utilization of sodic soils, many more questions will arise as
efforts are made to bring large areas under cultivation. These questions might
be relevant to soil scientists or the related scientific disciplines or might be of
an administrative nature. Answers to these must be found in a way that the
reclamation programmes have the benefit of sound scientific backing. As the
progress is made in solving some of the problems, other situations of
importance will deserve greater attention from the scientific community.
People of competence at all levels will be required to provide directions to the
research needs based on national/regional priorities and feasibilities.
Simultaneously with research efforts to provide answers to immediate
oroblems, basic researches will have to be strengthened. I visualize a
.-ontinuous relationship between average yield of crops at the farmers' level at
me end and level of basic research in a country on the other (Fig. 3). While
A
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Fig. 3. A conceptual diagram showing relationship between average yields of a region / country and
the technology level. While C represents the average yield at farmer's level, B is the average
yield on an experimental station and A represents the possible yield level obtainable
considering the overall scientific level.
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the drop in yield from B to C could be reduced by providing a better
technology transfer mechanisms, beyond a certain limit increased yields at C
will only come about when an elevation at A and B is ensured. To put my views
more directly, if the efficiency of water use in the arid Israel is very high, the
country also has a very sound scientific backing in the field of soil-water-plant
relationships and if the yield of rice in Japan is amongst the highest, chemistry
of submerged soils or the photosynthetic processes in the rice plant have also
been most intensively studied by the scientific community in that country. To
sum up, continuous efforts by the scientific community directed towards welldefined goals will provide the technologies so necessary for increasing
production from soils, hitherto recognized as unproductive, for meeting the
future food needs.
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Management of Tropical Soils
and World Food Prospects
W.J. GOEDERT, EDSON LOBATO AND MORETHSON RESENDSE*

Abstract
MEETING the future food needs of the world can be accomplished by
increasing productivity in traditional areas and by occupation of new areas
not yet cultivated. Tropical regions present both alternatives, but
agricultural expansion seems more important, as 830 million hectares of
potentially arable land are available. Shifting cultivation and cattle grazing
are the most traditional activities and the present food production is scarcely
sufficient for the native population. The tropical area is mostly covered by
rainforests and savanna vegetation. The climate is hot and total rainfall is
high; however, rainfall distribution constitutes a problem in some parts of
the tropics. The predominant soils, Oxisols and Ultisols, are commonly
deep, well drained and well structured, but they are highly acid and very low
in nutrients, especially phosphorus. To solve or minimize these problems,
any soil management scheme should aim at: (1) improving the natural low
soil nutrient status and neutralize part of the soil acidity; (2) minimizing the
risks related to dry spells; and (3) protecting the soil against erosion, since
rainfall intensity is usually high during the cropping season. Once these goals
are accomplished by soil management, over 800 million hectares can be put
to use for intensive cultivation with annual and perennial crops and for
cattle grazing. It is estimated that rational utilisation can result in more than
enough food production to meet the needs of 2 billion people or more within
20 to 40 years. However, strenuous efforts are needed in research and in
building an adequate infrastructure for the purpose.

world population is estimated at 4.3 billion, and in the last decade
the rate of growth was 1.8% per year. If this index is maintained, the world
population will double in 38 years (Wortman and Cummings 1978).
Furthermore, according to these authors, the rate of growth varies from
continent to continent, with the tropical areas showing a faster increase in
population. The tropical part of South America, for example, is expected to
double its population in 24 years.
These simple projections emphasize the world concern over producing
sufficient food for this increased population. Are we prepared to obtain the
necessary increase in food production? If so, how can we obtain it and where
should we concentrate our efforts?
Essentially there are two alternatives for increasing food production:
increasing yield per area and expanding agriculture into new areas. Both
TODAY'S
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possibilities play an important role. However, increase in productivity is a
slow process, considering that the traditional food-producing countries
already have high productivity levels. For this reason, on a short-term basis,
agricultural expansion to uncultivated areas seems more important. At
present, about 1.6 billion hectares are under cultivation in the world. FAO
data (Wortman and Cummings 1978) indicate the availability of another 1.6
billion hectares of potentially arable land. Most of this area is located in
tropical regions of South America and Africa (Thorne and Thorne 1979).
Rational occupation of such lands is a real challenge for the scientific
community. Much research is still needed to develop adequate technology
with special emphasis on soil management practices. The aim of this paper is
to characterize major soil problems of tropical areas and to discuss alternative
solutions based on present research experience.
Taking into consideration that my experience is limited to Latin America
and that, in general terms, the ecological conditions of tropical areas are
similar (North Carolina State University 1980), most of the following
discussion will focus on Latin America. Thus, the basic assumption is that the
soil management schemes proposed for the Oxisols and Ultisols of Latin
America would be valid for similar soils in other tropical areas of the world.

Characteristics of the Tropical Regions
Tropical areas cover over 3 billion hectares. These areas can be grouped
into four agroecological zones: humid tropics, semi-arid tropics, acid savannas
and steeplands (Fig. 1).
The humid tropics are characterized by high rainfall and no more than 3
months' dry season. Oxisols are the predominant soil order and the native
vegetation is tropical rainforest. The population density is very low, and
transportation is mainly by river. Agriculture systems are primitive and the
present food production is very low, with no surplus.
The semi-arid tropics are characterized by low rainfall and a protracted
dry season of 5 to 8 months. The dominant soils are at the drier end of the
ustic soil moisture regime and are covered mainly by vegetation typical of dry
areas. The population density is relatively high. Part of the land is cultivated
under irrigated conditions.
The acid savannas occupy about one-fifth of the tropical zone, with a
strong dry season of 3 to 6 months. Oxisols and Ultisols are the predominant
soil orders, with a typical savanna or cerrado vegetation. The population
density varies from low to medium and the infrastructure is quite good in
many parts. Agriculture is expanding rapidly.
Finally, the steeplands are very densely populated regions of the tropics,
where soil erosion is a major concern. Soil properties and moisture and
temperature regimes vary. Food production and consumption are high,
showing small possibilities for food surplus.
The general description of these four ecological regions shows clearly that
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Fig. 1. Tropical agroecological zones. (Sources: NC State University 1980; Thome and Thorne
1979.)

soil constraints, especially lack of soil fertility, are more important in the
humid tropics and acid savannas. These two zones also represent the greatest
potential for agricultural expansion and surplus food production. For these
reasons, all of the following discussion will focus on these two regions.
Some climatic data of six locations of Latin America are presented in Fig.
2. Average temperature and total rainfall are high in all regions. The rainfall
distribution pattern shows a longer dry season in the savannas than in the
humid tropics. The water balance shows a 3- to 6-month water deficit period
in savanna areas, with no rain for 2 to 3 months. These average figures,
however, can be very misleading. Short-term droughts or dry spells commonly
occur during the rainy season and may have a detrimental effect on crop
growth, mainly due to low available water in the soil, adverse chemical
conditions for root development and high evapotranspiration rates.
The Water balance for the humid tropics (Fig. 2) shows a shorter and less
severe dry season than the savanna areas. Even though the total rainfall in the
dry months is about 50 to 100 mm, yields can be affected by water stress, as
most of the rain usually falls during one thunderstrom. The large variation in
rainfall is not serious in terms of causing plant water stress during the rainy
season, but excessive rainfall can be a problem in the humid tropic areas.
Even though most soils are deep and well drained, the intensity and high
frequency of rainfall make it difficult to work the land during seeding,
cultivating and harvesting periods.
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Table 1 shows that Oxisols and Ultisols cover about 60% of tropical
America and according to FAO Soil Maps, almost all of these soils occur
under humid tropical and savanna, vegetation (Sanchez and Isbell 1978).
Oxisols and Ultisols are far more important than other soil orders for
Table 1. Distribution of soil orders in tropical America
Soil Order
Oxisols
Ultisols
Alfisols
Inceptisols
Entisols
Mollisols
Aridisols
Vertisols
Histiso's
Total

Area
(million ha)
513
371
192
168
130
82
35
20
3
1514

Source: Sanchez and Isbell (1978).

Percentage
of total area
M
24
13
11

>
'
6
2
1
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increasing food production. However, some Inceptisols may also be
important, since large areas of Aquepts (wet Inceptisols) occur in the
extensive seasonally flooded areas. Some properties of the representative soil
profiles of humid tropics and savannas of Latin America are presented in
Table 2. The yellow Latosols (Ustox or Orthox) are the predominant soils,
under natural good drainage conditions in the humid tropics; they are very
acid, with high aluminium saturation and very low exchangeable bases and
phosphorus availability in all horizons.
Red yellow Latosols and dark red Latosols (Ustox or Orthox) are the
dominant soils under savanna vegetation. They are deep and well drained soils
with high aggregate stability that favours agricultural mechanization. Their
texture varies, but most are clayey soils. They are acid, and aluminium
saturation is usually more than 50%, even though the absolute amount of
exchangeable aluminium is not high. In some profiles, Al saturation is high in
all horizons, but in others only in the surface layer. This fact is important in
terms of soil management aimed at improving conditions for root growth.
Exchangeable bases are very low and available phosphorus is almost zero.
The Low Humic Gley (Aquept) is the dominant soil under natural poor
drainage conditions of the humid tropics. Although these soils usually have
good fertility in the drier period of the year, flooding during the rainy season
may limit their use.
Another important aspect of the Oxisols is their water-retention capacity.
Usually, even in clayey soils, the amount of available water is rather low
(Lopes 1977). This can be explained by the mineralogical composition of the
clay fraction, which is dominated by kaolinitic, gibbsite and iron oxides
(Weaver 1974). In addition, the kaolinitic clay particles are often bound by
iron oxides and hydroxides into sand-sized granules, which gives them
excellent structural properties, but low water availability, This fact, added to
high aluminium saturation and low exchangeable clacium in the profile, may
cause severe water stress during dry spells.

Soil Management
The soils from tropical areas present several common characteristics; as a
consequence, any strategy of soil management includes a set of practices that
are generally valid for most of the soils and agroecological zones. In general,
any soil-management scheme for tropical soils should aim at:
1. building up the soil fertility — i.e., improving the natural low soil
nutrient status and neutralizing part of the effects of the soil acidity;
2. decreasing or minimizing the risks of short-term droughts that occur
during the rainy season in savanna areas or in the dry season of humid
tropic areas;
3. protecting the soil against erosion, since the rainfall intensity is very high
during the cropping season.
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In addition to these general goals, soil management should also take into
account the high rate of leaching in well-drained soils under tropical
conditions and the drainage requirements of lowland areas.
Improvement of Soil Fertility
In order to obtain a good yield for most crops, it is necessary to solve
some common problems such as high soil acidity and low phosphorus
availability in the soils.
Liming. Acidity problems can be solved by a joint effort of breeding and
soil management. For several years, a major effort has been made by plant
breeders to obtain plants able to grow satisfactorily under acid conditions
(Wright 1976). However, this approach does not exclude liming, since most
soils are high in aluminium saturation (more than 50%), and exchangeable
calcium and magnesium are below critical levels for plant nutrition and root
growth.
A number of experiments have been conducted on Oxisols and Ultisols to
study the influence of liming on yield of important crops. In one of those
experiments, started in 1972 on a dark red Latosol (soil analysis shown in
Table 2), limestone was applied at rates of 0, 1, 2, 4 and 8 tons/ ha at two
depths, 0-15, and 0-30 cm (Gonzalez 1976). Of the seven crops grown, the first
three, the fifth, and the sixth were maize; the fourth, sorghum; the seventh,
soybean. A marked yield response to lime was observed for all crops (Table
3). This response shows evidence that, even at the lowest lime rates, the
Table 3. Grain yields (kg/ha) of maize, sorghum and soybean on a dark red
Latosol (Typic Haplustox) as influenced by rates of lime applied at
two depths Brasilia, Brazil
Liming
rate
(t/ha)

0

Sorghum Maize
(Crop 4)

Maize

Soybean
(Crop 7)

1974-75

Crop 5
1975-76

Crop 6
1976-77

1977-78

880

1475

2360

1175

1055

5280
5690
5905
5960

1475
1865
2265
2050

3525
5585
6225
6875

4280
4320
4620
5410

1940
2005
2705
2455

1966
1862
1889
2113

5685
5860
6680
7265

2085
2575
3060
3600

4750
5860
6425
7055

4430
4600
4810
5970

1380
2125
2350
2775

1304
2054
2248
2254

Crop 1
1972-73

Crop 2
1973

2115

4570

3425
3530
4005
3725

Crop 3
1973-74

0-15 cm/depth

1
2
4
X
0-30 cm/depth

4020
1
2
4340
4
4800
4790
8
Source: EMBRAPA (1979);

Lathwell (1979a).
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residual effects remained significant throughout the course of the experiment.
Those treatments in which lime was applied to a depth of 30 cm consistently
yielded more than those where lime was applied to a depth of 15 cm. It is
evident, however, that the differences between deep and shallow incorporation
tend to decrease with time, due mainly to calcium and magnesium leaching
(Table 4). Enhanced root growth in the 15- to 30-cm layer and consequent
nutrient-water extraction from a greater volume of soil were associated with
higher yields from the deep liming treatments (Gonzalez 1976). This fact
indicates a relationship between liming methods and soil-water extraction by
plants, which will be discussed later.
Table 4 shows that with the addition of lime, Ca + Mg content increased
with time and Al saturation declined in lower soil layers, which is very
important for deep root growth (Miranda et al. 1979). Also, the cation
exchange capacity increased as a result of the presence of pH-dependent
charge sites. Although the yield responses were due, in part, to reduced
aluminium saturation, increased calcium availability also may have
contributed to plant growth.
Similar crop response to liming has been reported from other locations in
Brazil, Puerto Rico, Peru and Colombia (C1AT 1978; EMBRAPA 1980a;
Goedert 1979; Lathwell 1979a). These results clearly demonstrate the
agronomic value of this practice in any soil-management programme. For
soils covered with rainforest, crop response in the first years has not been so
positive as that reported in the experiments above. This may be explained by
the fact that substantial quantities of calcium, magnesium and potash are
added when the native vegetation is burned at clearing. However, positive
effects of liming are expected for depleted soils from the humid tropics zone.
Although the positive effect of lime on yield is unquestionable, much
work still remains to be done in defining the range of soil conditions under
which different crops respond to liming. The rate of lime needed will also
depend on the kind of farming system. As an example, the traditional farming
system in savanna areas of central Brazil is to clear the area, grow upland rice
for a couple of years and then shift to pasture (mainly Brachiaria decumbens).
Both upland rice and Brachiaria are plants well known for their high tolerance
to acid soil conditions. When rock phosphate is used as a phosphorus source,
liming is used mainly to supply calcium and magnesium. This is not true if
crops like soybeans or maize are included in the sequence.
On these acid soils where aluminium dominates the exchange complex,
the amount of exchangeable Al provides a reasonable measure of the lime
requirement. Lime requirement has been defined according to the following
formula:
t lime/ha = (2 X Al3+) + (2 - me (Ca + Mg))
The rates recommended by this formula usually increase the pH to
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around 5.5 and eliminate most of the exchangeable Al. This criterion is useful
even though it does not take into account the buffering capacity of the soil.
The SMP method (to pH 5.5) has proved to be even more effective for
predicting the lime requirement of Oxisols and Ultisols.
Even though liming plays an important role in any soil management
scheme for tropical soils, its use is still limited, especially in the humid tropic
zones, by the price and market availability of limestone. Natural limestone
deposits are well distributed throughout the tropical areas, but processing is
limited. As a consequence, ground limestone often has to be transported long
distances, increasing its price at farm level.
Phosphorus. Phosphorus deficiency is probably the greatest constraint to
agricultural production in tropical areas.
In general, Oxisols and Ultisols show a low content of total P, and the
amount of readily available P, extracted by routine methods, is insignificant
(Table 2). Furthermore, the absorption capacity of most soils is quite high. A
substantial amount of data have been collected using the sorption isotherm
method in order to estimate P requirements of these soils to achieve different
levels of P in solution. Lathwell (1979b) summarized some data for Oxisols of
Latin America. An average of 250 ppm of P was required to give 0.10 ppm of
P in solution, which represents a huge quantity of phosphate to be applied.
Although several soil properties were strongly related to P sorption by those
soils, Lopes (1977) found that sand or clay content are among those most
closely correlated. The initial P requirement of soils with clay fractions
dominated by kaolinite and/or hydrous oxides increases when clay content
increases. However, as shown later, liming reduces phosphorus sorption,
improving the general picture concerning sorption characteristics of these
soils.
Plant response to applied phosphorus is excellent (Figs. 3, 4, 5) with a
wide variation in phosphorus requirement to reach maximum yields for
different crops and locations. These figures also demonstrate the high
potential for food production in these soils when P deficiency is corrected.
The rate of P application will depend on many factors, such as routine
soil analysis, soil farming system, utilization history of the land, cost of
fertilizers, etc. Another important factor is the placement of P fertilizers.
Considering the high absorption capacity of most soils, in theory, P fertilizers
should be band-applied. However, for these soils one cannot consider only the
soil-fertilizer relationship. Root development may be restricted by localized
phosphate and this may be critical during a dry spell. A broadcast initial
application of P, with a supplemental band application, has shown excellent
results for most crops.
Table 5 shows data from one long-term P fertilization experiment carried
out in Brazilian savanna soil. This experiment was started in 1972 and so far
10 crops of maize have been harvested. The broadcast applications of
phosphorus fertilizer were made once, just before the first crop was seeded.
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Fig. 3. Crop responses to phosphate fertilization in savanna soils. (Source: Lobato 1980.)

These results show clearly that band and broadcast applications on a
long-term basis present similar results, with the yields being a function of the
total P applied. It was observed, however, that broadcast applications
outyielded band applications for first crops (Lathwell 1979b). The opposite
was found after the third crop. This indicates the convenience of making an
initial broadcast application in order to maintain an adequate P availability
level. The initial broadcast application has been shown to play an important
role in terms of root development and consequently in water extraction by
plants.
On the other hand, the data presented in Table 5 also indicate good
residual effects of P fertilization in high P-absorbing soils. The effect of
treatment No.1 (which received only an initial broadcast application of 160 kg
P20s/ha) ceased only after the tenth crop. Furthermore, complete calculation
of the P extracted from the soils revealed that about 120 kg P2O5 was taken
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Fig. 4. The effect of P on dry matter production of three tropical grasses grown in an Oxisol at
Carimagua. (Source: CI AT 1978.)
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Fig. 5. Cowpea response to rates of phosphate application in a yellow Latosol, Amapa, Brazil.
(Source: EMBRAPA 1980.)

up by the plants; i.e., about 75% of the applied P turned out to be available to
the plant on a long-term basis (Lobato 1980). This figure contrasts with the
figures obtained through adsorption isotherms (Lathwell 1979b) and indicates
that the well-known high sorption capacity of tropical soils may not be such a
critical problem as reported in the literature. In addition, this pronounced
residual effect of P fertilization has to be considered in economic analysis for
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Table 5. Influence of rate and placement of fertilizer phosphorus on grain
yield of 10 consecutive maize crops grown on dark red Latosols,
Brasilia, Brazil
Treatment

1
2
3
4
5
6
7
8
9
10

Phosphorus applied (kg P 2 O s /ha)
Broadcast
Banded
Total
160
320
640
1280
1960
0
0
0
320
80

0
0
0
0
0
80(X4)*
160(X4)a
320(X4)'
80(X 4)a
80"

160
320
640
1280
1960
320
640
1280
640
880

Grain yields
10th crop

Total of 10 crops

(t/ha)

(t/ha)

0.35
0.55
1.47
3.98
5.38
0.88
1.90
4.09
1.35
4.81

(%)
6
10
27
74
100
16
35
76
25
89

17.06
27.85
42.67
60.83
61.64
30.09
44.05
61.51
43.89
49.77

(%)
28
45
69
99
100
49
71
100
71
81

Source: Lobato 1980; "Banded treatments were discontinued after fourth crop; Banded
treatment was continued on all crops.

determining the best rates. A superficial economic analysis of the data
presented in Table 5 shows that if only yield of the first two crops were to be
considered, the recommended rates would be around 350 kg P 2 Os/ha but if
the yields for the first five crops are taken into account, the most economical
rate would be about 1000 kg P20s/ha.
Another critical issue for soil management in tropical areas is the source
of phosphate fertilizers. The soluble phosphates are mostly imported, and
prices are affected by the fuel supply situation. One alternative that has been
studied is the possibility of using local sources of rock phosphate, unprocessed
except for grinding.
Except for a few sources (e.g., Gafsa phosphate), most rock phosphates
found in tropical areas are of medium to low solubility; in general, research
data indicate that these phosphates can be used under the following
conditions:
1. They should perferably be applied in acid soil, without lime or with only
a minimum application, just enough to supply Ca and Mg as nutrients to
be cultivated with Al-tolerant crops such as upland rice and Brachiaria.
2. Rock phosphates should be broadcast and used in conjunction with band
applications of soluble P fertilizers.
3. The price of one unit of total P2O5 as rock phosphate should be less than
about 50% of one unit of water-soluble P2O5, at the farm level.
Another important aspect in terms of soil management is the positive
interaction between lime and phosphorus. The literature shows the
importance of this phenomenon, especially for acid soils with high aluminium
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saturation and for species and varieties not tolerant to Al (CIAT 1978;
EMBRAPA 1978; Goedert 1979; North Carolina State University 1978). One
example is shown in Fig. 6, where soybean yield was not much affected by the
application of either lime or phosphorus alone, but the application of both in
conjunction resulted in a spectacular crop response.
The research done in tropical areas indicates the necessity and
convenience of making corrective applications of phosphate. Rates varying
from 100 to 400 kg P2O5 are recommended, depending on soil P, soil texture,
crop sequence and economic factors. The amount required can be applied
over several years rather than in a single initial application. On clayey soils,
for example, 80 to 100 kg P 2 0 5 /ha band-applied annually for 4 to 5 years will
build up the P availability to a critical level, where only P maintenance is
necessary to compensate for amounts withdrawn by crops.
3.000

o>

2.000-

>-

1.000-

•
#

# 4 t / h a , limestone
^Without limestone

P2 0 5 ( k g / h a )

Fig. 6. Soybean response to liming and phosphate fertilization, in a dark red latosol
(Source: EMBRAPA 1976).

A combination of an initial broadcast treatment (which in some cases may
be done with rock phosphate) and subsequent band application on soils with a
high adsorption capacity seems to be more efficient than either method of
application alone. However, much work remains to define the most suitable
long-term fertilizer phosphorus practices on various soils for different crop
combinations.
Zinc, potassium, nitrogen and sulphur. Acidity and P deficiency are by far
the most important problems that require immediate solution to "reclaim"
naturally poor soil of the tropics. However, zinc and potassium often limit
yield and may have to be included in a soil fertility recovery programme. Zinc
deficiency has been more apparent in grasses such as rice and maize and on
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well-lined soils (EMBRAPA 1976, 1978). An application of about 10 kg
Zn/ha, in the form of zinc sulphate or zinc oxide, has been enough to solve
the problem for a long period. A common practice also is to use an N-P-K
formula containing zinc, as maintenance fertilizer.
In many soils, if high yields are desired from the first year on, potassium
should be included as corrective nutrient (Ritchy 1979). In one soil in which
the native K level was 23 ppm (Mehlich extractant), there was a significant
response to the addition of 75 kg/ha K2O, compared with the check.
However, in practice, potassium is normally applied with the annual
maintenance fertilization. The rate will depend on soil K status and the
cropping system, but varies from 30 to 60 kg/ha of K2O. An excessively high
initial application may promote K leaching.
The nitrogen situation varies from soil to soil. Often, considerable
amounts of N are released from organic matter decomposition during the first
years. A common practice is to include a legume (bean, soybean, etc.) in the
crop sequence or multiple-cropping system. When N fertilizer is used, a small
part is applied at planting time and the rest side-dressed later to decrease
chances of leaching. The N recovery from nitrogen fertilization stays around
55%. High soybean yields are obtained without N fertilization, showing the
potential for symbiotic N fixation from the atmosphere.
Sulphur is expected to become a problem in many soils of tropical areas
since its availability is not naturally high, and the most common sources of N,
P and K (urea, triple superphosphate and potassium chloride) do not contain
sulphur.
Reducing Risks of Drought
As discussed earlier, the rainfall distribution is quite irregular during the
rainy season in savanna areas and also during the short dry season, in humid
tropic zones. When the dry spell coincides with a critical stage of crop
development (reproductive stage mainly), significant yield losses can occur
(Espinoza 1979). The significant damage caused by dry spells is due to high
evapotranspiration rates, low available soil water and poor root growth
caused by high subsoil acidity (high Al saturation and low Ca availability).
A complete solution to the water stress problem is very difficult, but there
are several ways to minimize it. One alternative is the use of a set of crop
management practices. This approach includes: (1) selection of crops and
cultivars that are more efficient in water use or more tolerant to water stress;
(2) selection of crops and cultivars that are tolerant to subsoil acidity; and (3)
selection of crops and cultivars with appropriate length of growing season,
which, with proper planting date, could avoid having critical crop stages
coincide with the times when drought is likely to occur.
Irrigation is a potential solution for only a small part of the total area,
and this practice also requires substantial knowledge of water management
and heavy investments.
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Finally, a very important approach is adequate soil management. Several
lines of management are potentially feasible. One is to increase soil water
availability through the incorporation of materials such as crop residues or
green manures; another, to decrease soil water evaporation by mulching in
small areas.
Perhaps the most promising alternative for drought control is to increase
the soil volume explored by roots, which, as a consequence, will increase the
effective soil water reservoir. This can be accomplished by decreasing subsoil
acidity by incorporating lime (and possibly phosphate) as deep as
economically feasible and by promoting controlled leaching of calcium and
magnesium below the plough layer.
Deep incorporation of lime has shown very positive effects on yields
(Table 3). Much of the yield increase shown can be accounted for by better
use of water stored in subsoil layers (Bouldin 1979; EMBRAPA 1978, 1979;
Lobato and Ritchey 1979). Lime deeply incorporated enhanced deep root
growth by decreasing aluminium saturation and increasing calcium and
magnesium. However, deep lime incorporation at farm level is limited by
mechanical difficulties and the high costs of plowing deeper than 25 to 30 cm.
Leaching of exchangeable bases is traditionally considered a problem in
most temperate soils, and much research was done on ways to avoid it. When
subsoil acidity and low calcium availability represent a constraint for root
development, however, leaching can turn out to be a positive phenomenon. In
tropical areas, where rainfall intensity is high, the soil is permeable and the
cation exchange capacity is low, leaching can easily be promoted. Two
simultaneous steps have to be taken: addition of an adequate amount of
calcium and magnesium and provision of an anion which will serve as a
"carrier" to allow downward movement of those cations.
The distribution of calcium plus magnesium in a dark red Latosol after
liming is shown in Fig. 7. The deep movement of these cations increased with
the amount of lime applied, independent of the amount and source of
phosphate. Thus, one requirement for ameliorating the adverse effects of
subsoil acidity on soils similar to this is to apply generous amounts of lime to
the plough layer in order to hasten leaching.
On the other hand, Fig. 7 also reveals that the extent to which Ca + Mg
moves to the subsoil layer depends on the source of phosphate applied. The
source containing sulphur (simple superphosphate) enhanced Ca + Mg
leaching, a simultaneous decrease in Al saturation was observed in subsoil
layers (EMBRAPA 1978). An experiment carried out with a reconstructed
soil profile in a column under controlled conditions showed that anions that
are not specifically adsorbed, such as chloride and nitrate, induced too rapid a
movement of Ca + Mg (EMBRAPA 1979) which was not suitable for
agronomic purposes, because Ca + Mg would move out of the root zone.
Carbonate ions do not cause enough Ca + Mg movement, nor do phosphate
ions since they are strongly and specifically adsorbed at the surface of
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aluminium and iron oxides. Sulphate anions, on the other hand, promote
adequate leaching under 1200 mm annual rainfall conditions. Leaching of
Ca + Mg to a 45- to 60-cm depth seems suitable for most annual crops, and
the amount of water stored at this depth seems to be enough to overcome
normal dry spells. Further research is being done to measure the influence of
this leaching in minimizing yield losses causes by droughts. However, there is
no doubt about the practical value of this approach.
The results from these preliminary experiments suggest that in tropical
soils sulphate is the most suitable anion to promote controlled Ca + Mg
leaching and subsequent aluminium saturation reduction in subsoil. Sulphate
can be added through the use of appropriate N and P fertilizers; however,
with concentrated sources of these nutrients, which do not carry sulphur, an
alternative is the application of gypsum, which is available in areas where
triple superphosphate industries are operating. Preliminary studies concerning
this alternative are under way and initial results look very promising.
In addition to increasing the use of subsoil water, deep rooting also
increases the use of subsoil nutrients and crop uptake of easily leached
fertilizer elements such as potassium and nitrate that might otherwise be lost.
It has been demonstrated that subsoil acidity imposes limitations on
yields, hence on profits. The limited sample of soils discussed here can hardly
be typical of all the soils and climates in the vast areas where Oxisols and
Ultisols occur, but the results have important implications for the kind of
research needed for potential development of other similar soils.
Soil Conservation
The most important factor affecting erosion in tropical areas is the rainfall
intensity. Thunderstorms of 80 mm/hr are common and although the water
infiltration rates in Oxisols and Ultisols are usually very high, there is still a
problem with runoff and erosion. Potentially, the situation is more critical for
the humid tropics than for the savanna areas.
Research on erosion and soil conservation in tropical areas is very scarce.
Table 6 shows soil losses on a 5% slope in Brasilia. The annual loss in a bare
soil is high, but it decreases as the surface soil is covered by vegetation,
becoming insignificant under pasture.
These findings indicate that any scheme for erosion control should be
concerned with soil coverage. During the period when the crop has a large
amount of vegetative material, erosion risks are small. The major problems
occur during and immediately after planting time and also after harvest if
crop residues are not left on the field.
Therefore, in theory, it is convenient to avoid bare soil as much as
possible and to promote fast initial growth of crops. As shown earlier, an
adequate fertilization programme is crucial for promoting rapid coverage of
the soil surface with vegetation.
The idea of avoiding direct soil exposure to rain has led to the
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Table 6. Soil losses by erosion in a 5% slope dark red Latosol
Treatments

Bare soil
Upland rice (conventional)
Maize (conventional)
Soybean (conventional)
Soybean (without straw)
Soybean (no tillage)
Soybean (counter)
Pasture of Brachiaria

Total loss (1977-78)

Total loss(1978-79)

t/ha

%

t/ha

%

29.4
4.0
5.2
2.7
2.4
1.9
2.4
0.8

100
14
18
14
13
10
13
3

134.6
64.9
57.8
50.7
32.7
1.5
29.5
0.2

100
44
44
39
24
1
22

—

Source: EMBRAPA (1979, 1980a).

development of no-tillage or minimum-tillage systems. As shown in Table 6,
this practice is very effective in soil conservation; however, scarcity of
adequate machinery and the costs of weed control are barriers to wide use of
the no-tillage system.
Even though vegetative and cropping practices are by far the most
important in a soil-conservation system for Oxisols and Ultisols, mechanical
practices are useful in most situations. Contour planting and levelled terraces
are frequently used in tropical areas. A very useful procedure is to collect the
vegetation immediately after clearing, in contour bands spaced according to
the slope. When this vegetation decomposes, a natural terrace is almost built.
The excess of vegetation in most humid tropic areas makes this practice
difficult in the first years after clearing; in fact, any large-scale mechanized
practice is difficult under these conditions.

Farming Systems and Food Production Potential
Even though the soils from humid tropical and savanna regions exhibit
some common fertility characteristics (Table 2), the traditional and possible
farming systems suitable for each zone are quite different, because climate
plays an important role in determining these.
Farming Systems in the Humid Tropics
The low fertility of most soils in the humid tropics has been an obstacle to
establishing a more permanent agriculture, and farming has been essentially of
a shifting type, in which the native vegetation is felled and burned to correct
soil mineral deficiencies. Subsistence crops such as rice, cowpea, maize and
cassava are usually grown.
Before clearing, the soil and forest have a stable nutrient cycle in which
most nutrients are stored in the biomass and topsoil. When the nutrient cycle
is broken by clearing and burning the vegetation, significant changes in soil
physical and chemical composition take place (Sanchez 1976). Soil pH values
increase after burning, due to the incorporation of basic cations. In an acid
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soil, these changes are beneficial, since they increase exchangeable potassium,
magnesium and calcium and neutralize part of the exchangeable aluminium.
With cultivation, soil structure deteriorates, leading to erosion and leaching.
Within a few years — generally 2 to 4 — the soil fertility decreases to a level
even lower than the original level. Weeds, pests and diseases limit yields. The
cultivated areas are then allowed to remain fallow for several years to let the
land rebuild its fertility.
Shifting agriculture has been considered an efficient system for regions of
low population density where each family can cultivate a relatively large area,
which permits long fallow periods. When population pressures increase, there
is a natural tendency to prolong cultivation and shorten fallow periods, with
disastrous effects on soil fertility and crop yields.
Several approaches have been proposed to increase crop production
without changing the shifting cultivation system. According to Sanchez
(1976), the most promising improvements are better varieties, closer plant
spacing and modest fertilization. However, all evidence indicates that shifting
cultivation will always continue to be a subsistence system, incapable of
improving appreciably the farmer's standard of living. As a consequence, it is
an important system for local food supply, but there is no prospect of its
producing a substantial food surplus. The small area cultivated and the low
yields per area lead to a low total production, which has not been enough to
sustain the local population. The increasing world food demand may require a
complete change to continuous cultivation. Mechanized land-clearing
methods may result in serious damage to soil physical properties, leading to
compaction, topsoil removal and erosion. The fertility decline can be
corrected by fertilizing or manuring; however, in most of the humid tropics,
the cost of fertilizers and transportation makes heavy fertilization
uneconomical on a short- and medium-term basis.
Based on the above reasoning, Alvim (1978) has suggested three
alternatives to increase food production in the humid tropics: (1) to utilize
first the small portion of fertile soil found in river basins; (2) to develop
efficient, self-sustaining food production systems capable of reaching levels of
commercial exploitation; and (3) to establish systems of cattle production in
appropriate areas, mainly on poor soils of good topography.
Considering these alternatives and the availability of agricultural land,
promising land-use systems for the future will be discussed.
Promising Land-Use Systems for the Future
Annual crops. Annual crops will probably occupy level lowland areas and
high-fertility highland areas, such as the 10 million ha of Inceptisols and
Alfisols of the Brazilian Amazon, reported by Alvim (1978).
Of the main cereals, rice is certainly the one that seems to offer the best
possibilities of expansion in the humid tropics region. In the Amazon River
delta area alone, for example, it is estimated that more than 1.5 million ha of
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flatlands are suited for growing irrigated rice. On 2000 ha of flooded rice
along the Jary River, an average yield of 12 to 14 tons/ha per year was
recorded from two harvests. Lowland rice is also cultivated in hydromorphic
soils, without controlled irrigation, and upland rice is planted in well-drained
soils. Yields can reach 2.5 to 3 t/ha, with very little or no fertilization
(EMBRAPA 1980).
Cowpea (Vigna spp), pigeonpea (Cajanus cajan), maize, cassava, sweet
potatoes and yams are some other food crops well adapted to the climatic and
soil conditions. A combination of minimum tillage, mulching and multiple
cropping with modest fertilization has proved successful in maintaining good
yields on a continuous basis.
Perennial crops. Some species of perennial crops demand fertile soil,
others can be included in a so-called self-sustained system.
Cocoa, black pepper (Piper nigrum) and African oil palm are among the
more demanding crops. Cocoa yields of 2000 kg/ ha per year have already
been obtained, with no fertilizer use, in the Amazon region, which led the
Brazilian government to start a plan for the establishment of 200,000 ha of
cocoa in selected areas of this region (Alvim 1978).
From the ecological viewpoint, a self-sustained system is one that is in
perfect equilibrium with the environment. From the agronomic viewpoint, it is
one capable of providing more production to man than nature produces,
while preventing degradation of the soil. The tropical forest is a perfect selfsustaining system from which a lot of products useful to man are extracted.
Some are of great commercial value, such as the Brazil nut (Bertholletia
excelsa), rubber (Hevea spp.) and a number of forest essences. However, the
development of tropical areas cannot be based only on these extractive
systems.
In the area of good production, there are good possibilities for developing
efficient systems based on the cultivation of fruit trees, such as breadfruit,
some palm trees, avocado, mango, etc. Agricultural research will have to
improve these farming systems, making them commercially viable.
The self-sustained systems, based mainly on perennial trees, seem to be
the recommended system for most low-fertility soils, especially for those
located in somewhat hilly terrain.
Cattle. One of the most controversial topics in the tropical regions is the
ecological consequence of converting forests into pasture. Investigations done
in Brazil (Falesi 1976) have shown that, with good pasture management, it is
possible to improve the original soil characteristics; for example after 10 years
of improved pasture cultivation, the fertility level of Amazon soils is even
higher than that of the soils under virgin forest. Based on these results, the
establishment of improved pastures seems to be a rational and economic
process of occupying low-fertility Oxisols and Ultisols in this region. About
2.5 million ha of cultivated pastures have already been established in humid
tropics of Brazil (Serrao et al. 1979). Panicum maximum, Hyparrhenia rufa

360

WHITHER SOIL RESEARCH

and Brachiaria humidicola are the most common species. The usual
establishment includes felling the forest, burning and seeding. Generally, in
the first 5 or 6 years, the pastures exhibit good productivity; later, a gradual
decline occurs, mainly due to P deficiency. Based on these experiences, a
model of the dynamics of the animal-pasture-soil system was developed by
Serrao et al. (1979), who recommend periodic phosphate applications (average
of 50 kg P20 5 /ha) and the inclusion of legumes in the grass pastures. With
this system, stocking rates of more than 1 U.A/ha per year are expected.
Brahma-type cattle predominate in the humid tropics. However, buffaloraising is gaining importance due to its easy adaptation to these conditions
and its higher productivity index in terms of meat and milk. More than
400,000 heads of buffalo are already being raised for commercial purposes in
the humid tropics of Brazil.
In summer, shifting agriculture will continue being a subsistence system in
the humid tropics. Improved and more intensive systems need much more
research to be rationally established. Perennial tree crops and possibly pasture
will be the most important components for this ecosystem.
Farming Systems in Savanna Areas
Extensive grazing has been the most common usage of savanna areas. The
native grass coverage is quite abundant during the rainy season but very
scarce in the dry season, when the farmer usually burns part of the area to
induce regrowth for cattle grazing. The scarcity of good quality fodder for the
hard during the dry season is the greatest constraint in this system. As a
consequence, beef cattle production indexes are very low: reproductive rate 35
to 45, calving intervals of 20 to 24 months, and stocking rates of 0.2 U.A/ha
per year (CIAT 1978; Kornelius et al. 1979).
In the last 15 years, another farming has become increasingly prevalent,
mainly in the Brazilian savannas. After clearing the vegetation, the farmer
ploughs the land and grows upland (rainfed) rice for 2 to 3 years, usually with
little or no limestone and with only maintenance row application of fertilizers.
Average yields vary from 1000 to 1500 kg/ha of grain, depending on rainfall
distribution (EMBRAPA 1976).
When the fertility declines and/or weeds become a problem, the farmer
changes to pasture (usually Brachiaria decumbens). This pasture, when well
managed, can last for 5 to 6 years, with higher productivity than native
pastures.
The upland rice-pasture system is reasonably adapted to the region, but
can be substantially improved by soil-management practices. Furthermore,
the ecological conditions of savanna areas are adequate for almost any crop;
hence, efforts have been made to diversify agriculture in these areas. The
major concern of research is developing and offering to the farmers alternative
farming systems.
One soil acidity and low fertility are corrected, excellent yields can be
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obtained with crops such as soybean, maize, sorghum, edible beans, wheat,
peanuts, sunflower, peas, potatoes, etc. With adequate technology, an average
of 2.5 t grain/ha per year can be obtained without irrigation.
Research and small-scale farm experiments have shown a high potential
for seed and food production under irrigation during the dry season in
savanna areas (EMBRAPA 1976, 1978, 1979, 1980a). Under such conditions so far,
wheat, soybean, maize and beans show the greatest potential. A major
question, however, is the amount of water available for irrigation during the
dry season. A preliminary survey made in the Brazilian savannas indicates
that the water resources are enough to irrigate 5 to 10% of the land
(Goedert et al. 1980). If this situation holds for savannas of other countries, a
significant area could be cultivated during the dry season.
On the other hand, the potential of savanna zones for perennial crops is
also great. Research has indicated that the most adapted species are coffee,
citrus, avocado, mango, papaya, banana and cashew-nut. In practice, it has
been suggested that these crops should be preferentially cultivated in areas
with more than 5% slope or in sandy soils. There are indications that yields
are comparable to those obtained in traditional temperate or subtropical
cultivated areas (EMBRAPA 1980a).
Although many crops can be successfully cultivated in savanna areas, beef
cattle raising will be, in the short and medium run, the most important
economic activity in these zones. Large increases can be realized in meat and
milk production per area. The idea is not to transform all the farm into
improved pasture but to combine management of improved pasture,
comprising 10 to 20% of the farm, with native grazing. The implanted pasture
should be well fertilized, mainly with phosphate, and the grass should include
a legume {Stylosanthes spp. seems the most promising). With such a system,
the availability of good quality, high protein food for the animals during the
dry season could be obtained. Furthermore, a strategic use of improved and
native pastures can lead to significant gains in the efficiency of this system.
The basic idea is to use improved pastures only for some groups of animals
such as calves after weaning, females after calving, animals for fattening, etc.
This approach can lead to gains of 100 to 500 kg/ha per year of meat, i.e., five
to seven times more than under the native extensive grazing system.

Potential Food Production Prospects
Present food production on Oxisols and Ultisols of tropical regions is
rather small, probably not enough to feed its own population. Soil
management appears to be the most important factor for rational and
intensive occupation of these areas.
Accurate figures on the amount of land available for intensive utilization
are not available. According to Thorne and Thorne (1979) about 830 million
ha of arable land are potentially available in tropical regions, which represents
41% of the total arable, but virtually unused, land available in the world. Of
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this, about 590 million ha are covered by forests with the following
distribution: America, 285; Africa, 250; and Asia, 55. The remaining 240
million ha are covered by savanna vegetation, distributed thus: America, 109;
Africa, 106; and Asia, 25.
Taking into account the above figures, food production is predicted in
Table 7. This table does not include irrigated areas, which could give two or
more harvests per year, and areas that will remain natural, but could be
rationally explored.
Table 7. Potential food production situation in humid tropics (HT) and
savanna (SA) areas if all available arable lands are utilized and
appropriate farming systems developed
Activity

Area (million ha)
u-r
ci

Annual crops'
Perennial crops"
Cattle

100
180
310

100
20
120

Average yield
ranges
1.5-3.5 t/ha/year
2-30 t/ha/year
50-150 kg/ha/year c

Annual
production
(million tons)
500
3000
43

"Mainly grains, such as rice, beans, maize and soybean; "including crops, such as banana, citrus,
mango, avocado, breadfruit, coffee, cocoa, nuts, African palm tree, black pepper, cassava, etc.;
"Productivity considering 1 U.A/ha/year and average slaughtering at age of 2.5 years, with 250 kg
of meat/animal.

This estimated total production may be sufficient to feed over 2 billion
people.
However, for this potential to be realized, there are many requirements
especially technology development; soil amendments, mainly lime and
fertilizers; machinery; trained labour; and infrastructure for transportation,
credit, marketing, etc. All of them are time-demanding, which indicates that a
full development of these zones will need up to 40 years. The rate of
development and the security of agriculture as an occupation will be closely
related to the capacity of research establishments to devise farming systems
adequate for each ecosystem and to the availability of government
programmes to promote food production.
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Problems of Soils of the North
of the World and Their Utilization
O.V. MAKEEV*

Abstract
PARAMOUNT importance is attributed to the rationalization of the use of the
tundra and other northern soils, with the aim of increasing food production and
harvest. This results from: (a) growing development of natural resources in the
North, industrial construction and transport development, and population
growth, and (b) increasing opportunities of anthropotechnogenesis effect on
the growing soil bioproductivity and climatic changes.
Soil cover of the tundra is diversified and represented by cryogenic
frostgenic soils: tundra gley, tundra boggy, tundra floodplain, tundra
illuvialhumus, surface-eluvial-gley, cryogenic soils of the barren spots, etc. The
processes of soil development there are integrated in a specific complex of soil
cryogenesis, which is a function of frost, a soil-forming subfactor combining
negative temperatures of the soil profile with rock cementation by ice.
Even at the modern stage, soil resources of the tundra ensure part of
the food products needed by the population at the expense of reinder husbandry,
hunting trade, wild and domestic animal breeding, meadow-pasture farming
and plant growing (mainly, vegetable and potatoes). Tangible prospects of
substantial increase in the tundra soils bioproductivity can be realized in the
near future with the help of traditional and latest technological means: heat
melioration, special chemization, systems of machines and mechanisms suited
to work in the easily damageable landscapes of the North, and later climate
control (change of the mean temperature of the ground surface air by
technological means and realization of engineering climate-reforming
projects). Most decisive measures should be undertaken to protect the nature of
the North, its unique landscapes and organic world.
The Arctic and subarctic regions (tundra and forest-tundra) are parts of
our planet, and their global role in the normal development of the biosphere
and food production for mankind is quite notable.

THE general theme of the Twelfth International Congress of Soil Science—
"Managing Soil Resources to Meet Challenge of Mankind"—lays ground for
consideration of the specific utilization of soils in all regions of the world. In this
context, northern territories are important as their development together with
the development of the bowels of the earth, high mountainous regions and the
ocean is included in the strategies of mankind. A known Soviet scholar, N.I.
Vavilov, justly indicated, "In its historical development farming spreads towards
the North and the tropics" (1965). The contentment is true for certain northern
latitudes in the foreseen future, but production and yield of food products in the

•Institute of Agrochemistry and Soil Science, USSR Academy of Sciences, Puschino, USSR.
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North though remaining an urgent objective at present, have to grow in the
future. That results from the increasing volume of natural resources development
in the region, namely, oil, gas, coal, iron ore, polymetallic ores, etc., and of the
industrial construction and transport development. To have food products it is
necessary to improve a number of functioning agricultural and game branches of
economy: reindeer husbandry, trade hunting, animal breeding, fishing and game
industries, livestock breeding, meadow-pasture farming and plant growing
(Turdenev and Andreev 1968).
Plant growing, particularly potato and other vegetables growing, livestock
breeding, meadow and pasture management, industrial hunting, and reindeer
husbandry depend mainly on the rational utilization of soil resources
(Vasilyevskaya 1980).
Certain importance is attributed to the geochemical properties of northern
soils that influence ecological changes not only in the North but also in the more
southern areas. These properties become more influential in the regions where
ecological balance has been tipped by the anthropogenic effect. It is also time to
consider possible powerful industrial intervention into the northern climate that
may ultimately lead to radical changes in the environment in general, and in the
soil in particular.
The foregoing specifies the major goal of this report as defining modern
character and future technological trends of the utilization of soils in the cold
regimes, tundra in the first place.
It is my belief that in this way the item with the title "Management of cold
tundra soils and food prospects" will be fully elucidated.
According to my views (Makeev 1980) the North and the tropics come under
the two superregions of the pedosphere: cryopedosphere and thermopedosphere,
respectively. Both superregions are discontinuous in space and time. For
cryopedosphere the discontinuity in time is obligatory. The thermopedosphere
never "enjoys" negative temperatures while the cryopedosphere obligatorily has
both negative and positive temperatures. The soil cover of the cryopedosphere
incorporates prevalent freezing-thawing soils, mostly of a cryogenic
megaformation. The thermopedosphere is characterized by thermogenic soils.
Cryogenic soils are those formed, mainly, in the high northern and southern
latitudes and in the upper belts of the mountainous systems of lower latitudes.
Their genesis and development are greatly influenced by negative temperatures,
and, in the majority of cases, by rock cementation with ice, both of them
stipulating the soil cryogenesis. The soils have, as a must, one or several specific
cryogenic horizons and develop under the conditions of cryogenic regimes.
Consequently, cryogenic soils are not necessarily all the soils joining the freezingthawing totality, but only those soils that have acquired the properties or
profile composition and configuration, and regime characteristics
distinguishing them at one or another taxonomie level.
Cryogenic soils as a large supertype taxon, represent a megaformation
including a number of types and formations: frostgenic, coldgenic, and others.
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The major part of northern soils lies in the Arctic and tundra zones;
according to Rozov and Stroganova (1979), in the Arctic and subarctic zones of
the Polar belt. These workers also composed a scheme of soil-bioclimatic regions
of the world, part of which is shown in Fig. 1 (the part pertaining to the Polar and
boreal permafrost taiga regions of the boreal belt). Table 1 gives the
characteristics, mainly quantitative, of the soil resources in these regions.
Let us now turn to their brief qualitative characteristics.
In the arctic zone the soils are represented primarily by cryogenic frostgenic
arctic desert, arctic typical humic, and arctic boggy non-gley and gley soils.
Biological productivity of these soils is not high, and they are not considered
here. It is worth mentioning, however, that local inhabitants of the higher
latitudes get their food during several millennia on the account of sea and land
animals (fish, waterfowl, seal, walrus, polar bear, wild reindeer, moose, muskox,
etc.) and, partly, berries (Bliss 1978).
Table 1. Soil resources of the polar belt and boreal permafrost taiga regions
(Rozov and Stroganova 1979)
Soil

Total
area,
(million
ha.)

Modern
cultivated
(million
ha)

Actual
land-use
coeff.
(ALC)

ALC pre- Optimum
diction,
ALC
(Linneman 1975)
(Moira
1975)

Proposed
(optimum)
area of
cultiv.
lands
(million
ha)

—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—

—

0.05
0.10

0.03

—

—

Polar belt
70.6
Aractic
375.6
Tundra
18.8
Boggy frostgenic
Floodplain polar
1.2
Total plain
466.2
Mountainous-tundra
80.0
Mountainous-arctic
24.5
104.5
Total mountainous
Total in the belt
570.7
Boreal permafrost-taiga
regions
Gley-frostgenic taiga
121.9
Frostgenic-taiga
246.3
Boggy frostgenic
10.0
Floodplain frostgenic
20.0
boreal
398.2
Total plain
Mountainous
304.0
frostgenic taiga
Mountainous tundra 135.3
Total mountainous
439.3
Total in the regions 837.5

—
0.1

0.01

—

—

0.2

0.01

0.3

—

7.4

—
—

—

—

0.01

11.4

0.01

—

0.01

11.4

—

0.05

—

—

—
—

—
—

—
—

—
—

0.3

0.01

—
—
—

0.01

11.4
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Fig. I. Soil-bio-climatic regions of the world: polar and boreal permafrost taiga regions of.the
boreal belt. (Source: Rozov & Stroganova 1979.)
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The tundra zone includes three subzones: arcto-tundra, typical tundra and
southern tundra. All the soils in the tundra zone are cryogenic frostgenic. The
most typical for the arctic tundra are tundra gleyish humus soils (arctic-tundra
raw-humus gleyish soils as per the Soil Map of the World, 1975); for the typical
tundra these are tundra gley typical, tundra gley humus, tundra gley peat, and
soils of the barren spots (Vasilyevskaya 1980), while for the southern tundra,
tundra gley differentiated soils.
All the subzones have boggy-tundra, tundra boggy, floodplain soddy and
floodplain boggy soils.
Tedrow (1977) names the arcto-tundra subzone—a subpolar desert zone—
and distinguishes in it in the downward relief direction polar desert soils,
transitional polar-desert-arctic brown soils, arctic brown proper soils, soils of
hummocky grounds, bog and tundra soils. For well-drained territories the
transitional soils (from polar-desert to brown ones) are believed to be most
typical. These soils are described for the Bank islands, Franklin, Canada. Their
surface is cracked into micropolygons by frost fissures (Tedrow 1977).
Karavaeva (1969) described arctic tundra slightly-gley humus soils in the
landscapes of nanopolygonal tundra on the loams belonging to the arcto-tundra
subzone of the Northern Yakutiya (Bolshoi Lyakhovsky island). The soils are
related to the nanopolygonal periphery covered with vegetation. Their profile
comprises an organogenic horizon A replaced by a mineral stratum very poorly
differentiated for genetic horizons. The lower part of the profile incorporates
multiple ice schlicren at a depth of 40-50 cm. The mechanical composition of
these loamy soils includes a lot of dust probably aggregated as a result of freezing.
The mineral composition differs slightly as per R2O3 while containing a large
amount of SiCh and R2O3 compounds extracted by Tamm's method. The soils
are acid with an almost unsaturated absorbing complex. Humus content
constitutes 4-7% in the upper horizon gradually diminishing downward. Fulvic
acids prevail in the humus.
The typical tundra subzone is excellently characterized for Alaska. Kellog
and Nygard (1951) isolated three soil regions in Northern Alaska: (1) tundra soils
of the arctic coastal plain, (2) tundra soils of the arctic plateau, and (3) litosols and
tundra soils of the northern mountains. In the first of these regions Douglas and
Tedrow (1960) described meadow tundra soils of the Barrow region. The soils
developed under the meadow mainly sedge (Carex) vegetation. Under the top
horizon of the debris there are two interchanging dark greyish-brown horizons
containing up to 6% of the organic matter and of an absolute age from 10,000 to
11,000 years. Saturation with bases constitutes from 58 to 91%, primarily with
Ca and Mg. The soil profile is gleyed.
In the USSR the soils of the typical-tundra and southern-tundra subzones,
as well as others, were lately characterized in the fundamental works by
Ignatenko (1979) and Vasilyevskaya (1980). According to Ignatenko's data the
tundra zone of the European part of the USSR has widely spread cryogenic
frostgenic tundra gley and eluvial-gley soils. Among the tundra gley soils there
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are four subtypes out of which the tundra gleyish humus ones occur mainly in the
subzone of arctic tundras on loamy rocks with a developed cracky-spotty
nanorelief of a moderately icy permafrost at the depth of 10-60 cm with the
profile seriously disturbed by cryoturbations. The second subtype is tundra gley
typical soils widely spread in the typical and northern parts of the shrubbery
tundra. Permafrost here is highly icy and occurs at the depth of 50-90 cm. The
profile is seriously disturbed by cryogenic processes. Two other subtypes are
tundra humic-gley and tundra peat-gley soils that are characterized (especially
the latter) by excessive moisture content, presence of peat and humic horizons,
weak cryogenic disturbance of the profile and shallow depth of thawing. The
former are spread over poorly-drainaged territories of the arctic tundra, the
latter occupy all subzones of the tundra and forest-tundra under the conditions
of hampered drainage. The physico-chemical properties of tundra gley soils,
according to Ignatenko (1979), run as follows: the tundra properly gley soils have
an acid reaction, increased hydrolytic acidity, and clearly drawn differentiation
in the active layer based on the distribution of the exchange bases. The tundra
gleyish soils have a weak acid reaction, their hydrolytic acidity is low, the active
layer is rather leached out and strongly saturated. The tundra humic-gley soils
have a neutral reaction, the content of exchange bases is slightly above medium,
the profile is not differentiated. The soils are practically completely unsaturated.
And finally, the tundra peat-gley soils have the most acid reaction, their
hydrolytic acidity is high, the whole active layer is characterized by
nonsaturation and poor profile differentiation based on the distribution of
exchange bases. A characteristic failure of this soil type is a stagnated water
regime enforced by thixotropy, compact structure and close occurrence of
permafrost locking the profile from the bottom.
A very interesting soil type described by Ignatenko (1979) is eluvial-gley.
Two subtypes of the soil are surface-eluvial-gley and surface-gleyish podzolized
that occur, the former in the central and southern parts of the shrubbery tundra,
and the latter in the forest-tundra. The most characteristic feature they possess is
presence of two gleyed horizons in the upper and lower parts of the soil profile.
Between these horizons lies a non-gleyed well-aggregated stratum with siliceous
powdering. Such profile structure testifies to the complicated history of soil
formation.
In the sandy, sandy loam and stony-fine earth soils of various tundra
subzones Ignatenko (1979) distinguishes a type of podburs among which nongleyed and non-podzolized soils prevail.
The northernmost mainland projection in the world is the Taimyr peninsula.
According to Vasilyevskaya's data (1980) the most characteristic autonomous
soils there are cryogenic frostgenic tundra gley soils and soils of the spots. These
soils on the clayish-loamy rocks have together with the properties common for all
tundra soils of Siberia (e.g., poor differentiation of the profile mineral part, its
saturation with mobile organic matter and sesquioxides, rough humus and
peatness of upper horizons), some specific features, i.e., almost absolute
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saturation with bases accompanied with a large absorption capacity and low
acidity.
Vasilyevskaya (1980) isolated a new soil type—soils of the spots. They lack
the organogenic horizon, are distinguished by high porosity, better
structurization of the fine earth and marked thixotrophic phenomena. The soil
cover here as elsewhere in the tundra is complex, which is connected with the
action of cryogenic processes. In this light Vasilyevskaya (1980) suggests to use
the term "soil-frostgenic complex" (SFC).
In the more continental section of the tundra zone (the Yano-Indigirskaya
plain, USSR), the tundra soils were studied by Karavaeva (1969). Their profile
consists of two parts: organogenic (horizon A) and mineral (horizons B and G).
The soil profile lies on the gleyed stratum contacting the horizontal interlayers of
pure ice. The author enlists the main characteristics of these soils: gleying,
expressed to the maximum in the hyper-permafrost part of the profile, weak
organogenic horizons with well-decomposed organic matter, isolation of the
stratum (enveloped by the soil-forming processes) from the parent rock by
permafrost, acid or weakly-acid reaction of the soil profile, a tendency to the
differentiation of the soil mineral part, specific composition of humus (fulvic
acids involved), hyper-permafrost accumulation of humus and processes of spots
formation.
The landscapes of the Pamir-Himalaya-Tibet mountainous cold regions are
very diverse (Kurakova et al. 1971).
Parts of the region pertaining to the polar climate kingdom occupy the
highest mountainous ridges in the world, the "Third Pole" of the earth. In
Glazovskaya's view (1973) the nature of the soil cover is determined by cold,
viscinity of glaciers, extreme dryness of the climate. On the plain surface with
shallow moraineglacial deposition, the forms of the microrelief have a frostgenic
polygonal character. Fine-earth soils are takyrlike, calcareous, and low-humic.
Table 2 gives names of soils of the arctic and tundra zones used in some
classifications which may help when working with reference literature.
The soils described above and natural conditions of their occurrence have a
number of peculiarities restricting their primary biological productivity (Makeev
1978). They include: a relatively low radiation level, deficiency of warmth in the
air and soil, locking of the majority of soils with a layer of permafrost, shallow
thawing (less then 50-100 cm in the tundra), cryogenic disturbances in the soil
profile (cryoturbations), formation of cryogenic forms of the microrelief on
which the complex nature of the soil cover depends, an unfavourable water
regime characterized by the aridity in the arctic zone and excessive humidity in
most tundra regions, acid reaction of the medium, gleying, a small degree of base
saturation, a low content of nutrients, unfavourable group and fraction
composition of humus, a low-capacity slowed-down biological cycle, weak
microbial activity. These unfavourable conditions have a tendency to
improvement from the poles to periphery. The phytomass productivity also
increases from the arctic deserts towards the forest-tundra, from 1 to 20-301/ha.
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Table 2. Approximate name-equivalents of some soils of the arctic and
tundra zones in different classifications
E.N. Ivanova
Ted row
el al. (Soil Mapc t (1977)
the Arctic 1974)
with a few changes
(ace. to Vasilyevskaya 1980)

Soil taxonomy
(1975)

The CanadianNomenclature of some
system of
other authors
soil classification,
1978, and
Soils of Canada
(Map 1 :
5,000,000
1972)
Name
Author

1

2

3

4

1. Arctic
Desert
2. Arctic
Humus
3.

Polar
Desert

Pergelic Cryaquent

Cryic
Regosol

4.

Gelic
Histosols

FAO,
UNESCO
1977

Gelic
Gleysols

FAO,
UNESCO
(1977)

Polar
DesertTundra
Interjacence
Soils

8. Cryogenic
Soils of
Barren Spots
9. Tundra
Upland
Gleyish
Tundra
Humus
10 Tundra
Gley
Typical

6

Arctic
Brown
Soils of the
Hummocky
Ground

'5. Arctic
Boggy
6. Arctic
Alluvial
7.

5

Upland
Tundra

11. Tundra
Meadow
Humic Gley Tundra
12. Tundra
Peat-Gley
13. BoggyTundra

Pergelic Cryaquept
Pergelic Cryaqoll
Pergelic Cryochemist
Pergelic Cryaquept

Gleisolic
Static
(or Turbic)
Cryosol
Gleysolic
Static
(or Turbic)
Cryosol

Pergelic Cryaquept
Pergelic Cryaquept
Pergelic Cryumbept
Pergelic Cryofibrist

Humic
Organic
Cryosol

(contd.)
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Table 2 (contd.)
1
14. Tundra
Boggy
15. Tundra
Floodplain
16. Tundra
IlluvialHumus
(Podburs)
17. Tundra
Gley
Differentiated
18. Tundra
Gley
Podzolized

2

3

4

5

6

Bog Frozen

Pergelic Histosol

Fibric
Organic
Cryosol

Gelic
Histosols

FAO,
UNESCO
(1977)

Arctic
Brown

Histic Pergelic
Cryaquept

Brunisolic
Static
Cryosol
SurfaceEluvial
Gley

Ignatenko
(1979)

SurfaceEluvialGleyish
Podzolizer1

Ignatenko
(1979)

Podzollike

19. Tundra
Primitive
Ranker
Note: Tedrow (1977) distinguishes within the zones of Polar desert, Subpolar desert and Tundra,
beside soils in column 2, Rendzina soil, Shungite soil, Grumusol, Lithosol, Regosol and soils of the
solifluction slopes.

In some regions and areas of the northern zones these unfavourable conditions
are palliated due to various local reasons. Thus, in the soils on light rocks the
gleying is loss, and the regimes of moisture, heat and aeration are better.
Vasilyevskaya (1980) who studied the soils of the Taimyr peninsula, found that
the factor lessening unfavourable soil properties of the tundra is the rock
abundance with mixed-layer minerals.
At the same time the Far North is known for a number of conditions
favouring the crop yield, namely, a stretched period of the light duration
(sometimes, with no sunset) in the first half of summer, daylight richness with
physiologically active long-wave orange-red rays, abundance of disperse light,
high transparency of the air; all these enhance the photosynthesis and certain
enzymatic processes.
When tackling the problem of food production in the tundra and adjacent
regions in future, soil scientists have to consider, first of all, the trends of possible
changes in two components; climate and technology. It is on these two factors,
natural and anthropogenic, that the changes in soil and development of its
bioproductivity conservation and increase, mostly, depend.
A wide spectrum of papers has been published on the climatic variation
prediction. An interesting and, to a certain extent, composite work is the book by
Budyko (1980). Climatologists propose and calculate a number of "scenarios" of
the climate development in the coming decades and further on. The "scenarios"

374

WHITHER SOIL RESEARCH

may be simplified and compounded into the following three groups: (1) essential
changes in the climate will not occur in the foreseen future; its short-term
fluctuations (2-20 years) will be retained; (2) climate variations at the end of the
twentieth and beginning of the twenty-first centuries will tend towards warming
up, mainly as a result of the anthropogenic effect on climate and, above all, the
increase of carbon dioxide content in the atmosphere due to the growing
amounts of burned fossil fuel, cut-down of forest areas, etc. Budyko (1980)
believes that in a few decades the air mean temperature will jump up by 2-3° C or
more. He envisages also the possibility of polar ice melting; (3) there are works
mentioning the trends towards cooling and quoting local examples. Gubina
(1980) refers to the data of the end of 1970s (Mitchell 1978) and remarks that by
the end of the century the drop in the air mean temperature by 0.25° C as
compared with the 1970s is quite possible.
Prediction of the changes in the second of mentioned components,
technology, can be constructed by the respective specialists with higher
probability. Knowledge of the prediction is important from two aspects: (1) for
clarifying the way machine systems will change in their use for food production at
the North, for discovering new technological solutions to meliortive (primarily,
thermal) activities, for recommending rational techniques of chemization, and
(2) for taking into account the prospects of technological influence on the climate
aimed at its management. Budyko (1980) maintains that methods increasing the
mean temperature of the air lower layers (spreading of water vapours in the
stratosphere and gases that absorb long-wave radiation) can principally be
realized as well as those decreasing the mean air temperature (formation of an
aerosol layer in the stratosphere).
All the foregoing defines certain difficulties arising while discussing the
prospects of the agricultural and economic development of the North. It seems to
me appropriate to report here: (1) the data on the present state-of-the-art and
near prospects of development (in the coming two-three decades), and (2) some
speculations on the food production and harvesting conditions in case of sharp
climatic changes.
Among the Far North soils in general, and tundra soils in particular, there
are a number of taxa connected with their ecological conditions. Estimation of
soil-agroproductive and ecological characteristics enabled Ignatenko (1979) to
set differing degrees of arming fitness of the East-European tundra soils. The
most favourable are floodplains, primarily alluvial soddy and alluvial soddygleyish soils. The second place is occupied by podzolic Al-Fe-humus soil and
podzolized podburs. They are distinguished by a specific hydrothermal regime.
To improve their fertility it is essential to make radical changes in their nutrition
regime. The tundra gley and eluvial-gley soils are less fitted for management.
However, in a few cases at the locations of industrial complexes these soils can be
used for mowing and fodder crop sowing.
Ignatenko (1979) worked out recommendations for management and
fertility increase of the surface-eluvial-gley soils in the shrubbery tundra near
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Vorkuta where it is possible to harvest 15-20 t/ha of the oats green mass.
The major place to get fodder in the tundra is floodplain meadows where 1.53.0 t/ha of hay are made (Andreev 1980). It is necessary to clean the floodplain
areas from bushes, introduce hydromeliorative technique, apply fertilizers and
mechanize hay-making. In this case the yield grows up to 2.0-6.0 t/ha.
Vasilyevskaya (1980) points out that even in the tundra zone in vast lake
depressions, sea lowlands, etc. there are reserves of natural fodder where it is
possible to get 0.3-1 t/ha of hay without meadow improvement. Great
opportunities arise when growing oats and perennial grasses on the ploughed
fields. For the forest-tundra artificial meadow-making is feasible.
To utilize soils effectively in plant growing and meadow-pasture
management, there is an obvious need in a complex of interconnected activities
(Makeev 1980). Specific methods of radical soil improvement in the North are
thermal meliorations which are often combined with aquatic ones. This need
springs from the great energy consumption for thawing.
Thus, Gavrilova (1978) cites the data on the income and distribution of heat
in soil of permafrost landscapes in the Central Yakutiya and Northern TransBaikal region (Table 3). From the data it follows that in these extreme as per cold
reserves permafrost landscapes, the energy of the insolation incoming into the
soils during the warm period is consumed by thawing. Only after that the soils get
Table 3. Heat income and distribution in the soils of permafrost landscapes
Soil and

Heat income

Heat distribution
Thawing
Warming up

Season K cal/cm %of
radiation
balance

Layer
thickness, m.

%

Layer

11

1.8-2

>50

19

1-1.5

<50

Perma- ~33
frost,
up to
10 m
Nega<50
tive
temperatures

12

5

>50

2.6

50

landscape

Meadow
Summer 3.0
Sandy-loam
of Central
Yakutiya
Forest in
—
2.3
larch woods of
Central
Yakutiya
Meadow
Sandy of —
>4.5
Northern
TransBaikal region
Forest of
Northern
TransBaikal
region

—

,,

..

%

Layer

%

Seasonal
thawing

<10

,,

~ 5

2

~20

<50

..

~40
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warmed up to efficient temperatures. If technological means could supply
additional heat, these regions would have conditions suitable for growing more
heat-loving crops thanks to prolongation of the growing period, quickened
ripening and, consequently, dramatic increase of the yield.
Heating meliorations must take into account the value of soil cold capacity.
It is known (Chigir 1978) that thawing of each cubic centimetre of ice absorbs 80
calories of heat. The inefficient waste considerably hampers soil warming-up,
particularly that of heavy loamy, clay and peat soils. High soil gradiency, zero
curtain and narrow thickness of the soil upper layer with biologically active
temperatures, impose a number of restrictions for plant growing. Gavrilova
(1978) examined the influence of nanoclimate with the scale of surface forms up
to 1 m high and several kilometres long, and described five groups of factors:
snow cover, vegetation, dwarf forms of relief, shallow water bodies and surface
transformations connected with man activities effecting the specificity of soil
seasonal freezing and thawing. The author also showed some features of thermal
meliorations by changing the structure of heat balance to regulate heat incomeoutput on the earth's surface. In the state economy the following materials can be
used with a specific effect: (1) polyethylene film, to reduce heat consumption for
radiation, evaporation and turbulent heat exchange with the atmosphere; in this
case depth of thawing may grow 30-50%; (b) foam-plastic cover, to provide heat
insulation in summer; in this case depth of thawing reduces by 3-6 times; (c)
polymeric foam, to provide heat protection of the earth's surface in winter which
will reduce freezing approximately 5 times while snow accumulation weakens the
intensity of soil freezing 2-4 times.
In 1975 I wrote that thermal and aquatic-thermal melioration of soils should
provide an artificial alteration of their thermal and aquatic regimes in the
direction required for agricultural and forestry practices (Makeev 1975).
Control of the soil thermal regime is obtained via increase of the heat input
and decrease of its consumption.
Technological ways of thermal melioration are known to include: (a) control
of radiant heat exchange, and (b) control of water phase transitions.
Among the means controlling radiant heat exchange it is necessary to name:
strengthening of soil roughness by means of its surface loosening which
permits to decrease the albedo by 20-30%, to increase absorption of the
short-wave radiant energy and, ultimately, to increase the soil temperature;
usage of acetylcellulose films that stop the infrared radiation from the
soil surface and increase its temperature by 6-8°. Other types of film and
mulching coverings are known as well as some methods of soil capillary
hydro-phobization.
Control of water phase transitions enables one to change its thermal regime
at the expense of heat absorption or exertion during these transitions for both the
increase and decrease of temperatures, in the last case by means of field winter
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watering and ice crust piling. By varying the intensity and value of evaporation
(drying, irrigation, etc.) it is possible to control the soil thermal regime.
River and lake waters are powerful heat sources: their natural temperature
can be used for the southern frostgenic and coldgenic soils, and artificially heated
water can be used in the northern frostgenic zone.
The authors of the book General Geocryology (1974) justly underline that
prospects of thermal melioration look very promising. Indeed, the income of
solar radiation in the regions of the Far North (Magadan, Yakutiya) equals 60-70
kcal/cm during the warm period. This amount is sufficient to thaw the ice layer
over 7 m thick, and up to 10-30 m of ice in the layer of frozen rocks.
Unfortunately, the major part of the heat is spent on reflection, radiation,
turbulent heat exchange and evaporation, while warming-up and thawing take
up only 2-15% of the total radiation. The above techniques of thermal
melioration can cut down the waste and increase heat input into the soil.
The complex presently considered has to include organizational and
agrotechnical measures.
Optimization of agricultural lands aimed at heat-protection should envisage
their location on the leeward slopes, protection from the North, restriction of the
possible cold air stagnation, joining of snow drifts that are formed under the
influence of forests and forested shelter belt. The latter together with some other
measures of regulating snow cover will prevent intensive deep cooling and
freezing of the soil and will dramatically accelerate soil spring warming-up at a
larger depth. After abundant snowy winters it is suggested to organize snowrun,
especially under the conditions of snow retention. This will reduce snow
consumption for evaporation and will increase soil water supply. Mouldboarded fall ploughing might be replaced by flat-cutting ploughing. The
technique of soil packing has to be minimized. Out of the assortment of specific
agrotechnical measures there is a proposition to cultivate bedding crops on the
soils with especially cold temperature, and to use earthing for cultivation of peatboggy soils (Chigir 1978).
Fertilizers must be applied at the "northern" rates in the following ratio: 2-3
doses of phosphorus and 1.5 dose of potassium per 1 dose of nitrogen. The
absolute value constitutes on average, ammonium nitrate—0.15-0.10 t/ha,
superphosphate—0.3-0.4 t/ha, (Vasilyevskaya 1980). Quite efficient are bacterial
fertilizers, microfertilizers and liming. Of course it is time to intensify selection of
the species of cultivated crops fit for growing in the severe North conditions,
particularly tundra.
Plant growing is of a protected or open-ground type. In the latter case it can
be promising for a number of natural-economic regions of the North
(particularly, potato and vegetable growing). Potato yield can be sufficiently
high. Thus, according to the data of the Magadan Zonal Agricultural Research
Institute for the North-East of the USSR, the Magadan region got in 1979 12.98
t/ha for the region altogether, and 22.0 t/ha at the Institute experimental farm
(Kardabovsky and Maslov 1980). The production values are given in Table 4.
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Table 4. Potato growing in 1971-1979
Item

Magadan region
1971

Sowed area (ha)
Yield (t/ha)
Gross yield (t)
Net cost (rouble/1)
Labour input per 1 t
growing (man-hour per

4X0
14.93
7.164
186
88.6
t)

1976

1979

792
12.91
10,223
220
33.1

889
12.93
11,678
241
41.1

Experime ntal farm
1979
1976
160
20.28
3,237
138
33.0

175
22.05
3,858
167
18.0

Information is available on the potato yield at some farms and experimental
stations of the USSR Far North of the order of 25.0-30.0 t/ha, on cabbage—
40.0-60.0 t/ha, other vegetables, 20.0-30.0 t/ha (Vasilyevskaya 1980). An
assortment of vegetable crops is widened, it includes early-ripening sorts of
cabbage (white cabbage, cauliflower, broccoli, kohlrabi), salad, carrot, garden
beet, small radish, dill, Welsh onion, leaf mustard, etc.
Vegetable-growing in the covered soil seems quite promising. Thus, in the
north-west of Siberia the yield of cucumbers in the greenhouse reaches 35 kg/ m,
that of tomatoes, 15 kg/m . The greenhouses should be covered with glass (in
windy and snowy areas) or film. The area of greenhouses is to constitute 5-6 ha
(Kudryashov 1980).
In the northern regions of the USSR animal husbandry has a good basis. In
the last decade the number of cattle doubled, that of pigs increased four times, of
poultry almost five times (Balabanov 1980). According to Pustozerov's data
(1980) strengthening of the fodder basis of dairy cattle and introduction of
semi-concentrated feeding can give a 15-20% rise in the animals' productivity and
decrease the expenditure down to 1.00-1.05 t of fodder units per 1.0 t of milk.
For nationalities inhabiting the North special importance is focused at
further development of a traditional branch of their economy, reindeer breeding.
In the USSR the number of domestic reindeer reached 2.3 million heads in 1980,
wild reindeer livestock, over 75,000. On the account of these animals annual meat
production reaches 40,000 t live weight (Balabanov 1980). To secure the
production it is required to utilize rationally the reindeer pastures, constantly
improving their soil cover, introducing grass sowing, etc.
Trade hunting has particular significance in the USSR. The hunting zone in
the North comprises an area of 10 million sq. km (Pavlov et al. 1980). It is
inhabited by over 30 fur species, 6 hoofed species, and over 35 species of game
birds. Harvested are mostly Polar fox, squirrel, sable, ermine, Arctic hare, forest
game birds, moose, wild reindeer. Progressive technology (use of motorsledge,
installation of open traps on ring ways) permits to harvest 400-800 polar foxes
per season per hunter. Rational organization of sable hunting envisages
individual hunting grounds of 40-50,000 ha. The hunter uses 110-160 traps. The
hunting period lasts 100 days.
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In Canada (Bills 1978) also polar fox hunting has a great importance. In
Saho-Harbor, for instance, people get 86% of their annual revenue from polar
for sale (Table 5).
Table 5. Mean annual number of skins sold by 10 Canadian (1969-1976) and 10
Alaskan (1969-1973) settlements
Animal
region

Bear

Fox

Wolf

Seal

Marten

Mink

Muskrat Wolverine

Alaska
Canada

77
103

3764
3252

186
45

3702
4336

355
1079

5192
1214

5196
71,826

110

-

The greatest riches of the North are fish. Here over 30 species of valuable fish
are harvested, and the catch is growing.
As soils like other elements of the natural complex in the North are easily
damaged in the process of economic management of the area, it is necessary to
place certain emphasis on their protection. Klitschinsky and Ryabova (1973)
point out particular risk of using heavy caterpillar vehicles in the North as well as
the hazards of the environment pollution with oil and biocides.
Zoltai (1978) discusses the complicated nature of reclaiming worsened soils
and vegetative cover of the Canadian Arctic and subarctic regions.
So, the question arises: What will be the outcome of any global change in the
climate considered above? The answer to this question is viewed, besides the
mentioned paper by Budyko (1978), in the works of Manabe and Wetherhold
(1980), and Kovda (1980). A small contribution was also made by the author
(Makeev 1980, 1981).
According to M.I. Budyko, the process of warming-up related to the
increasing content of CO2 in the atmosphere, causes a "rejuvenation" of the
biosphere. The warming-up may, supposedly, noticeably increase the
productivity of agricultural crops in the areas with cold and humid climate.
It is probable that by the end of the first quarter of the twenty-first century a
drift in the geographical zones to higher altitudes approximately by 15° will
occur.
Under the conditions of unstable atmospheric moistening aridity can
increase and that naturally reduces the yield. However, the general increase in the
productivity of autotrophic plants due to the rise of CO2 concentration in the
atmosphere will promote bioproductivity increase on the global scale.
In case of the opposite change in the climate, i.e., cooling, which, in my
opinion, may take place only within short periods, a further increase in the degree
of soil frostgeneity is possible accompanied by the elevation of permafrost rood,
increase in the duration and coldness of winters. On the basis of the investigation
of past climate changes Kovda (1980) states that cooling in the higher latitudes is
followed particularly in the medium and lower latitudes by the increase of
aridity. The same author prints out possible increased variability of the future
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climate in different zones that may demand from the mankind simultaneous
universal readiness ". . . to the droughts and water-logging, sudden cooling off
and sharp warming up."
All the foregoing stresses the necessity of intensifying international efforts to
solve these global problems.
As for the near local problems of the North, one may conclude that the vast
scale of mastering natural riches of the North and population growth there make
it necessary to develop quickly agricultural and game or other branches of
economy in these regions in both the traditional and progressive modern forms.
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Whither Soil Science
C. SYS*

Abstract
THIS panel discusses soil and climatic restraints and management practices
for three important environments. O. V. Makeev deals with 'Problems of soils
of the north of the world and their utilization', I.P. Abrol in his contribution
on 'Reclamation of waste lands and world food prospects' draws attention to
the importance of saline and alkali soils and discusses some reclamation and
management properties using an example related to sodic soils in India, and
Wenceslau J. Goedert, Edson Lobato and Morethson Resende deal with the
'Management of tropical soils and world food prospect'.
Whither soil science in the near future. In this regard the three papers
have proved that a sound base for agricultural development requires a
management adapted to climatic and soil conditions. Suggestions have been
made for improvement and management of the factors topography, wetness,
all soil physical parameters which can influence the soil capacity to retain
nutrients and water.
In addition, attention should be drawn to the management of tropical
soils for the maintenance of cation balance through liming; as the tropical
soils are systematically leached of bivalent cations both by intense
weathering and as a result of intensive cultivation. This is what the soil
scientists should do for the benefit of the farmers and the increase of food
production in the world.

THE production of food for mankind is in the first place in the cultivation of
plants. These plants are directly consumed by men or are transformed
through animals, who serve again as food.
Production of plants is a biological solar energy process, whereby the
green parts of the plants, with the help of solar radiation synthesize
carbohydrates from carbonic acid and water.
We should realize that the plant grows in two environments: soil and air.
The air is the source of carbonic acid and oxygen. Mineral nutrients and
water are provided by the soil.
Climatic conditions, vegetation and agriculture vary tremendously over
the earth's crust and each climatic zone also has specific soil conditions.
Therefore, each agro-ecological region presents its own specific
limitations for food production.
This panel discusses soil and climatic restraints and management
practices for three important environments:
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O.V. Makeev deals with the problems of soils of the north of the
world and their utilization,
LP. Abrol in his contribution "Reclamation of waste lands and world
food prospects" draws attention to the importance of saline and alkali
soils and discusses some reclamation and management properties using
an example related to sodic soils in India,
Wenceslau J. Goedert, Edson Lobato and Morethson Resende deal
with the management of tropical soils and world food prospects.

Discussion of Individual Papers
Problems of Soils of the North of the World and Their Utilization
The paper by O.V. Makeev illustrates some possibilities for agricultural
development of the arctic and subarctic areas.
It may be useful to remember here that at the Edmonton Congress
(1978), one session with four papers studied "Utilization of Northern
Canadian Soils". These papers conclude with the statement, "Due to presence
of ground ice improper land-use may have drastic and long lasting effect on
these soils" (Soper 1978).
According to Makeev's paper, limitations are numerous and severe.
Climatic constraints are: low radiation level, low temperature, very limited
growing season and low rainfall in the arctic arid zone. Topographic
limitations may be expressed by a cryogenic micro-relief. Wetness limitations
constitute drainage problems, particularly in the tundra. Limitations of
physical soil conditions relate to surface stoniness and depth; they will affect
the water availability, the capacity to retain nutrients and the workability. In
addition, fertility limitations are mentioned, particularly low base status and
unfavourable humus.
Impressed by all these limitations, we could consider that in the actual
situation most places of the north are unsuitable for arable land farming and
only some places seem marginally suitable for grassland.
Motivation for agricultural development can only be supported in view of
the potentialities of these areas after major land improvements. Increase of
food production requires: (1) improvement of climatic conditions, and (2)
improvement of soil conditions.
It is assumed that, as a result of the anthropic factor, temperature is
going to increase 2-3° C towards the end of the twentieth century and the
beginning of the twenty-first century. With regard to this statement, the
following questions may arise:
1. How far will this prediction be correct?
2. Considering that at present temperature is far below optimal crop
requirements, how far can an increase of only 2-3° C affect the
potential yield of the land?
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3. Is predicting the prospects for agricultural development in the north,
based on such doubtful statements not rather difficult and hazardous?
With regard to soil conditions, it is stated that improvement of the
surface illuvial-gley soils through drainage and fertilization allows yields of
15-20 tonnes/ha of green mass oats. When we compare this green mass oat
yield with a green mass maize yield of 75-80 tonnes/ha in the humid tropics
just by correcting fertility limitations, the following questions arise.
4. Are such improvement works economically justified for fodder
production?
For fertilizer applications recommended N / P ratios are 1/2-3; exportation
of these two elements by the crop is in the ratio 5/1 and a normal application
in temperate areas lies not far from this ratio.
5. Is P fixation in soils of the north so important as to require such high
P levels or are there other reasons for this?
The hay production of the tundra floodplain meadows is estimated at 1.53 tonnes/ha and could be improved to 2-6 tonnes/ha after drainage and use
of fertilizers. In Western Europe, with yields of more than double this, dairy
products still have to be subsidized by the governments.
6. Can the introduction of dairy farming be recommended from the
economic viewpoint?
We believe that important improvements through the use of heating in
order to lengthen the growing season, associated with important soil
improvement works, can only be justified for local production and
consumption of high-value products near urban centres (vegetables, fruits,
milk). Otherwise, production has to be associated or integrated with the
traditional way of exploitation of natural resources, mostly based on reindeer
husbandry, hunting trade and fishery.
Reclamation of Waste Lands and World Food Prospects
Waste land is a very large concept and can include a great many
environments, varying from rocky mountains through lateritic levels in the
tropics, sandy coastal beaches, desert dune sands, gypsiferous substrata, lime
crusts, desert soils, to saline and alkali soils and even lands disturbed by
surface mining.
At the Edmonton Congress, reclamation and management of some of
these lands were discussed. I. Shainberg and H. Frankel (1978) discussed the
changes in productivity of arid lands through irrigation. O.L. Bennett (1978)
dealt with reclamation of land disturbed by surface mining.
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Use of waste lands such as sandy beaches and gypsiferous soils is under
study in various parts of the world, but very little information is available on
these subjects.
We feel that salt-affected soils and irrigation have been covered
adequately at various meetings recently and therefore it may have been a
good idea to stress the properties and management of the specific sodic soils
of India at this panel.
With regard to I.P. Abrol's comment on world arable land resources, I
should like to communicate my impression that desert areas have a lower
potential arable land area compared with the humid tropics. Indeed, in the
Sahara, potential arable land surface is below 5 per cent while in Central
Africa (Zaire) it represents 45 per cent of the total land surface. Thus
possible discussion points may be:
1. Can it be generalized that the humid tropics have a greater potential
arable land surface than arid areas?
The review on the role of technologies indicates clearly that development
should maintain an equilibrium between physical land resources, human
resources and socio-economic conditions.
2. Is it more difficult to maintain this equilibrium in the reclamation and
management of waste lands than in management of other soils?
The sodic soils of the Indo-Gangetic plains are described as a special
type. If we understood correctly, they have soluble salts, a high Na-saturation
and a pH higher than 8.5. We have difficulty explaining such a situation.
They do not fit in any of the agro-physiologic salt-alkalinity classes of the
USDA-system.
They are not "saline soils" because of high sodium saturation. They are
not "saline-alkali soils" because of the too high pH. They are not "alkali
soils" because of the high salt content.
3. To which of these "saline-alkali classes" are the sodic soils of the
Indo-Gangetic plains most related with regard to their management
properties?
The sodic soils of the Indo-Gangetic plains also have a high salt content.
When salt is present the clays are normally flocculated and the soil reasonably
permeable. Yet in the section on drainage, there is reference to extremely
poor hydraulic characteristics. This contradiction justifies the following
question:
4. What is the flocculation stage of these soils and are these Natraquepts
as low in permeability as the Solonetz (Natraqualfs)?
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Management of Tropical Soils and World Food Prospects
This paper shows that the humid tropics present great possibilities for
increasing the world's food production.
There are no thermic limitations, radiation is moderate to high, rainfall is
high and well distributed over the growing season; even in areas with a dry
season the crops and the cultivation pattern are adapted to the moisture
conditions. The most important limitation is soil fertility. As no weatherable
minerals are present, the available nutrients result from mineralization of soil
organic matter.
Attention is drawn first to the improvement of the cation balance through
liming. This is essential to eliminate Al-toxicity as well as improve Ca
availability and cation exchange capacity; in addition, higher pH favours P
availability.
It has been stated in other studies (Sys 1980) that, as a result of intensive
cultivation, the tropical soils are systematically leached of bivalent cations so
that regular liming is required to maintain an optimal cation balance. With
regard to this rises the first question:
1. Is the absence of limestone in the geological substratum of some vast
tropical areas not a serious limitation to their development through
intensive farming?
Attention is drawn to the high P-fixation capacity of these soils and it is
stated that this P-sorption is clearly related to clay content. With regard to
this, two questions may arise:
2. Because of the high price of P fertilizer, would it not be advantageous
to give priority to cultivation of soils with low P requirement and
develop more sandy or less clayey regions?
3. Is it possible to predict the P requirement from the clay content of the
soil?
With regard to N fertilization, we believe that the amount of N to be
applied could best be estimated from the total amount of N, accepting a
specific rate of mineralization (p.e. 6%) during the crop-development cycle.
With regard to sulphur we should like to raise the question:
4. How do we evaluate sulphur requirement?
With regard to drought stress, we believe that the introduction of
irrigation on highly weathered soils for the cultivation of foodcrops cannot be
recommended from the economic point of view. Indeed, the high investment
of fertilizers is already a heavy load on cost price; so, it is most doubtful that
an additional sprinkler irrigation could be paid for by the output.
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With regard to the deterioration of soil physical properties due to
mechanization, we should like to have more information on the following:
5. Is it not true that on acceptable slopes and with reasonable
management, no real problems of physical deterioration will arise?

Conclusions
Whither soil science in the near future? I hope that the three papers have
proved that a sound base of agricultural development requires a management
adapted to climatic and soil conditions.
Improvement and management must be adapted to:
Topography, to prevent erosion and to help the planner to lay out
the farm.
Wetness, in the form of flooding and drainage, in order to improve
these characteristics when required and to ensure good conditions of
aeration and workability.
Physical soil conditions such as texture, soil depths, or stoniness. All
these factors will influence the soil's capacity to retain nutrients and
water, the availability for foothold for roots and the workability.
Nutrient status, in order to achieve the most beneficial fertilizer
formula.
Salinity and alkalinity, in order to foresee required improvement
works to deal with these characteristics.
In addition, the manager must be made aware of the calcium carbonate
and gypsum status of the soil and their possible influence on soil behaviour.
That is what we can do with Soil Science for the benefit of the farmers
and the increase of food production in the world.
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Commission VII

Soil Mineralogy

Soil Mineralogy:
a Key to Understand Soils
U. S C H W E R T M A N N *

Abstract
THE basic properties of soils relevant to their use cannot be properly
understood without the knowledge of quantitative mineralogical make-up
and the properties of the different soil constituents. Although soil
mineralogists have surveyed the mineralogy of soils in many, areas of the
world, the effect of mineralogy on soil properties could not be assessed due
to the inherent difficulty in quantifying the minerals in clay fraction. Surfaceoriented spectrographic methods, recently developed, improve detection and
quantification of small proportions of clay minerals. It is essential to use
such methods for understanding the interactions quantitatively. Dr.
Workentin, Dr. Uehara and Dr. Baumgardner will discuss the role of
mineralogy in soil physical behaviour, soil fertility in tropical soils, and in
remote sensing. The discussion on the presentations will be initiated by Dr.
Lai. Dr. Herbillon, and Dr. Yaalon.

THE Commission VII "Soil Mineralogy", is a fairly young addition to the wellestablished set of commissions in the international and the national soil
science societies. The offspring has greatly stimulated mineralogical research
on soils all around the world. Particularly the increasing knowledge and
improving instrumentation have enabled us to establish a fairly complete
picture on the worldwide mineralogy of soils.
However, the spliting off of Commission VII may have also led to some
lack of communication between this commission and the rest of the society.
This is somewhat surprising as basic properties of soils relevant to their use
cannot be properly understood without knowledge of the mineralogical set-up
and the properties of the different minerals which, together with other soil
constituents, determine the potential of soils to supply mankind with food
and fibre.
Although soil mineralogists have surveyed the mineralogy of soils in many
areas of the world, we must admit that this is not sufficient to explain what
our colleagues in soil physics, soil chemistry, soil fertility and soil genesis
observe and want to have explained.
A number of reasons for this fact are apparent. The identification of a
mineral is based on the fact that a mineral is defined by its structure, i.e. by
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the bulk particle. Its behaviour in soils, however, depends much more
strongly on such things as the chemistry and area of its surface, the cations
and anions bound, the shape of the particles and so forth.
Furthermore, minerals of the same species can have widely different
properties depending on crystal size, crystal disorder, ion substitution etc.,
which in turn determine their properties relevant to soil behaviour. Minerals
in the clay fraction thus are difficult to quantify, which is, however, a
requirement for correlating their amounts in mixtures with soil properties.
On the other hand, methods to better meet those requirements, such as
surface-oriented spectrographic methods, which better describe the variation
within each mineral species and also improve detection and quantification of
small proportions have been developed in the recent years and are receiving
increasing attention in soil laboratories all over the world. At this stage it is
thus essential to use these methods for the most important and urgent
problems.
Such problems are usually not so much brought up by soil mineralogists
themselves, but rather by soil physicists, chemists, geneticists, etc. We must
look for a cooperation with them; we, the soil mineralogists, must let them
know what we have to offer and in what respect we can help them in solving
their problems.
One example for this kind of cooperation is the thorough characterization
of solid minerals phases used for adsorption or other type of surface work
thereby facilitating the interpretation of the results. Another example would be
the identification of minerals in soils predicted on the basis of activity
products in the soil solution.
It is this concept of cooperation on which this panel event is based. In
order to proceed along this line we have asked outstanding scientists from
other commissions to elaborate on how they think soil mineralogy could
come into their field of research. We are very pleased that Dr. Warkentin, Dr.
Uehara and Dr. Baumgardner agreed to present their views on the role
minerals play in soil physical behaviour, soil fertility in tropical soils, and in
remote sensing. We want to thank those three colleagues for portraying the
role of some minerals in their particular field of soil research.
Among other interesting features:
Dr. Warkentin will critically investigate the possibilities of predicting the
physical behaviour of soils from their clay mineralogy. His conclusion will be
that — in favourable cases — this may be possible in a qualitative way but
that we are still far away from any quantitative predictability.
Dr. Uehara will demonstrate to us how important for its fertility behaviour
it is to know whether or not a soil is dominated by permanently or by
variably charged minerals, thereby opening up a more or less completely new
field of soil mineral studies as a basis for managing the fertility of variable
charge soils.
Finally, Dr. Baumgardner will point our attention to the importance of
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the spectral reflectance of soil minerals for a profitable interpretation of data
obtained by remote sensing.
We hope that these ideas will encourage some discussion among us all
here.
To start this discussion we have asked three co-speakers more closely
related to soil mineralogy to comment on the main speaker's opinion from a
mineralogical viewpoint. Thanks are also due to these scientists, namely Dr.
Lai and Dr. Herbillon.

Importance of Soil Clay Minerals
to Physical Properties of Soils
B.P. WARKENTIN*

Abstract
THE identification and characterization of clay minerals in soils has given us
the knowledge necessary to explain many aspects of physical behaviour of
soils. Volume change, influence of amorphous materials, and heat of wetting
are discussed in this paper as three examples where clay mineral information
is used to understand physical properties and characteristics of soils.
Clay information has been integrated into the other background
information on a soil, such as pH, exchangeable cations, grain size
distribution, etc. At the same time, many investigations in soil,science do not
use mineral information that is available. We still rely most often on
empirical measurement of the properties on which we need information. The
next step, a sufficient knowledge about clay minerals to allow us to predict
physical behaviour of soils, will require studies on the nature of clay mineral
surfaces and on the inter-particle forces in clays.

THE identification and characterization of clay minerals in soils has occupied
an important place in soil science activities in the past 50 years. During that
time, there has been a gradual change in the nature of clay mineral studies. In
the 1930s, the crystal structure of clay minerals was determined. Then the
minerals in different soils were identified. Recently much of the effort has been
in characterizing the clay mineral studies in soil chemistry, soil fertility, etc.
However, many studies in soil science still do not routinely obtain information
on minerals. Soil testing laboratories, soil conservation and land productivity
studies, soil classification systems or engineering design rarely require clay
mineral identification. The information does not appear to be necessary for
the solution of problems in these areas. Sand and silt mineralogy is used even
less than clay mineralogy. The situation is similar for organic constituents,
which are usually measured only as total amount of organic matter.
A closer examination of the generation and use of soil science information
indicates that clay mineral content is often used as background information
which is known and accepted. Clay mineral content, like soil pH, is
information which is used in broad characterization of soils and in grouping
of properties for prediction of response. Clay mineral identification, therefore,
is part of soil characterization. Clay mineral information becomes less used as
we know more about a particular soil, probably because we integrate that
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nineral information into the total background information on the soil. In
tudies where clay identification appears to be more important, e.g., when a
oil scientist from a temperate region studies tropical soils, it is because the
background information is not at hand.
The usefulness of clay mineral information depends upon how closely clay
ninerals determine physical properties or characteristics. Observed physical
ioil behaviour may be different where it is difficult to establish differences in
:lay minerals. This is true even in simple systems prepared in the laboratory,
where natural soil structure is absent. Soil suspensions often separate into
ayers with distinctly different visual properties, but the mineral content is
isually the same. Situations also exist where different minerals give the same
jroperty; for example, it is difficult to separate different clay minerals in a
suspension by physical and chemical means.
Physical characteristics such as adsorbed water depend upon both the
nature of the clay surfaces and the fabric defining pore structure. The ratio of
water at the fifteen bar percentage for kaolinite : montmorillonite is much
larger than the ratio of surface areas. Other evidence indicates that the surface
of kaolinite is more reactive, and has a higher surface charge density, but the
difference is not large enough to account for the measured water retention or
plasticity. The difference must be due to water held in small pores. A
comparison of allophane with montmorillonite leads to the same conclusion;
the surface areas are similar, but the allophane has a much higher water
retention.
It often appears easier to make an empirical measurement of a soil
characteristic than to measure fundamental properties and predict the
characteristic we wish to know. A flow parameter such as permeability of soil
is an example; another is the specification of a clay soil system in sufficient
detail to predict swelling. The shrink-swell characteristics and cracking of
Vertisols arise from the clay mineral content, but the observable results of this
process in the field, rather than the content of certain minerals, are found to
be more satisfactory as differentiating criteria in the classification system.
An important factor may be that soil physicists are not sufficiently
familiar with clay mineral characterization to know what information can be
gained from applying clay mineral information to soil physics. As a result, few
people are exploring these ideas, and the benefits of such'studies are not
abvious.
Nearly 15 years ago, Low (1968) wrote a paper on clay mineral
nformation required in soil physical investigations. He found that 'little
ittention has been paid to the relationship between the mineralogical
imposition and physical properties of a soil.' He concluded, 'It (clay mineral
nformation) can be used conceptually in interpreting experimental results.
\lso it can be used qualitatively for predictive purposes. Unfortunately,
ïowever, its use in a quantitative way is somewhat limited.'
Our present knowledge of clay minerals has often provided an
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understanding of the differences in physical properties of soils with different
clay minerals. This understanding is not yet sufficient, however, to allow us tc
predict soil physical characteristics, physical behaviour or engineering
behaviour from clay mineral properties. Therefore, we still use measurements
which are surrogates for the behaviour of interest, e.g., swelling pressure, 01
which are index properties which allow us to estimate behaviour, e.g., grain
size analysis.
In this paper I will present evidence to support this contention that clay
mineral information can be used in a general way in soil physics to explain
aspects of observed soil behaviour; but to go further and attempt to predict
physical properties from clay minerals will require the next phase of detailed
clay mineral studies.
i

Background of Clay Mineral Studies in Relation to Physical
Properties
A short statement on the development of concepts of clay minerals and on
the history of measurement of physical properties of soils will provide the
background for later discussions. The historical development of ideas in clay
mineralogy can be found in textbooks such as Grim (1953), or in older
textbooks on soils, such as Russell (1927). The early studies on physical
characteristics of soils have been reviewed in textbooks such as Baver
(1948).
Physical properties such as density and characteristics such as volume
change of soils and clay bodies were measured empirically, long before the
structure or even the composition of clay minerals was known. But models to
explain behaviour are necessary to satisfy human curosity; and the models of
the clay material changed as knowledge of soil behaviour accumulated. The
concept of an amorphous active component, held in the first third of this
century, was replaced by that of a crystalline active component in the second
third. In the past few years the amorphous components, neglected for 30
years, are again the object of more intensive research. A question being asked
again is whether coatings are amorphous, crystalline, or mixtures of the
two.
During the first quarter of this century, the dominant view of the clay
component was of a coating of aluminosilicates around small rock fragments.
Various names were used for the 'coating' and the 'kernel'. The coatings were
considered to have observed properties such as water adsorption, cation
exchange and bonding to form structure units. Zeolite was a common model
for clay particles. Mattson, in the early 1930s, presented a model which did
not have a rock core; the solid particle of alumino silicate was dissociated at
the surface to produce properties such as cation exchange. In all these models,
the active soil component was an amorphous aluminosilicate.
The range of chemical composition of the'mineral component of soils had
been established before 1930. The composition was usually given as silica,
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ilumina and iron oxide ratios, but the essential structural differences among
minerals were unknown. Differences in soil properties were often explained as
iue to mixtures of other mineral material with kaolin. Indeed, kaolin was
jften used synonymously with clay. Names such as montmorillonite,
illophane and halloysite were in use before 1930 for clay deposits.
The crystalline nature of the clay particle was postulated around the turn
)f the century, and was established during the 1920s and 1930s, when X-ray
liffraction was applied to samples in powder form. The active component in
soils came then to be considered as the crystalline surface. Physical
characteristics of soils could then be related to reactions at surfaces of
crystalline clay grains. The basic structures of the different clay mineral classes
were rapidly established.
, We now have models for the crystalline structure of different clay
minerals, including the amount and source of electrical charge. We also have
descriptions of amorphous soil minerals and constituents, and their variable
charge characteristics. However, soils are almost always mixtures of minerals,
and we still lack good models from which to predict characteristics of these
mixtures.
The basic physical properties of soils such as bulk density and heat
capacity were measured 100 years ago. Wollny's journal Forschungen aufdem
Gebiete der Agrikulturphysik, published between 1878 and 1898, reported
extensive measurements on different soils. Zwerman and Blake (1958) have
provided an index to these papers. Work on water retention and flow
characteristics was also reported, both in Europe and in America, but did not
develop on a firm theoretical basis until after 1900 when the ideas of
Buckingham, Gardner, Richards, and Childs were published. The wide range
of physical properties of soils was investigated after 1945 in laboratories
throughout the world.
Physical properties and characteristics of soils are often related to grain
size distribution, but with less emphasis on the clay minerals present. The
important physical processes are the fluxes of water, gases and solutes in the
soil pores. Among the successes in soil physics has been the theoretical
description of water and solute flow in unsaturated soils. The rigid porous
matrix assumed in most of these models does not require knowledge of
specific clay minerals. Applications of soil physics to problems of water
movement and storage in the field, the present-day emphasis, do require
cnowledge of the soil components.
Studies that require a detailed knowledge of clay minerals, such as those
)n soil structure, have not been prominent in soil physics research. Recent
japers (e.g., see review by Lai and Greenland 1979), however, indicate a
eturn of interest to this topic. The importance of soil organic-mineral
^articles is being stressed in these studies. Future work on soil structure will
equire an integration of clay mineralogy with soil physics.
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Examples of Clay Minerals Determining Physical Properties
Swelling
The swelling of well-defined clay minerals has been described bot!
theoretically and experimentally. A discussion is available in severa
textbooks (e.g., van Olphen 1953). Swelling pressure of a simple system o
montmorillonite or vermiculite with monovalent exchangeable cations can b
calculated from diffuse ion layer theory (e.g., Yong and Warkentin 1975). Th
total surface area has the largest influence and surface density of negativ*
charge has a secondary influence. The location of the charge in the clay crysta
also has an influence, as shown by Foster (1953). Long-range specific force
bonding water to clay surfaces and changing the structure of the adsorbed wate:
are also involved in swelling. These specific forces cannot be calculated; th<
interpretation depends upon measured swelling pressures at different wate
contents (e.g., Low 1980).
The phenomena of swelling on wetting and shrinking and cracking or
drying are associated with smectite (montmorillonite-type) minerals in soils
Increasing amounts of smectite lead to increased volume changes. Th<
importance of volume change is recognized in separating the Vertisol order ir
Soil Taxonomy. Within a limited geographic area, e.g., for soils developed or
the same parent material, there is a good correlation between swelling and
percentage of smectite. The relationship can be used, within a limited region,
to predict swelling if smectite content is measured on samples.
The general relationship between amount of swelling and smectite content
of the soil is, however, determined by several factors. Exchangeable cations
have a large influence on swelling; therefore correlations between swelling and
smectite content are high only if the exchangeable cation suite is the same. A
factor more difficult to measure, but one which also influences the
relationship, is the nature of surface coatings on the clay. Iron hydroxide
coatings or calcium silicates from the addition of lime reduce swelling. These
effects have been measured, but have not been related quantitatively td
swelling. Fabric, as discussed later, also has a large influence on swelling
(Yong and Warkentin 1975). Smectite content, therefore, is a boundary that
predicts the upper limit of swelling, but does not predict the actual swelling
for a particular soil.
The inability to predict swelling behaviour of soils directly from clay
mineral information has led to empirical measurements of swelling and to
correlations with easily-measured soil properties, i.e., with index properties.
The prediction of swelling for engineering construction design is based upon
laboratory methods which are correlated with field measurements ol
movement of actual structures such as houses or roads. The potential volume
change (PVC) meter was designed by Lambe (1960) and used for this purpose.
The PVC meter measures the pressure exerted when a dried and sieved sample
in a confined volume is wetted. In agricultural use, the coefficient of lineai
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expansion (COLE) is measured in the laboratory on undisturbed clods
(Grossman et al. 1968). The correlation coefficients (r2 values) of either of
these measurements with clay content, surface area, liquid limit, fifteen bar
percentage, etc., are usually in the range of 0.8-0.9 for soils of similar parent
material (e.g., McCormack and Wilding 1975).
In swelling then, the importance of clay mineral content is to give the
upper limit of swelling, to explain the effect of specific cations and of salt
concentration, to indicate soils with potential swelling properties, and to
predict relative swelling within a group of similar soils. It is not yet possible to
predict swelling of clay soils from measurements of the content and nature of
the clay minerals.
Amorphous Minerals
The clay mineral allophane imparts to soils physical characteristics which
are very different from those associated with crystalline clay minerals. The
large and irreversible changes in physical properties and characteristics on
drying, e.g., decrease in measured clay content or decrease in water retention,
are the most striking differences. A knowledge of the properties of allophane,
as it changes during drying from a gel to a material with mechanical strength,
allows us to understand the changes that occur in soils.
The increase in measured clay content on drying makes it difficult to use
grain size distribution as an index property to predict physical behaviour of
allophane-containing soils. Measurement of the amount of allophane and
other amorphous constituents in soils is also difficult. Indirect measurements
are used.
Measurements of physical characteristics of Andisols have been discussed
in two recent reviews (Maeda et al. 1977; Warkentin and Maeda 1981).
Characteristics such as liquid limit, residual shrinkage, and decrease in
plasticity on drying are all closely related to amount of allophane measured
through water content on rehydration (Warkentin and Maeda 1974). These
relationships, again, hold for soils of a particular area; the relationships
developed for one group of soils cannot be used to describe soils from a
different geographic area. We have not yet been able to relate physical
behaviour to different amorphous components, although it is known that
these differences exist. The decrease of fifteen bar percentage (FBP) on drying
has been used as a measure of allophane content. The work of Andriesse et al.
(1976) indicates that FBP decrease is more closely related to discrete phases of
Si and of Al gels than to co-precipitated Si and Al. Amorphous material is
not usually characterized to this degree of refinement, but this will be
necessary to relate physical properties to mineral composition.
Andriesse et al. (1976) emphasize the problems in relating amorphous
material content to physical properties—neither the definition nor the
measurement of allophane is unambiguous. Allophane has been, and is still,
used by many writers as synonymous with amorphous material in soils

400

WHITHER SOIL RESEARCH

developed from pyroclastic materials. Restricting the term allophane to coprecipitated Si and Al may help in definition, if the remainder of the material
can be characterized. These other components are important in determining
soil properties. Our understanding of the specific nature of different
amorphous materials must improve; this understanding depends upon
methods of defining the specific nature of the different amorphous
components. The present concern in soil classification of subdividing
Andisols on the basis of physical characteristics should lead to a better
understanding of the relationship between amorphous components and
physical characteristics.
Heat of Wetting
A study of the heat evolved when soil clays are immersed in water can
provide us with information on the nature of clay surfaces and hence with
ideas on how clay mineral composition influences physical properties. Heat of
wetting results from interaction of water with clay surfaces and with
exchangeable cations. There is a good correlation between measured surface
area and measured heat of wetting if the initial water content and the
exchangeable cations are kept the same. Clay mineral composition would then
be a good guide to the intensity of the forces of interaction of water with clay
surfaces. A more critical analysis, however, indicates that we do not
understand the phenomenon well enough to be able to predict heat of wetting.
A number of researchers have made measurements of heat of wetting
during the past 50 years. The general findings can be summarized as follows:
(1) the heat of immersion of clays is lower than the heat of hydration of the
exchangeable cations on that clay sample; (2) the order of heat of immersion
follows the order of hydration energy of cations, Al+3 > Mg+ > Ca+ > Na+ >
K*; (3) there is an interaction between cations and surfaces that influences heat
of wetting, as shown by the ratios of 9 : 1,7: 1, 5.1 : 1, and 4.9 : 1 for Mg, Ca,
K and Na for the ratio of heat of hydration to heat of wetting (Janert 1934);
(4) the heat of wetting per unit area of clay is higher for kaolinite than for
montmorillonite, and higher for allophane than for montmorillonite. Grim
(1953) has summarized values which show that the ratios of heat of wetting
range from 5 to 15 while the surface area ratios for montmorillonite to
kaolinite range from 40 to 70; (5) the heat of wetting is a property of polar
solvents; (6) heat of wetting decreases rapidly from the first to subsequent
layers of adsorbed water; and (7) heat of wetting increases with decreasing
grain size and with increasing surface area.
The measured heat of wetting is apparently due to heat of hydration of
cations, inter-molecular potential originating from forces at the clay surface,
potential energy due to electric charges on the clay and specific bonding such
as the hydrogen bond (Iwata 1980 unpublished). The heat of wetting is lower
than the heat of hydration due to restrictions on motion of cations in the
electric field of the clay surface. The low heat of wetting measured for
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monovalent ions may be because they are partially hydrated at low vapour
pressure and hence initial drying is critical.
The high values for heat of immersion for vermiculite are probably due
not only to the Mg ion, but to the same interaction that produces prominent
swelling in vermiculite. Similarly, the high heat of wetting for allophane can
be explained by the large surface of the hollow spherical unit grains of the
mineral. The force fields around the allophane spherule are weaker than those
around the montmorillonite plate, the cations are held less tightly, and the
interaction with the water molecule leads to greater heat of wetting (Iwata
1980). The slope of the line for heat of immersion as a function of surface area
is twice as large for allophane as for montmorillonite (Aomine and Egashira
1970). Exchangeable cations have less effect on heat of wetting of allophane
than of montmorillonite, consistent with the negligible effect of cations on
other physical properties such as plasticity or water retention. The ratio of
heat of immersion for Mg : Na clays was 1.1 for allophane and 1.6 for
bentonite (Aomine and Egashira 1970).
Clay mineral composition, therefore, allows us to predict the nature of the
forces involved in heat of wetting. It allows us to understand the differences
among different clays and to some extent among different exchangeable
cations. However, we do not yet have a quantitative description of
interactions of water molecules with clay surfaces and with exchangeable
cations. It is this more complete description of the clay that is the next
challenge for soil clay mineralogy.

Constraints to Use of Clay Mineral Information
Many of the constraints to using clay mineral information to predict
physical behaviour of soils are well known. Properties determined by
interaction of water with clay surfaces depend upon the exchangeable cations;
examples are swelling and heat of wetting. The proportion of different cations
must be determined, and the relation to physical properties established. This
has been done for swelling and permeability, where a good understanding of
mixed Na-Ca systems has now been attained (e.g., Frenkel et al. 1978). The
interaction of cations with clay minerals is specific. The influence on liquid
limit is Na > Ca for montmorillonite, but Ca > Na for kaolinite. Warkentin
(1961) has explained this on the basis of inter-particle forces of repulsion and
attraction. Exchangeable cations have a minor influence on physical
properties of allophane.
Clay minerals occur as mixtures in soils. We lack information on the
interactions that occur with different kinds of mixing, and hence lack
knowledge of properties of mixtures that determine physical behaviour.
Clay mineral identification is often based on the structure of the 'core' of
the mineral, but the weathered outer 'rind' that interacts with water and other
soil components probably has different properties. We do not know how
important this factor is, although it is generally observed that minerals from
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clay deposits have more active surfaces than clays in soil. This is apparently
due to adsorbed inorganic and organic coatings, or to the properties of the
'rind'.
Present methods of measuring surface area do not give much detail on the
nature of the surfaces. Internal and external surface area is a useful
distinction. It has not been established that the surface area measured on a
dispersed, specially prepared sample is the same as that which determines
properties in the soil. Recent interest in studying soil organic-mineral particles
rather than the separate dispersed components will answer some of these
questions (e.g., Spycher and Young 1979).
Clay mineral surfaces change the properties of water adsorbed to those
surfaces (Low 1968). The interaction probably varies with different clay
minerals, but since the nature of the interaction has not been identified and
cannot be predicted, it is not yet possible to separate the variables and to
assign an effect to any one of them. Experimental measurements show the
presence of these interactions, but predictions of effects are not possible until
the mechanisms are understood.
The most severe constraint to use of clay mineral information in
predicting soil physical behaviour is the difficulty in specifying soil fabric, that
is, the arrangement of particles and pores in a soil. The effect of clay minerals
on physical properties is modified by fabric; for example, swelling depends
upon fabric but we have not been able to specify the interaction. At least part
of this is the difficulty in describing fabric. Visual observations through a light
microscope or from a scanning electron microscope are very useful in
understanding soil physical behaviour, but remain difficult to use in a
quantitative prediction of behaviour.

Future Studies
We have reached a plateau in soil clay mineralogy, where a general
knowledge of clay mineral has been assimilated and is available to explain soil
physical properties and characteristics, but we do not yet have the detailed
description that will allow us to take the next step where we can predict
physical properties from mineralogical measurements. This will require more
detailed knowledge of the soil surfaces and of inter-particle forces.
Characterization of clay surfaces will be an important future part of clay
mineralogy. Methods are now being developed, such as low angle scattering of
radiation of different wavelengths, to get more information on the detailed
nature of surfaces. The specification of inter-particle forces in such a way that
soil fabric can be used in a model for prediction of soil behaviour appears to
be more difficult. However, some attempts have been made and a detailed
study of the clay mineral surfaces that occur in soils should lead to better
models that include the effect of soil fabric.
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Soil Clay Minerals in Tropical Soils
and Soil Fertility
GORO UEHARA*

Abstract
MOST of the underutilized, potentially arable but impoverished lands of the
moist tropics are occupied by soils rich in variable charge minerals. This
impoverished state is caused by a combination of intense leaching and low
capacity to retain nutrients. The low nutrient retention capacity is in turn
related to low specific surface, low surface charge density, or a combination
of both. Since the product of the specific suface and surface charge density is
the cation exchange capacity, the rejuvenation of impoverished, variable
charge soils must involve increasing one or both surface parameters.
In coarse textured soil, low nutrient and water retention is caused by
low specific surface. This constraint can be rectified by incorporating
nitrogen-rich, green manures to the soil. A combination of minimum tillage,
and surface mulching with nitrogen-poor straw or stalks will help to
minimize biological, chemical and physical erosion of organic matter.
In high clay soils, low cation exchange capacity is caused by a low
surface charge density of the variable charge mineral. In such soils the cation
exchange capacity may be increased by raising soil pH through liming or by
lowering the zero point of charge. The zero point of charge of variable
charge soil minerals may be lowered by phosphate fertilizers, soluble silicates
or organic matter.
Theory, laboratory data and field evidence are presented to show the
technical feasibility of chemically rejuvenating high clay soils with variable
surface charge. Simultaneous correction of nutrient deficiencies and low
surface charge leads to deep-seated, long-lasting beneficial changes in soil
fertility.
SOIL fertility is the capacity of a soil to supply crops with essential nutrient
elements. It is a complex attribute of land that arises from the interactions of
a number of soil characteristics such as mineralogy, organic matter content,
particle-size distribution, and size, shape and arrangements of soil aggregates.
Soil properties that are accessory to these characteristics and important to
fertility are pH, ion exchange capacity, base saturation, composition and
concentration of the soil solution, and capacity of the solid phase to replenish
dissolved matter removed from solution and the rate at which replenishment
occurs.
Soil fertility is affected by other attributes of land such as root-zone
oxygen supply, chemical and physical impedances to root development,
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salinity and sodicity, soil-water content and potential, pathogenic and helpful
microorganisms, soil temperature, and intensity, quality and duration of solar
radiation. Thus, the mineral nutrition of a crop does not depend solely on the
nutrient content of a soil, but on the interplay of a host of land qualities or
attributes.
Like most land qualities, soil fertility is most meaningful when discussed
in the context of a specific crop. A soil that is judged to be fertile for one crop
may not be so for other crops having very different growth rates, rooting
habits, nutrient requirements or adaptations to various environmental
stresses.
When soil fertility becomes the limiting constraint for a specific crop, the
farmer can return the land to nature, grow another crop that performs well
where the first could not, or match the nutritional requirements of the crop
with fertilizers. One of the major innovations of modern agriculture has been
the development of technology and industry to enable farmers to meet the
nutritional requirements of crops.
Four things can happen to a nutrient element when it is applied to a soil.
It may be removed from the field in the harvested crop, escape into the
atmosphere, leach beyond the root zone, or be immobilized. Fertilizer
management, therefore, becomes a matter of controlling nutrient fluxes in the
soil system. We want to minimize gaseous losses to the atmosphere, and
solution losses below the root zone, and maximize nutrient movement to the
root surface. Immobilized elements may eventually become accessible to
plants, but most farmers would like to see quicker returns from their fertilizer
investment. Of the three major nutrient elements, nitrogen undergoes
leaching, gaseous loss and organic immobilization; potassium undergoes
leaching and inorganic immobilization; and phosphorus, primarily,
immobilization.
Soil fertility is related to mineralogy through the control mineralogy
imposes on movement, transformation and immobilization of nutrients. Two
key properties of minerals that control movement, transformation and
immobilization are: (1) specific and (2) surface charge density. The product of
the specific surface and surface charge density is the familiar cation exchange
capacity.
The two soil parameters that are most frequently selected to assess soil
fertility are cation exchange capacity and base saturation. These two
parameters co-vary with other soil properties such as pH, and water-holding
capacity so that when used in combination, one can infer a great deal about
the soil's capacity to supply nutrients. The interpretive value of cation
exchange capacity, base saturation, and properties that co-vary with them is
well established for soils with permanent or constant surface charge. For soil
materials with variable surface charge, this is not yet the case, but good
progress has been made in the last decade to enable reasonable soil fertility
interpretations to be made for this class of soils.
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The purpose of this paper is to (1) review recent advances in research on
soils with variable charge minerals, and (2) interpret this new body of
knowledge for soil fertility evaluation.

Minerals with Variable Charge
Twenty years ago, Parks and de Bruyn (1962) showed the dependence of
surface charge of hematite (aFe 2 0 3 ) on pH and salt concentration. Ten years
later, van Raij and Peech (1972) used a similar experimental approach to
show that a number of Brazilian soils displayed similar chemical
characteristics. Not only were they able to demonstrate that oxide-rich soils
behaved much like pure oxides, but were able to fit data calculated from
double-layer theory to the experimental data. About the same time and
following a series of papers by Hingston et al. (1967, 1968, 1971, 1972),
Bowden (1973) and Bowden et al. (1974) published results based on a
thermodynamic approach to describe variable charge systems.
Van Raij and Peech's work is based on a model that equates the net
surface charge density (ao) to the sum of charges in the diffuse layer (ai), and
in the compact layer (02), very near the surface. Charges in the diffuse and
compact layer are computed from the following equations:
Nze
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where
N = number of adsorption sites per cm2 of surface (1015/cm2)
Z = counter ion valence
e = electron charge
A = Avogadro's number
p = density of water
M = molecular weight of water
i/fd = potential on the plane between the compact and diffuse layers
<f> = specific adsorption potential
k = Botzmann constant
T = absolute temperature
77 = electrolyte concentration
e = dielectric constant of water
pHo = pH at the zero point of charge
Bowden et al. (1981) developed a generalized ionic adsorption model by
equating the electrochemical potential of an ion in solution to the
electrochemical potential of an adsorbed ion to arrive at:
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activity of ion "i" in the adsorbed phase
activity of ion in solution
coefficient characteristic of the surface and ion
ion valence
surface potential
gas constant
absolute temperature
Faraday constant

If the adsorbing ion is a potential determining ion (e.g., H+ or OH"), and
it is further assumed that the potential determining ions have a constant
activity on the surface, equation (3) reduces to the Nernst equation,
RT
A,
* = in -

(4)

where 2.3 In AjS is the pH corresponding to the zero point of charge when the
ion in question is H \ The assumptions inherent in the use of the Nernst
equation and the need to employ equation (4) in calculations based on
equations (1) and (2) have been cited (Bowden et al. 1981) as a serious weakness
of the double-layer model. It is quite likely that many more serious
deficiencies arise when double-layer theory is applied to soil systems, but it is
surprising that for low-salt concentrations and within one pH unit of the zero
point of charge, equation (2) mimics experimental data with remarkable
consistency. Like the ideal gas law, equation (2) falters badly when tested beyond
its capability. What is important about equation (2) is not its ability to predict
experimental data, but its value as a guide in the search for new ways to manage
soils with variable charge minerals.
In the next section, equation (2) will be first analyzed for what it can do,
and second, tested against experimental data to see if it can explain and
predict trends in the real world.

Soil Interpretation for Fertility Evaluation
If samples of a variable charge soil are suspended and equilibrated in a
series of dilute (e.g., 0.005 N) KC1 solution adjusted to specified pH by
addition of acid (HCl) or base (KOH), a titration curve can be generated by
plotting the meq of H+ or OH~ added per gram of sample of cm2 of surface
against the equilibrium pH. If the procedure is repeated, but this time with a
higher KC1 concentration (e.g., 0.01 N), a titration curve with a steeper slope
will be generated. In most cases, the curves will intersect. The pH that
corresponds to the crossover point is called the zero point of charge and is
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designated pHo in equation (2). Fig. 1 shows intersection of two titration
curves of samples collected from an oxic horizon.
If, now, a material rich in smectite from a Vertisol is subjected to the
same measurements, two approximately parallel, non-intersecting curves will
result with the curve of higher electrolyte concentration falling on the acid
side of the pH scale. The result can be interpreted to mean that the material
has a constant, net negative surface charge. The decrease in suspension pH
with increasing salt concentration corresponds to the lower pH measured in
dry months and the subsequent increase in pH with the onset of the rainy
season. This phenomenon, however, is not unique to soils with constant
charge minerals but to all mineral assemblages with net negative surface
charge.

Fig. 1. Surface charge characteristics of a Gibbsihumox sample measured in four concentrations of
three salts.

The response of soil pH to salt is clearly evident in equation (1). It predicts
that if salt concentration (n) of the soil solution is increased, the absolute
value of the surface charge will also increase and that the solution pH will
shift towards the zero point of charge. This can also be interpreted to mean
that the soil is net negatively charged if pH decreases with increasing salt
concentration, net positively charged when pH increases with increasing salt
concentration, and net zero charge if pH remains the same when
concentration is changed. Mekaru and Uehara (1972) condensed the above
statements by defining a quantity called delta pH or ApH,
ApH = pHKci - pHH!o

(5)

where pHxci is the suspension pH measured in IN KCl and pHH2o is the pH
measured in water. It turns out that the signs of the ApH correspond to the
net surface charge of the sample. If a soil registers a positive ApH in any part
of the profile, it will generally be low in bases, somewhat acid and display high
anion adsorption. A positive ApH is a mark of an infertile soil.
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If CaCl2 is the electrolyte in equation (5), the ApH will almost always be
negative-even for samples that have previously been shown to possess positive
ApH's with KC1. The two parameters in equation (2) that are altered when
CaCh is substituted for KC1 are the counter ion valence (Z) and the zero point
of charge pHo. Calcium is divalent (Z = 2) and shifts the zero point of charge
to lower pH's, whereas potassium is monovalent (Z = 1) and has no effect or
very little effect on pHo. In other words, calcium can be specifically adsorbed
on the mineral surface whereas potassium, an indifferent ion, cannot. While
potassium ions are repelled from a net positively charged surface, calcium ions
may be adsorbed even when the surface charge is net positive. When calcium
ions are specifically adsorbed on a net positively charged surface, the affinity
of that surface of OH~ increases. Such a surface has a low zero point of
charge, i.e., the solution must have a higher H+ concentration to enable
sufficient H+ to be adsorbed to achieve net zero charge. A practical
consequence of specific calcium ion adsorption is that it is difficult to move
calcium to the subsoil even when the soil is net positively charged. On the
other hand, potassium applied as KC1 readily leaches through soil horizons
that are net positively charged.
Potassium leaching in coarse-textured, low specific surface soils is a
common occurrence, but potassium leaching can be equally serious in finetextured, high specific surface soils with soil pH very near or below the zero
point of charge. The problem can be explained by the relationship between
cation exchange capacity (CEC), specific surface (S) and surface charge
density (02).' The relationship is:
CEC = (S) (a2)

(6)

In coarse-textured soils potassium leaching is caused by low CEC's
associated with low specific surfaces. In fine-textured soils, on the other hand,
potassium leaching is caused by low CEC associated with a small or even
positive surface charge. The sign and magnitude of the surface charge is
related to the sign and magnitude of (pHo - pH) of equation (2). For a given
soil, the rate of potassium leaching increases as the value of (pH 0 - pH)
becomes more positive. The sign of ApH in equation (5) may be interpreted in
the same way.
Table 1 contains data of a soil that has a high specific surface and a low
surface charge density. The high specific surface is indicated by the high values
of extractable acidity, sum of cations, and 15 bar water contents. The low
surface charge density is indicated by the sign and magnitude of the ApH's.
The ApH for the each horizon can be calculated from the soil pH values using
equation (5). With the exception of the surface horizon, all horizons have
materials which are net zero or net positive charge. An important accessory
feature of the soil's charge characteristics is the trace amounts of sodium and
potassium ions measured in every horizon. Although this soil has little affinity

Table 1. Soil characterization for a Typic Hydrandept (Staff, SCS, 1976)
o
Mineralogical analysis
Depth
(cm)

Horizon

7A2
Allophane

Montmorillonite

7 A3
Kaolinites

7A3
Gibbs
tte

Boehm- Goethhe
ite

Amorphous
SiOi

Amorphous
AbOj

Magnetite
etc.

Anatase

7A2
Quartz

Volconic
glass

Feldspar

Olivine

Pyroxene

Pyrite

7=

Per cent of whole soil
0.40
40-53
53-58

Ap
B2I
B22

58-65
65-75
75-80

B23

X
H
X
m
j:

C
7=

m
m

B24

>

B2S

O
80-83
83-93
93-123

1)26

123-128
128-133
133-140

B2<)

140-145
145-168

B27

B28

B2IÜ

B21]

21,

H2I2
B213

(contd.)

Table 1 (contd.)
Extractable
iron
6Cla

Total chemical analysis
Depth
(cm)

SiO:

TiOj

AhO,

FeiO!

MnO,

MgO

CaO

NajO

K;0

P.O.

Carb0.5N NaOH
onate
Soluble
asfaC'O
Si0
Ah
6Elh
'
°>

Per cent of whole soil
27.30

97.5

154

22.(1

25.82

101.1

16.2

23.2

5.24
5.58
4.68

24.32
34.40
37.68

27.56
26.26
25.96

0.13
0.25
0.24

23.76

99.6

18.8

26.9

34.16
34.08
36.0

26.25
26.42
26.82

0.44
0.29
0.23

24.75

101.0

16.0

22.9

25.64

100.6

17.5

25.0

8.12

5.59
5.18
5.42

25.16

101.8

18.2

26.0

5.18
5 43
5.53

35.44
32.72
33.20

26.02
25.77
27.35

0.36
0.38
0 34

24.44

100.9

16.5

23.6

26.37

102.1

24.60

102.7

17.1
17.7

24.5

B28

9.42
11.40
11.64

123-128
128-133
133-140

B29
B210
B211

11.90
9.40
10.90

568
5.18
595

32.56
33.76
31.36

24.48
26.82
28.61

0.29
0.18
0.29

25.72
25.58

100.6
1009

13 8
17.8

255

25.12

102.2

19.(1

27.2

140-145
145-168

B2I2

10 04
11.32

5 54
5.83

29.84
30.24

29.34
28.57

0.16
0.34

24.10

99.0

18.6
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for indifferent potassium ions added as muriate of potash (KC1), it retains
specifically adsorbed calcium ions even when the net surface charge is positive.
Soils such as these have supported a profitable sugar industry for over a
hundred years in Hawaii.
Although, the extractable calcium is not high, most crops do not respond
to lime on soils such as these. This is because toxic elements such as
aluminium and manganese are suppressed by the relatively high soil pH.
In similar and related soils, prolonged leaching and intense weathering
raises soil pH. The data in Table 1 show definite signs that this is taking place,
but the data in Table 2 show this trend more clearly. Contrary to what one
would find in soils with constant charge minerals, the data in Table 2 show an
inverse relationship between pH and base saturation. This trend is readily
explained by equation (2). The data in Tables 1 and 2 are characteristics of
materials rich in oxides and hydrated oxides of iron and aluminium. These
materials have high zero points of charge. Table 3 lists the zero points of
charge of oxides and hydrated oxides commonly found in soils. If such a soil
is leached with water, the pH of the pore water will tend to approach that of
the zero point of charge of the solid. In oxide-rich soils, pH increases with the
purity of the oxide, but because the pH becomes increasingly positive with
increasing pH and pHo, the bases adsorbed on the mineral surface decrease.
Unlike the oxides of iron and aluminium, organic matter has a low zero
point of charge (2.0). For this reason, highly leached organic soils tend to be
acid. This is indicated by the pH values in the organic matter rich surface
horizons in Table 2. The position of the zero point of charge relative to the
pH in KC1 can be determined by examination of Fig. 1. If the ApH is
Table 2. Chemical properties of an Oxisol (Staff, SCS, 1967)
Depth

Organic carbon

Free Fe

pH

(cm)

(%)

(%)

H20

IN KC1

ApH

0- 28
28- 46
46- 71
71- 97
97-122
122-157
157-178+

6.04
2.04
1.33
0.86
0.72
0.52
0.19

13.0
12.9
16.5
19.2
23.1'
25.7
27.3

5.1
5.0
5.0
5.2
5.5
5.7
5.8

4.3
4.4
4.7
5.7
6.1
6.4
6.7

-0.8
-0.6
-0.3
+0.5
+0.6
+0.7
+0.9

Table 3. Approximate zero points of charge (zpc) of some soil materials
Soil material

zpc (pH)

Organic matter
Quartz
Gibbsite
Goethite
Hematite

2-3
2-3
6-7
7-8
8-9
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negative, as is the case with the surface horizons of Table 2, the zero point of
charge is lower than the pH in KC1. Similarly, if the ApH is positive, as is the
case with the deeper horizons, the zero point of charge is higher than the pH
in K.C1. As the oxide surface becomes coated with organic matter, the oxideorganic matter mixture increasingly takes on the characteristics of organic
matter and the soil pH becomes more acid in response to a decreasing zero
point of charge. Most humus-rich horizons are net negatively charged because
the soil pH is unable to fall below the zero point of charge of organic matter.
Another common soil mineral that has a low zero point of charge is
quartz. Quartz, however, has little influence on soil chemistry and fertility
because of its low specific surface and the ease with which its properties can be
masked by other minerals or substances that coat it.
In general, highly leached soil materials rich in humus and silica tend to
be acid, whereas highly leached materials rich in sesquioxides tend to have
higher pH's. Furthermore, the solution pH of silica and humus-rich materials
is almost always higher than the zero point charge so that the net charge is
negative, whereas the solution pH of sesquioxide systems tend to be lower
than zero point of charge so that the mineral is net positively charged.

Managing Soil Fertility
Soils with very different zero points of charge require different
management strategies. In sesquioxide-rich materials, exemplified by the data
in Tables 1 and 2, it is possible to increase cation retention of the subsoil by
applying phosphate fertilizers or amending the soil with soluble calcium
silicates. Phosphate and silicate ions, like humus, when absorbed on oxide
surface lower the zero points of charge. Although the phosphate and silicate
ions are not very mobile, the combined effects of tillage and leaching helps to
distribute these ions to lower horizons where the resulting increase in cation
retention can be measured as has been demonstrated by Gillman and Fox
(1980). It is quite likely that the long-term residual effect of phosphorus
fertilizer is, in part, related to improved subsoil fertility, which in turn
contributes to better utilization of subsoil moisture and nutrients. Phosphorus
is, therefore, not only a nutrient but an effective soil amendment as well.
While it would not be feasible to apply phosphorus to soils for its amendment
effect, it nevertheless unavoidably contributes to the fertility of sesquioxiderich soils in this way. Fortunately, the amendment effect of phosphorus is
greatest at the lower application rates. Laboratory studies by Wann and
Uehara (1978) show that in soils treated with various levels of phosphorus, the
retardation of potassium leaching was related to the square root of the
phosphorus applied. Nearly identical trends were obtained by Gillman and
Fox (1980) when they analyzed soil samples collected from field plots in which
the soil solution phosphorus had been maintained at prescribed levels for 8
years.
If the evidence for chemical rejuvenation

of highly weathered,
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impoverished, sesquioxide-rich soils is now plentiful, evidence for its impact
on crop performance is virtually non-existent. It may very well be that few are
searching for such evidence, and fewer still would recognize it.
The trend shown in Fig. 2 may be the type of evidence one should look
for. It shows the relation between potato yield (Solarium tuberosum var.
Kenebec) and amount of phosphorus applied. There is no indication of a yield
plateau even when 1000 kg P/ha was applied. The soil was a Hydric
Dystrandept, thixotropic, isothermic, with chemical and physical
characteristics not too different from those in Table 1. The plots had been
fertilized with superphosphate 3 years prior to the potato planting and
cropped with three earlier plantings of maize. The potato yield corresponding
to 100% was 47.5 tonnes/ha of which 70% were of marketable quality. In
addition to the variable phosphorus level, the crop was supplied with a
blanket application of N, K, Mg, S, lime and trace elements.
KXl
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Fig. 2. Probable yield increase associated with soil amendment effect of fertilizer phosphorus.

The absence of a yield plateau even at the highest phosphorus level and
the better fit of the data to a square root, rather than a quadratic function
suggests that the yield response is due to a combination of nutritional and
amendment effects. The amendment effect, if it exists, may involve better
utilization of subsoil moisture and nutrients in the high phosphorus plot. The
more usual explanation for this type of result is to attribute the yield increase
to nutritional deficiency caused by phosphorus immobilization. Thus, it is
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necessary to look for different kinds of evidence in support of the amendment
effect of phosphorus.
Fig. 3 shows a typical yield response to phosphorus. The test crop was
maize and the soil belonged to the same family as the potato soil described
earlier. The potato experiment was conducted in Hawaii, USA, and the maize
experiment in Luzon, Philippines. The two experiments differed in one
important respect. Potatoes in Hawaii were planted 3 years after the initial
phosphorus application so that the full benefit of an amendment of the effect
could occur. In the Philippine site, fertilizer was added just prior to planting.
The amendment effect in the Philippine site is not registered in the response
curve but in the horizontal line that is drawn just above them. This line
represents maize yields obtained at the same time from adjacent, ancient home
sites rich in extractable phosphorus. With adequate nitrogen these sites
produce yields that cannot be duplicated with the best fertility treatments on
adjacent sites with low extractable phosphorus. The question that remains
unanswered is whether the amendment effect of fertilizer phosphorus will in
time enable maize yields of the surrounding area to approach that of the
ancient home site.
7000

| 5000

1000
0 —
1020 40

80

160
P(kg/ha)

320

Fig. 3. Yield from phosphorus-rich, ancient home site (-) always exceed yields from the best
fertilizer treatment of adjacent low phosphorus sites.

Conclusion
Much of the underutilized, potentially arable lands of the moist tropics
and subtropics are occupied by impoverished soils with variable charge
mineralogies. Many of these soils can be rejuvenated by manipulation of
specific surface and surface charge density. The specific surface of coarsetextured soils may be increased by incorporating high-nitrogen green manures
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and mulching the surface with low-nitrogen straw and stalks. Minimum tillage
will serve to minimize chemical, biological and physical erosion of organic
matter. Organic matter is still the most readily available and least expensive
amendment to increase specific surface and surface charge of coarse-textured
soils.
For soils with high specific surface and low surface charge density,
increasing soil pH by liming or lowering the zero point of charge may be
followed by amending the soil with organic matter or soluble silicates.
Phosphate fertilizers will unavoidably do the same. If the technology to
increase the capacity of a soil to store nutrients is generally well known, the
means to apply this technology in a manner that is economically feasible is
not. It is highly unlikely that a subsistence farmer will be able to significantly
raise the productivity of an impoverished soil without government
assistance. The assistance should be designed so that the needs of the soils is
matched by appropriate corrective measures. While seeds, fertilizers, and
pesticides can help a farmer on the short run, the farmer also needs to
implement practices that will cause deep-seated, long-lasting, beneficial
changes to occur in his land.
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Soil Mineralogical Studies
By Remote Sensing
MARION F. BAUMGARDNER AND ERIC R. STONER*

Abstract
THE increasing pressures on global land resources call for a reexamination of traditional soil inventory and management methods. Of
the 13 billion hectares of land on planet earth, soil surveys with
sufficient detail for rational soil management decisions are available for only
a small fraction. Further, the lack of quantitative information about
relationships among soil mineralogical, chemical, physical and biological
properties, potential productivity and susceptibility to degradation under
different environmental conditions severely limit the ability of decisionmakers to rationalize their soil management and conservation practices.
During recent years many new advances have been made in aerospace
remote sensing technology. The capability to observe the earth's surface
repetitively from space adds a new dimension to the study of soils and land
resources. Masses of data not previously available about land, mineral,
vegetation and water resources are currently acquired routinely by earth
orbiting satellities. A broad array of laboratory, field and air- and spaceborne sensors now provide quantitative spectral, spatial and temporal data
about earth surface features.
Emphasis in this paper is placed on soil research to explain differences
among soils as measured by reflectance in the visible and infra-red regions of
the electromagnetic spectrum. Special attention is given to the variations in
surface soil reflectance as it is affected by mineralogy, iron oxides, organic
matter, internal drainage, and severity of erosion.
Since the mineralogy of soils is so important in defining the potential
productivity and susceptibility to degradation of arable lands, the paper
suggests that soil mineralogists might find remote sensing technology a
useful tool to improve our knowledge of the mineralogical characteristics of
soils.
The future benefits to be derived from improved earth observation
systems will be largely dependent upon the results of research to define
quantitative relationships between the radiation characteristics and other
physical, chemical, and biological properties of earth surface features. Soil
scientists have a significant role to play in this research.

IT is my pleasant task to review for this assembly the state-of-the-science in
using remote sensing techniques in the study of soil mineralogy. In the

* Laboratory for Applications of Remote Sensing, Purdue University. W. Lafayette, Indiana
47907; USA; and Earth Resources Laboratory, National Aeronautics and Space Administration,
NSTL Station, Mississippi 39529, USA
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context of the general theme of this panel discussion, 'Whither Soil Research
- Present and Future?', my assignment is a challenging and exciting one. The
objective of this paper is threefold: (a) to describe recent developments in data
acquisition and analysis technology, now commonly referred to as ' remote
sensing'; (b) to review some research results and applications of this
technology to the study of soil mineralogy and related areas; (c) to consider
future technological trends as they may contribute to the delivery of more
accurate, useful, timely soils resource information to decision-makers in the
production and distribution of food and fibre.

Remote Sensing in Perspective
Observers of the landscape have been using remote sensing techniques
for decades, if not centuries. Soil scientists in particular have used
photographic methods for half a century to observe and record variations in
soils. But it has been only recently -that a broad array of data acquisition,
storage and analysis technology has provided a rather new approach to the
study of soils.
In 1947 Frederick Hoyle, noted British physicist, stated prophetically:
'Once a photograph of the earth, taken from the outside is available —
once the sheer isolation of the earth becomes plain, a new idea as powerful as
any in history will be let loose.'
Dr. Robert Frosch (1977), former administrator of the National
Aeronautics and Space Administration (NASA), made this observation:
We are the first generation to see the earth as a whole.
For centuries man has observed and tried to represent by
drawings tiny areas of the earth surface. He would piece
these drawings together in an attempt to show what the earth
would look like if he could see it as a whole. A few decades
ago he made a dramatic advance by inventing the camera,
then later placing the camera on an airplane. By these
developments man extended his powers of observing the
surface of the earth. He could see much larger areas and less
piecing together was necessary. But this is the first generation
to see data that went the other way.
Today man can begin with a broad synoptic view of the
earth through images derived from earth observation
satellites. Great detail may then be extracted from these same
data. So, in a sense, we have turned the whole enterprise
around. Instead of starting with the details and trying to
construct the big picture, we now have the capability to go
the other way — to look at the big picture and then figure
out how to extract the details that explain it.
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All participants in this Congress were on hand at the birth of the 'new
idea as powerful as any in history' described by Hoyle. We are part of that
first generation suggested by Frosch to see the earth as a whole. Although it is
difficult, if not impossible, to foresee the long-range implications of these new
concepts, there is little doubt that significant changes lie ahead in our
capabilities to acquire, store and analyse data and to extract and deliver
improved information related to land, water, vegetation, and mineral
resources.
For soil scientists this new technology is very timely because the everexpanding global population places increasing demands on and causes
accelerating degradation of the land resources of the world. To date we have
had very limited capabilities of monitoring quantitatively changes in the
quantity and quality of arable land for a given country or on a global basis.
Human use and misuse of land resources have become a major factor which
must be included in any model to estimate the current and future carrying
capacity of the world.
Many thoughtful persons have suggested that the 1970s were a turning
point in history with respect to the human capacity to improve and sustain the
capability of the global land resources to feed the human population (Toffler
1980; Drandt et al. 1980; Laszlo et al. 1977). Many events and trends of the
1970s corroborate this suggestion:
During the mid-srventies the world population reached 4 billion.
Global awareness of environmental degradation expanded
dramatically and was expressed in many ways, including the establishing
of the United Nations Environment Programme (UNEP).
The era of inexpensive energy came to an abrupt end.
The Club of Rome published an astonishing series of reports related
to human use and misuse of earth resources and to the search for the
changes required for human survival in a quality environment.
The 'decade gave birth to the era of orbiting earth observation
satellites.
"Futurism" was born with an accelerating interest by individuals,
organizations, and governments in predicting from past and present
trends what the human condition will be in the years 2000, 2030 and 2050.
These are but a few of the indicators of change during the past decade,
but each of these indicators has implications for every scientist who is
concerned with the understanding of soils and the role of soils and the soil
scientist in human survival.
The results of every study on the changing status of earth resources and
the carrying capacity of the world were derived from mathematical models in
which many assumptions were made. When the desired quantitative data are
not available, assumptions must be made. The unavailability of resource data
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has resulted in the use of many questionable assumptions. During recent
decades significant progress has been achieved in resource information
technology which may provide quantitative resource data where assumptions
were used previously. The current trend in information technology holds great
promise for providing a steady and continuing improvement in the acquisition
of quantitative information about soil resources and the changing status of
these resources.

Recent Developments in Remote Sensing Technology
For the purposes of this paper a broad definition of 'remote sensing' is
used. Remote sensing is the observation and/or measurement of a scene or
target without physical contact of the target by the observer. The distance
between the two may be a fraction of a metre or thousands of kilometres.
Three areas of intense technological development during the past three
decades have provided significant improvement in our capability to deliver
accurate, useful, timely resource information to decision-makers.
Data Acquisition
Major advances have been made since 1960 in instruments, remote
sensing devices, equipment and sampling strategies for observing,
characterizing and monitoring a scene or target. New data acquisition
methods in the laboratory, in the field and from air and space platforms
provide new views of the universe, never available before, from the sub-atomic
structure to the rings of Saturn to a synoptic view of 25,000 km of the
landscape surrounding New Delhi or any other area of the earth.
For the purposes of this paper, attention will be limited to remote sensing
devices which record variations in the visible and infra-red regions of the
electromagnetic spectrum. Although major attention during the past decade
has been given to the aerospace segment in remote sensing, laboratory and
field instruments are being accorded increasing importance in remote sensing
research. The significance of this research has been repeatedly demonstrated as
essential for the analysis and interpretation of much air- and space-acquired
data.
The launch of Landsat-1 by the National Aeronautics and Space
Administration (NASA) in July 1972 ushered in a new era in earth
observations. Landsat-2 and -3 followed in January 1975 and March 1978,
respectively. Landsat-D, which will become Landsat-4 after a successful
launch, is scheduled to be placed in polar orbit during the fourth quarter of
1982. Landsat-1., -2 and -3 are in near polar, sun-synchronous orbit at an
altitude of approximately 920 kilometres. The orbital and sensor designs are
such that each satellite has the capability of observing the entire surface of the
earth every 18 days. Each image obtained by the Landsat sensor covers an
area of 185 X 185 km (34,000 km2). After 5 years of successful data
acquisition, Landsat-1 was retired from service in January 1978. Deterioration
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in performance of Landsat-2 sensors in late 1979 led to a shutdown of its data
acquisition system after almost 4 years of service.
Each Landsat is equipped with some combination of the following
sensors: return beam vidicon cameras (RBV), multispectral scanner (MSS),
and thematic mapper (TM). Basic specifications of the sensors are
summarized in Table 1.
Table 1. Specifications of the return beam vidicon (RBV), multispectral
scanners (MSS) and thematic mapper (TM) on Landsat-1, -2, -3,
and -D
Landsat

Sensor

Spectral
bands (/xm)

1, 2

RBV

1, 2, 3, D

MSS

0.5- 0.6
0.6- 0.7
0.7- 0.8
0.8- 1.1
10.4-12.6

visible green
visible red
near-infra-red
near-infra-red
thermal infra-red

80
80
80
80
240

TM

0.45- 0.52
0.52- 0.60
0.63- 0.69
0.76- 0.90
1.55- 1.75
2.08- 2.35
10.40-12.50

visible blue
visible green
visible red
near-infra-red
middle infra-red
middle infra-red
thermal infra-red

30
30
30
30
30
30
120

0.475-0.575
0.580-0.680
0.690-0.830
0.505-0.750

Description

Spatial
Resolution (m)

visible blue, green
visible orange, red
near-infra-red

80
SO
80
30

Soil Physics. Mss. 631 to 638.

Landsat-D will have a nominal orbital altitude of 705 km and will
maintain a 16-day cycle of repetitive coverage. The two on-board sensors
(MSS and TM) will provide ground coverage of about 185 X 170 km per
scene.
Data from Landsat sensors are transmitted to receiving stations in digital
form. Receiving stations in operation include the following (U.S. Geological
Survey 1980):
USA (3 stations)
Greenbelt, Maryland
Goldstone, California
Fairbanks, Alaska
Canada (2 stations)
Prince Albert, Saskatchewan
Shoe Cover

Argentina—
Australia —
Brazil
—
India
—
Italy
—
Japan
—

Mar Chiquita
Alice Springs
Cuiaba
Hyderabad
Fucino
Ohasi
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Receiving stations are under construction in Chile, China and Thailand.
The common reception radius of ground receiving stations is 2780 km.
The products available from receiving stations include black and white
single-band images, false colour (multiband) images and digital data on
computer compatible tape (CCT). These images can be analysed and
interpreted by visual methods, or the digital data can be analysed by
oomputer-implemented pattern-recognition techniques.
Concurrent to the development of aerospace sensors has been the design
and development of many laboratory and field spectroradiometers for
research and ground control data acquisition in support of the earth
observation programme.
Data Analysis
Traditionally, the ability of the observer to acquire data has exceeded by
far his/her ability to analyse and interpret data. The computer revolution of
the past 30 years has provided a giant leap forward in the human capability to
cope with the masses of data accumulated.
In this presentation, emphasis will be given to the application of patternrecognition techniques by digital analysis of multispectral data. The principle
of computer-implemented pattern-recognition techniques may be illustrated
by examination of the spectral properties of different features in the
landscape. Typical spectral curves have been plotted for green vegetation, bare
soil and water (Fig. 1). The horizontal axis represents wavelength in the
visible (0.38 to 0.72 /xm) and reflective infrared (0.72 to 2.50 yum) portions of
the electromagnetic spectrum. The vertical axis represents the intensity of
reflected energy as measured by a spectroradiometer. An examination of these
curves reveals that there are certain wavelengths that are much better than
others in separating green vegetation, soil and water.
The same data used for plotting these spectral curves may be plotted in
70
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Fig. I. Spectral curves of green vegetation, bare soil and water.
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another fashion. For example, the reflectance values for each landscape
feature (vegetation, soil, water) at three different wavelengths, represented by
Xi, A2, and A.3, may be plotted in three-dimensional space (Fig. 2).
In the analysis of multispectral data by pattern-recognition techniques,
one of two general approaches is usually followed. One approach is termed
'clustering' or 'non-supervised' classification. With this approach an algorithm
is used which directs the computer to examine the spectral data for the area of
interest and to assign each picture element (pixel) to a cluster of pixels having
similar spectral characteristics. The number of cluster classes to be spectrally
separated is generally set arbitrarily by the analyst and may or may not be
determined by the analyst's prior knowledge of the area being analysed.
The other general approach is termed 'supervised' classification. In this
case the analyst provides the computer with a spectral definition of the classes
to be spectrally identified and mapped. This spectral definition is provided in
the form of a set of training samples of known identity from specific addresses
within the multispectral data. The quality of the supervised classification
.results is dependent upon the spectral separability of the desired classes with
existing spectral data and upon the quality of the training sets, i.e., the degree
to which the training samples selected by the analyst are representative of the
features to be classified by spectral analysis.
The identification and delineation of green vegetation, bare soil and water
by spectral analysis is quite simple and can be accomplished with a high level
of accuracy with little or no knowledge of the ground scene by the analyst.
However, the classification problem by spectral analysis becomes much more
difficult when the objective is to classify the ground scene into many different
subcategories of green vegetation, soil and water. Subcategories of interest
might include many crop species, differences in plant vigour and biomass
production, soils with varying contents of organic matter or different internal
drainage characteristics and water containing varying amounts of suspended

:

£ g -.vegetation
'1
1

1
1

. . .

'.jab-'-soil

water-.'i.

Fig. 2. Three earth surface features (vegetation, soil, water) plotted spectrally in three-dimensional
space.
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matter. Complexity of classification at this level requires special interpretive
skills by the analyst. Such skills can best be obtained through broad
experience in spectral and intimate knowledge of the area being classified.
Although human experience is limited to three-dimensional perception,
the computer has no such constraints; it can operate in n-dimensional space.
Thus, with appropriate algorithms the computer can examine the quantitative
reflectance values for each of the four wavelength bands of a Landsat scanner
and classify or assign each data point or picture element (pixel) to a specific
spectral category. Many different algorithms have been developed for the
computer-rimplemented analysis of multispectral data.
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Information Dissemination
The technology of communication is another of man's activities which has
undergone revolutionary changes during the past two decades. It is now
possible to transmit instantaneously voices, images and masses of quantitative
data from any point to any other location on the surface of the earth. This
capability adds a new dimension to the delivery of useful, timely information
to decision-makers and policy-makers.
New domestic and global communication systems have important
implications for the future development and management of earth resources.
This technology plays an essential role in several segments along the path of
information flow from the moment of data acquisition by aerospace sensors to
the delivery of useful information to the user.
Landsat-3 transmits through its communication channels a modest 1
million data points (quantitative reflectance measurements) per second to
ground receiving stations. There will be a 10-fold increase in the amount of
data transmitted from the sensors of Landsat-D. Communications technology
will play an increasingly vital role in the development and management of
both renewable and non-renewable resources. These developments have
profound implications for the future design and use of soil information
systems.
i

Applications of Remote Sensing to Soils Studies
Early Work
Remote sensing as black-and-white panchromatic photography has been
a standard soil study and mapping tool since its introduction in 1929 in the
state of Indiana, USA (Bushnell 1951). Photographs increased both the speed
and accuracy of soil scientists because of the wealth of ground detail shown,
the accessibility to areas of rugged terrain, and the three-dimensional view of
the soil in the landscape. Soil boundary delineation was possible largely from
tonal characteristics with the understanding that the same land area could
vary in appearance from one date to another (Bushnell 1951).
Since those early days of aerial photographic usage in soil survey, many
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improvements have occurred in camera systems and film/filter combinations.
High-altitude photography has been used extensively in the preparation of
medium- to small-scale soil maps (Rust et al. 1976). Colour aerial films, blackand-white and colour infra-red emulsions, and multi-lens camera systems
further expanded the possibilities for aerial photographic surveys (Carroll
1973a). Still, photo-interpretation techniques were not conducive •':.-. to.
maximum extraction of tone information from aerial imagery, leading some
to suggest the use of instruments to perform this task (Cihlar and Protz 1972).
Optical-mechanical scanner systems capable of detecting visible, reflective
and infra-red radiation came into civilian use in the 1960s along with
computer pattern-recognition techniques for sorting and classifying quantified
multispectral data (Carroll 1973b; Weismiller and Kaminsky 1978).
Preliminary studies of soil mapping using airborne multispectral scanner data
indicated that soil surface conditions could be mapped with reasonable
accuracy by computer techniques (Kristof 1971). Areas with special drainage,
runoff, or erosion problems could be mapped in detail. Similar airborne
multispectral scanner data were used to produce maps showing the locations
of soils having five levels of organic matter content (Baumgardner et al. 1970).
Further studies indicated that clay content in surface soils could be delineated
from statistical modelling of multispectral scanner data, although it was felt
that the relationship between clay content and relative reflectance might be
secondary as a result of the high correlation between organic matter and clay
content (Al-Abbas et al. 1972).
Surface reflectance properties of non-vegetated fields as determined from
airborne multispectral scanner data were sufficient to characterize soil of
limestone, shale, sandstone, and local colluvial parent materials (Mathews
et al. 1973a). Delineation of soil patterns from cultivated land showed that
although soil patterns became less distinct as maize canopy increased, they
remained discernible even with a ground cover of 85% (Kristof and
Baumgardner 1975).
The availability of visible and near-infra-red multispectral scanner data
from 0.45 ha resolution elements within a 34,000 km2 image frame presented
new possibilities and challenges in soil mapping in the 1970s.
Certain unique characteristics of Landsat imagery were recognized as
advantageous in low-intensity soil surveys for delineation of soil association
boundaries (Westin and Frazee 1976). Among these were the synoptic view of
almost 3.4 million ha on which the condition of soils and stage of vegetative
growth were recorded at the same moment; the near-orthographic character of
the scenes; and the temporal aspect, allowing study of multispectral changes in
the soil/vegetation complex with time. Landsat scene mosaics at the scale of
1 : 1,000,000 were found useful as-base maps for publishing thematic soil
maps. Lewis et al. (1975) concluded that soil associations within the Sand
Hills of Nebraska, USA, can be interpreted on the basis of image patterns
resulting from differences in vegetation and related drainage conditions, as
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well as from topography enhanced by low-elevation solar illumination of
snow-covered terrain.
Computer-aided analysis of Landsat multispectral scanner data was used
to produce a spectral map based on drainage characteristics at a scale of
1 : 20,000 (Kirschner et al. 1978). These quantitative data generated by digital
analysis could be used to determine if inclusions exist within a map unit, and
could serve as a kind of quality control by providing the soil scientist with
some prior knowledge of the soils. A procedure of partitioning the area into
different parent material areas based on photo-interpretation of Landsat false
colour imagery together with computer-aided spectral classification within
parent material groupings led to the preparation of 1 : 15,840 scale spectral
map sheets of Jasper County, Indiana, intended for use in the soil survey of
this county (Weismiller et al. 1979). Again, spectral classes displayed were
most closely correlated with soil drainage classes.
Spectral Characterization of Soils
In all the early soil studies with multispectral scanner data, whether from
air- or space-borne platforms, researchers faced the dilemma of not being able
to understand or explain, the causes of many of the variations in reflectance
from surface soils. Digital analysis of spectral data from these new sensors
could classify a landscape scene into many spectrally separable categories on
the basis of very subtle differences in one or more of the spectral bands. One
of the major problems for the soil scientist then in using this technology
became that of defining quantitatively the spectral characteristics of soils
under a wide range of environmental conditions. Now instruments are
generally available to conduct research to explain reflectance variations of
soils (Stoner et al. 1980b).
Visible soil reflectance, or colour, is an essential part of the definition of
certain diagnostic horizons in modern comprehensive soil classification
(USDA Soil Survey Staff 1975). Unlike other differentiating characteristics
such as particle size distribution or base saturation, which are verifiable by
established laboratory procedures, soil reflectance is determined by visual
comparison with standard colour charts. A more quantitative approach to the
spectral characterization of soils might lead to improvements in soil
information systems and in prediction models related to soil management and
productivity.
Soil reflectance is a cumulative property which derives from inherent
spectral behaviour of the heterogeneous combination of mineral, organic and
fluid matter that comprises mineral soils. Numerous studies have described the
relative contributions of soil parameters such as organic matter, soil moisture,
particle size distribution, soil structure, iron oxide content, soil mineralogy and
parent material to reflectance of naturally occurring soils (Angstrom 1925;
Baumgardner et al. 1970; Bowers and Hanks 1965; Bowers and Smith 1972;
da Costa 1979; Hoffer and Johannsen 1969; Karmanov 1970; Lindberg and
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Snyder 1972; Mathews et al. 1973b; Montgomery 1976; Myers and Allen
1968; Obukhov and Orlov 1964; Peterson et al. 1979; Planet 1970; Schreier
1977; Shields et al. 1968; Stoner 1979).
Extensive literature exists describing the characteristic variations in visible
and near-infra-red reflectance of minerals and rocks (Hunt and Ross 1967;
Hunt and Salisbury 1970, 1971, 1976a, b; Hunt et al. 1971a, b, 1973a, b,c, 1974).
Hunt's studies reveal the intrinsic spectral features that appear in the form of
bands and slopes in the bidirectional reflectance spectra of minerals as caused
by a variety of electronic and vibrational processes. Reflectance measurements
of 160 soil samples from 36 states of the United States are the basis for an
investigation by Condit (1970, 1972) that classifies all soil spectra into three
general types with respect to their curve shape. However, Condit does not
discuss these three general soil spectral curve types in relation to soil
characteristics or soil classification. Cipra et al. (1971) conducted field
spectroradiometnc studies and described the properties and classification of
seven soil series in terms of Condit's spectral curve types.
Stoner's (1979) examination of soil spectra (0.52-2.38 jum) from 485 soil
samples representing 30 sub-orders of the 10 orders of Soil Taxonomy
revealed the existence of five distinct soil reflectance curve forms. These
curves, derived from spectral data obtained by an Exotech Model 20C
spectroradiometer, are differentiated by slope characteristics and the presence
or absence of absorption bands. The differentiating elements relate mainly to
the organic matter and iron oxide differences of these soils (Stoner and
Baumgardner 1981). A description of the bidirectional reflectance factor and
its applications to characterizing soil reflectance have been given by DeWitt
and Robinson (1974).
Reflectance spectra representative of the five curve forms are illustrated
for five mineral soil samples (Fig. 3). Characteristics of these specific surface
soils are detailed for comparison of reflectance-related soil properties (Table
2). The first three curve forms are identical to those described by Condit
(1970, 1972) as Types 1, 2, and 3, but here are renamed to express the
distinguishing soil characteristics. The organic dominated form (Condit Type
1) exhibits a low overall reflectance with a gradually increasing slope from 0.5
to 1.3 ^m, which imparts a characteristic concave curve shape. Strong water
absorption bands are present at 1.45 and 1.95 fim in this and most other curve
forms. The broadness of these bands indicates the presence of water molecules
in relatively unordered sites, probably as water films on soil particle surfaces
(Angstrom 1925; Hunt and Salisbury 1970).
The minimally altered form (Condit Type 2) is characterized by overall
high reflectance and gradually decreasing slope from 0.5 to 1.3 /itm, giving this
curve a characteristic convex shape. In addition to the strong water
absorption bands at 1.45 and 1.95 /um, weak water absorption bands may be
present at 1.2 and 1.77 jtm. These weak absorption bands correspond to the
absorption bands observed in transmission spectra of relatively thick water

Table "2. Characteristics of surface samples of five mineral soils (Hg. i, curves a-3).

•u

o
.

•

•

'
•

Soil series
Horizon sampled
Soil subgroup
Sample location
Climatic zone
Parent material
Drainage class
Textural class
Moist soil
Munsell colour
.
Contents of:
Organic maUer
Iron oxide
Moisture at .1 bar tension

Reflectance curve forrr i
organic
minimally
dominated (a)
altered (b)
Drummer
Ap
Typic Haplaquoll
Champaign Co.
IL, USA
humid mesic
loess over
glacial drift
poo.rly drained
silty clay löam
10YR2/1
black
5.61%
0.76%
41.1 %

Jal
All
Typic Calciorthid
Lea Co. NM, USA

—
- iron
affected (c)

"7?
•

-

organic
affected (d)

iron..
dominated (e)

X

Onaway
Ap
Alfic Haplorthod
Delta Co. MI, USA

(not given)
Allp
Typic Haplorthox
Londrina,
Parana, Brazil
humid hyperthermic
basalt

X

semiarid thermic
fine textured alluvium or lacustrine
well drained
loamy fine sand
10YR 5/3
brown

Talbot
Ap
Typic Hapludalf
Rutherford Co.
t N , USA
humid thermic
clayey limestone residuum
well drained
silty. clay loam
7.5YR4/6
strong brown

well drained
fine sandy loam
7.5YR3/2
dark brown

0.59%
0.03%
17.0 %

1.84%
3.68%
28.2 %

3.3% Li, 0.81%
27.3 %

humid frigid
glacial drift
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excessively drained
clay
-.
* 2.5YR 3/6
dark red

-

m
H
c/i
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m
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Source: Stoner and Baumgardner (1981).

—*

2.28%
25.6%
33.1 %

•

SOIL MINEROLOGY BY REMOTE SENSING

o

i

n'

.4

'—'—•

i

.6

.8

i

i—'—'

i

1.0

1.2

1.4

i

5

i

i

1.6

i

i

1.8

i

i

2.0

'

'

2.2

'

431

'

2.4 .

Wavelength (^m)

Fig. 3. Representative reflectance spectra of surface samples of five mineral soils (Table 2):
a. organic-dominated (high organic content, moderately fine texture)
b. minimally altered (low organic, medium iron content)
c. iron-affected (low organic, medium iron content)
d. organic-affected (high organic content, moderately coarse texture)
e. iron-dominated (high iron content, fine texture)
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films of the type that may be expected to fill the voids between fine sand grains
(Lindberg and Snyder 1972).
br.s
The Type 3 curve form of Condit is identified here as the iron-affected
form, being distinguished by a slight ferric iron absorption band at 0.7 /um
together with the stronger 0.9 //m iron absorption band (Hunt and Salisbury
1971b). The 2.2 /im hydroxyl absorption band can be seen in this specific
sample, but does not exhibit a consistent relationship with any particular
curve form or soil property.
A fourth curve type, labelled the organic-affected form, typically has a
higher overall reflectance than the organic-dominated form. It exhibits a
gradually increasing slope from 0.5 to 0.75 jum and decreasing in steepness
from 0.75 to 1.3 (im, giving a concave/convex appearance.
The fifth curve type, the iron-dominated form, is unique in that
reflectance actually decreases with increasing wavelength beyond 0.75 nm. In
some soils, such as the one shown here, absorption in the middle infra-red
wavelengths is so strong that the 1.45 and 1.95 nm water absorption bands are
almost obliterated.
Mineral soils with the organic-dominated curve form have high organic
matter contents (greater than 2%), well dispersed as coating on the fine to
moderately fine soil grains. The organic-dominated curve form is often
associated with montmorillonitic clay mineralogy, while soils with the irondominated curve form have been seen to exhibit kaolinitic mineralogy.
Inherent spectral properties of clay minerals are not responsible for the
character of soil reflectance curves (Lindberg and Snyder 1972), but
mineralogy is inter-related with organic matter content, iron oxide content,
and texture which directly affect soil reflectance.
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Soils with the minimally altered curve form are characterized by low
organic matter content, low iron oxide content, and good drainage. Texture
as well as parent material and mineralogy are seen to vary for these soils.
Medium iron oxide contents (1-4%) distinguish soils with the iron affected
curve form from those with the minimally altered form. Soils with the irondominated curve form have high iron oxide contents (greater than 4%) which
appear capable of masking out even the effects of high organic matter
contents. These high iron soils are often fine-textured and are derived from
basic rocks.
Mineral soils with the organic-affected curve form differ from those with
the organic-dominated form principally because of coarser soil textures.
Lower moisture contents and the presence of sand and silt grains uncoated by
organic matter would explain the higher reflectance of the organic-affected
curve form.
Soil spectral reflectance curve forms were identified for all 485 surface soil
samples and were tabulated according to soil sub-order. All Vertisol soil
samples and a majority of Mollisol soil samples exhibited the organicdominated curve form. Aquic moisture regime soils of the Alfisol, Entisol,
Inceptisol, Mollisol, Spodosol and Ultisol orders show a predominance of
organic-dominated and organic-affected curve forms. A majority of Aridisols
and non-aquic Entisols have a minimally altered curve form. Among Alfisols
and Ultisols with a humid moisture regime, a majority exhibit the ironaffected curve form. Although the iron-dominated curve form is typical of
Oxisol soil samples, two Boralfs and two Udalfs also revealed this curve form.
The differentiating characteristics used to describe the five soil spectral
reflectance curve forms are similar in nature to those used to define the
genetically homogeneous subdivisions at the sub-order level of Soil
Taxonomy (Buol et al. 1973). These subdivisions are based on the presence or
absence of properties associated with wetness, soil moisture regimes, parent
material and vegetational effects, including organic fibre decomposition stage,
in Histosols. Although the soil samples in this study represent only the soil
surface as it might be viewed by remote sensors, the characteristic variations
in the reflectance of these soils can be interpreted in terms of soil properties
diagnostic for the higher categories in Soil Taxonomy.
The spectral curves for five specific soils have been presented to illustrate
the great differences in curve forms. Several environmental effects on soil
reflectance will now be considered.
Comparison with Munsell Designations
Soils with the same Munsell colour designation do not necessarily have
the same reflectance characteristics. It can be said that a given visible
wavelength reflectance curve produces one and only one visual sensation of
colour, whereas for any colour there exist many spectral distributions which
can generate that colour. Of course, soils with similar colours may differ
greatly in their infra-red reflectance characteristics.
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Three soils that have the same dark red Munsell colour designation of
2.5 YR 3/6 are quite different in their infra-red reflectance characteristics
(Fig. 4). The Dill soil from Oklahoma is a loamy fine sand with 0.6% organic
matter and 0.8% iron oxide. The Arroyo soil from Spain is a clay with 1.28%
organic matter and 2.0% iron oxide. The soil from Londrina, Parana State,
Brazil, is a highly aggregated clay with 2.28% organic matter and 25.6% iron
oxide. All three soil reflectance curves show varying degrees of evidence of
ferric iron absorption at 0.7 and 0.9 j*m. Visible reflectance is very similar for
the Dill and Arroyo soils while the Londrina soil has a generally lower
reflectance in the visible than the other two.
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Fig. 4. Reflectance curves for three dark red soils having moist Munsell colour notations 2.5YR^/6
(Stoner 1979):
Soil
Curve
% Organic matter % FeiOi
Dill (Oklahoma, USA)
0.6
0.87
Arroyo (Spain)
1.28
2.00
Londrina (Brazil)
2.28
25.6

Both visible and infra-red reflectance can be markedly different for soils
with the same Munsell colour designation. Two yellowish brown soils with the
Munsell colour designation of 7.5YR 5/6 serve as examples (Fig. 5). Talbott
silt loam from Tennessee has 2.5% organic matter and 3.3% iron oxide. The
clayey Oxisol from the moist cocoa region of Southern Bahia State, Brazil,
contains only 0.3% organic matter but has 21.6% iron oxide. X-ray
diffractograms of the clay fraction of this soil from Bahia indicate the
presence of gibbsite as well as kaolinite and goethite (Resende 1976). The
broad absorption band centred on 1.0 pm in the Bahia soil corresponds to the
band described as a hydroxyl absorption band of gibbsite by Hunt et al.
(1971b). This same soil shows an extremely strong ferric iron absorption band
at 0.7 urn. Talbott exhibits the ferric iron absorption bands at 0.7 and 0.9 ^m
to a much lesser extent. Absorption characteristics related to the mineralogy
of these two soils can only be determined from visible and infra-red
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Fig. 5. Reflectance curves for two yellowish brown soils having moist Munsell colour notations
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Bahia (Brazil)
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reflectance properties. Munsell colour evaluation gives the erroneous notion
that the reflectance properties of these two soils are similar.
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Iron Oxides
The type and relative amount ol constituent iron oxides axe known to
influence the colours of red and yellow soils high in sesquioxide clays (Bigham
et al. 1978). Predominantly yellow soils high in goethite were found to absorb
more phosphate per unit weight than did otherwise similar red soils high in
haematite. Soil spectral reflectances may be meaningful criteria for both
taxonomie and management separations in highly weathered soils.
Obukhov and Orlov (1964) reported that soils with an elevated content of
iron could be easily distinguished by the inflection characteristic for pure
Fe2Ü3. They found the intensity of the reflection in the region from 0.5 to 0.64
fxm inversely proportional to the iron content. Karmanov (1970) noted that
the reflection intensity of iron hydroxides containing little water and having a
dark brown-red colour increased most strongly,in the wave interval from
0.554 to 0.596 Mm while that of hydrous iron oxides increased most strongly
in the wave range from 0.50 to 0.54 /an. Neither of these studies investigated
iron oxide reflectance beyond the visible wavelengths.
Most of the weiWesólved electronic features of iron oxides in minerals
and rocks can be attributed to transitions in the iron catioris (Hunt et al.
1971b). Typically, the ferrous ion produces the band near 1.0 jum due to the
spin allowed transition between the Eg and T2g quintet levels into which the D
ground state splits in an Octahedral crystal field. For the ferric ion, the major
bands produced in the spectrum are a result of transition from the GAig
ground state to 4Tig at about 0.87 /im; and to 4T2g at 0.7nm. Whereas only 1%
by weight of finely powdered haematite was found to alter a clayey, yellow
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Oxisol from 10YR to 5YR in colour (Resende 1976), as little as 0.0005% of
iron by weight was capable of producing a perceptible iron band at 0.87 /urn in
a highly transparent calcite mineral (Hunt and Salisbury 1971a). In addition
to the ferrous iron band at 1.0 pot, another absorption band near 1.0 nm has
been identified in a sample of gibbsite as a second overtone and combination
of stretching modes of the hydroxyl radical (Hunt et al. 1971b).
Montgomery (1976) found the free iron oxide content of soil to be
significant in both visible and infra-red regions of the spectrum, but observed
that the significance of iron increased with increasing wavelength. The
presence of organic matter did not diminish the contribution of iron to soil
reflectance. Per cent iron in iron-organic complexes, along with per cent carbon
and exchangeable Mg and K were most significantly correlated with spectral
measurements in a study by Schreier (1977). The narrowness of infra-red iron
absorption bands is incompatible with the broad infra-red wavelength bands
of the present Landsat satellites, and may render quantitative comparisons of
reflectance with iron oxide levels in soils impractical.
Mineralogy
Mineral soils grouped according to mineralogy classes of the U.S. soil
taxonomy have in common similar sets of soil-forming processes which favour
the formation of certain minerals as weathering products of the parent
material. Soil mineralogy can be thought to reflect the overall environment
and initial conditions under which soil-forming processes proceed over the
time of soil formation.
Stoner and Baumgardner (1980) averaged soil spectra for soils belonging
to four mineralogy classes (Fig. 6). Soils with gypsic mineralogy reflect more
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Fig. 6. Averaged reflectance spectra for soils having specified mineralogies:
mtic

Kaolinitic
Micaceous
Gypsic
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at all wavelengths than any other class, whereas montmorillonitic soils reflect
the least from the visible to 1.0 /an. Micaceous mineralogy soils display a very
flat reflectance curve beyond 0.8 pm and reflect the least of all classes in the
middle infra-red. The lower visible reflectance of montmorillonitic soils may
be associated with higher organic matter contents in these soils, while the
higher reflecting gypsic mineralogy soils may derive their reflectance
properties directly from the highly reflecting gypsum (Hunt et al. 1971c).
Kaolinitic mineralogy soils have a broad ferric iron absorption band at 0.9
Hia, indicative of higher free iron contents associated with these soils.
Soil clays occur in intimate combination with other soil constituents.
Mixed clay mineralogies are more common than clay mineralogies
predominated by single clay types. Montgomery (1976) analysing separately a
group of montmorillonitic mineralogy soils and noted little difference between
statistical correlations of reflectance and soil properties for this group and for
soils as a whole. The contribution of the mineralogy of size fractions other
than clay to soil reflectance has not been reported but is probably important.
Drainage
All soil series have a specific internal drainage which is indicative of the
local landscape position and broader climatic conditions under which they
formed. Even for soils in which the marks of seasonal soil saturation may by
definition extend upward no higher than to horizons untouched by tillage
equipment, the soil-forming processes involved exert their influence on the
whole soil profile and often are evident in the surface soil.
Stoner grouped soils by spectra by internal drainage class (Fig. 7). The
curves for well-drained and moderately well-drained soils were so similar they
were combined. Very poorly drained soils reflect considerably less than any of
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Fig. 7. Averaged reflectance spectra for soils having specified conditions of internal drainage:
well and moderately well drained
somewhat poorly drained
poorly drained
very poorly drained
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the other drainage classes at all wavelengths. Whereas the well-drained and
moderately well-drained soils show evidence of ferric iron absorption at 0.9
j^m, all three poorly drained soil classes lack the ferric iron absorption band.
As a site characteristic integrating the effects of climate, local relief, and
accumulated organic matter, soil drainage characteristics can be expected to be
closely associated with reflectance properties of surface soils.
Erosion Assessment
Preliminary results from studies of soil spectra from several test sites in
the mesic humid region in the state of Indiana indicate that analysis of surface
soil spectra may be useful in assessing erosion losses. Latz (1981) examined
the changes in surface reflectance related to the severity of erosion as revealed
by spectral characteristics of surface soil samples obtained in four areas along
several eroded toposequences (Fig. 8). An example of one of these studies is
none
to

toeslope

footslope

backslope shoulder

summit

Fig. 8. Toposequence with varying degrees of erosion (Latz 1981).

the set of spectral curves for the Sidell (Mesic Typic Arguidoll) toposequence
(Fig. 9).
Curves for this toposequence are easily separated spectrally. There is
decreasing reflectance with decreasing severity of erosion. The least reflectance
is for the depositional soils at the toeslope. For other toposequences the
relationship between reflectance and severity of erosion was not so
straightforward and predictable.
Soil-Related Applications
Data acquired from earth observation systems are being used to inventory
and monitor changes in crops, range lands and forest resources. In each of
these applications the soil background is an important component of the scene
being observed. In too many cases in the analysis and interpretation of data in
these applications, soil has been treated as a constant. Much research is
needed to quantify the effects of the variation in the radiation characteristics
of soils on the spectral variation of the vegetative cover.
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Wavelength |pm|
Fig. 9. Reflectance curves for soils of an eroded Sidell toposequence (Latz 1981):
none to slightly eroded
moderately eroded
severely eroded
—•—
depositional materials
j

The Future
As we look at the future, we must consider the question: Where do soil
information needs and the capabilities of remote sensing intersect? We are just
beginning to scratch the surface of the potential use of aerospace earth
observation systems as one of the tools for developing, managing and
conserving earth resources. As we consider how remote sensing technology
will impact soils research specifically and land resource management in
general during the next two decades, it might be useful to state several
assumptions, based on trends of the past three decades. It can be reasonably
assumed that:
Significant advances will be made in data acquisition technology, i.e.,
cameras, multispectral scanners, field spectroradiometers and radar.
Rapid improvements will be made in data storage, retrieval and
analysis techniques.
Methods of extracting and delivering useful information to the user
will be greatly improved and accelerated.
lorrno
The unit cost of acquiring and analysing data and delivering
information will decrease significantly.
If these assumptions are true, the 1980s and 1990s will see great advances
in the development and utilization of digital data management systems. The

SOIL MINEROLOGY BY REMOTE SENSING

439

demand for more efficient methods of extracting useful information from
geographically referenced data bases is accelerating rapidly. The soil scientists
and other information users heed to be aware of these developments and to
participate in the definition of kinds of resource data which are needed.
If soil scientists, mineralogists, geologists and other resource scientists are
to gain optimum benefit from current and future remote sensing technology,
attention must be given to the formulation of research priorities and to the
implementation of appropriate research in the 1980s. Four general areas of
research are suggested:
1. Understanding
the landscape scene. Our past and current
understanding of the landscape is coloured largely by past and current methods
of acquiring data. With repetitive earth observation systems and supporting
field observations, what new insights can we gain about the dynamics of and
relationships among earth surface features? How can we best use remotely
sensed data to supplement and improve our understanding of soil mineralogy
and its relationships to soil productivity and land degradation?
2. Representing variations in the landscape by quantitative measurements.
Do current sensors obtain the quantitative measurements most useful for soil
mineralogical studies? What spectral bands obtain the most useful data for
specific applications? What are the optimum spatial and spectral resolutions
of sensors for obtaining data about land resources? What new laboratory and
field instruments and techniques are needed for quantitative characterization
of soil and other variations in the landscape?
3. Storage, retrieval and analysis of earth resources data. How can we
store, retrieve and overlay a wide variety of kinds and sources of data related
to a specific geographic location? What kinds of soil data should be included
in data bases for resource management?
4. Extraction and delivery of useful information to the resource decisionmakers. Who are the users of information about the earth resources? What
information do they want? When do they want it? How do they want it
delivered? What format do they prefer? How do they use the information?
What will be thé cost of a desirable information delivery system of the future?
We can draw some conclusions about information from our experiences
in the 1970s. Accurate, timely, useful information about our land, crop, range,
forest, mineral and water resources is becoming even more critical and
valuable to the decision-maker. Long-range research designed to use the best
in data acquisition, data analysis and communications technology to improve
the efficiency of the flow of essential information to decision-makers involved
in resource management will be a good investment.
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Appendix 1

French Abstracts

COMMISSION I: SOIL PHYSICS

Le traitment de 1'Environnement physique du sol
afin d'Augmenter la production agricole
S.S. P R I H A R
S'appuyant sur les travaux effectués jusqü a présent on a éssayé de présenter
les connaissances actuelles sur la réponse de croissance des plantes aux
environnements physiques de sol. Le sol est d'une part un milieu de
germination des semences et Témergence de semis et d'autre part, de la
penetration de racines et la proliferation. Les effets de quatre paramètres
physiques de sol c'est-a-dire 1'humidité, la temperature, 1'aération et la
richesse sur des processus de plantes et leurs mécanismes de réponse ont été
examines. Les effets des operations telles que le labourage, le
paillassonnage, 1'irrigation, 1'assolement de cultures et 1'utilisations des
amendements, sur des environnements physiques du sol et la croissance de
cultures ont été analyses.
Les études antérieures ont surtout essayé de lier les réponses de plantes
a un seul paramètre physique d'interêt en gardant les autres a un niveau
optimum. Les résultats de telles études peuvent augmenter notre
comprehension mais limitent 1'application de champ car la variation d'un
seul paramètre physique dans le champ apporte un changement simultane
dans les autres. Il est nécessaire d'evaluer la réponse des plantes par rapport
système entier. Les réponses aux pratiques de traitement et de culture sont
fortement influencées par les conditions de climat et de sol et par d'autre
facteurs imitant la croissance. Certaines suggestions en vue d'améliorer les
résultats de nos études ont été présentées dans ce document.

Comment Encourager la Recherche en Physique du
sol Dans les Pays en Voie de Développement :
Reflexions d'un Chercheur
DANIEL H I L L E L
Le fole de la recherche en physique du sol est d'établir une connaissance de
base sur le système sol-eau et d'appliquer cette connaissance a
1'optimisation de tous les facteurs réglables afin d'obtenir un niveau plus
élevé de production efficace et soutenue sans porter atteinte a
1'environnement. Etant doneé que dans tout programme de recherche la
decision la plus importante (c'est a dire le problème a étudier) est prise
avant de commencer les travaux, il est nécessaire de determiner en premier
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lieu, certains aspects connexes ayant une valeur predictive. Cette question
doit être étudiée par 1'ensemble des chercheurs.
Le danger de se lancer dans un programme de recherche trop étendu
sans avoir assez réfléchi et revu les différents aspects du problème, est aussi
grave que le danger de ne pas satisfaire en temps voulu aux besoins urgents
qui ont surgi. Même dans les conférences nous consacrons trop de temps a
la presentation des rapports sur ce qui a été accompli, et pas assez sur ce
qui reste a faire. Du cöté de la gestion, les deux erreurs les plus graves sont,
soit 1'institution d'une politique de recherche autoritaire a caractère
bureaucratique, soit la subordination complete aux caprices de chaque
expert. La creation d'une ambiance qui encourage et stimule les
realisations scienfiques et techniques représente une approche positive. Il
est essentiel de maintenir une souplesse d'esprit ainsi qu'une flexibilité de
1'organisation afin d'éviter d'etre restreint par la rigueur des formules
classiques, des normes traditionnelles de la gestion et des concepts qui sont
susceptibles de tomber en desuetude dans un proche avenir. Plusieurs
suggestions sont offertes a cette fin. Convenablement concu et realise,
1'investissement dans la recherche agricole et environmentale, (en
particulier la recherche en physique du sol) peut-être 1'un des plus
profitables pour un pays en voie de développement, en vue de son propre
avenir.

La Recherche en Physique des Sols Face aux
Problèmes D'aménagement des Resources en Eau
G. VACHAUD
Un des problèmes essentiels que doit actuellement résoudre un
physicien des sols est d'établir des schémas d'aménagement des
ressources en eau a grande échelle, notamment:
— en identifiant des propriétés hydrodynamiques representatives des
sols, et en caractérisant leurs variations;
— en determination des valeurs moyennes des différents termes du
bilan hydrique;
— en prédisant, a partir de ces mesures, les effets possibles des
traitements sur les ressources en eau.
Cette presentation entend présenter des réponses a ces différentes
questions a partir d'un état actuel de la recherche en physique du sol dans
ce domaine, et tenter de définir les directions de recherche a developper
pour combler les lacunes existantes. Nous étudierons essentiellement trois
domaines:
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1. Methode d'ldentification des paramètres hydrodyanmiques des sols
II est nécessaire de mesurer in-situ les relations "teneur en eau—
pression effective—conductivité hydraulique" pour determiner directement
des composantes des mouvements d'eau dans le continuum "sol-plante", et
pour simuler ou prédire, les transferts d'eau. Les techniques de mesures
sont maintenant bien au point, et sont assez largement utilisées. Deux
écueils doivent toutefois être soulignés:
— quelle est la représentativité des mesures, compte tenu de la
propagation des erreurs liée aux methodes expérimentales?
— la complexité des methodes empêche pratiquement la replication des
essais.
On peut actuellement estimer que des techniques quasi-empiriques
d'identification basées sur des correlations avec des paramètres texturaux ou
structuraux, pourraient donner une meilleure représentativité spatiale que
les techniques de mesure actuelles, surtout si 1'on tient compte des
incertitudes expérimentales.
2. Estimation des valeurs moyennes
La prise de conscience de 1'importance de la variabilité spatiale des
paramètres édaphiques, des flux et des apports d'eau peut être considérée
comme 1'un des plus importants progrès de la physique des sols et de
1'hydrologie durant la dernière decennie. L'impact au niveau du praticien
en est toutefois encore tres faible. En nous réfèrant aux travaux maintenant
classiques des gèostatisticiens en gisement minèraux, et plus récemment en
physique des sols, nous voulons insister sur 1'importance du choix de
1'échantillonnage:
— pour définir la structure des lois de distribution, sans auto
correlation entre mesures, de facpn a être en mesure de determiner
une valeur moyenne;
— pour caractériser 1'erreur sur la moyenne, et définir le degré de
signification des tests comparatifs;
— pour interpoler objectivement entre échantillons.
3. Développement de modèles de prediction
De nombreux modèles tres précis ont été développés récemment, mème
pour représenter des situations d'écoulement complexes. Il est maintenant
clair que ces modèles représentent des outils tres puissants pour extrapoler
les résultats de mesure, et prédire d'autres situations. Leur capacité a
représenter la réalité est toutefois liée a celle des coefficients de transfert. On
peut de ce fait estimer qu'un des objectifs les plus importants a atteindre est
le développement de modèles déterministes utilisant des paramètres (et des
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conditions initiales et aux limites) stochastiques pour tenir compte de la
variabilité spatiale. La facon pratique de considérer Ie caractère alèatoire
des paramètres fait actuellement l'objet de nombreuses discussions: on peut
utiliser soit des estimations de Monte Carlo soit simplement des essais de
sensibilité dans Ie domaine d'incerütude.
Cette presentation s'appuiera sur des exemples publiés récemment dans
la Iittérature, et sur des mesures de terrain. Je suis amené a penser que la
physique des sols est en mesure d'apporter rapidement une contribution
tres importante a la resolution de problèmes d'amenagement des ressources
en eau, a condition que ses chercheurs contribuent plus étroitement a des
experimentations de terrain.

L'avenir de la Recherche en Physique du sol — un
Saut Vers 1'Avenir Sans Ie Passé Académique
DONALD R. NIELSEN
Considérant les observations et les suggestions faites par les trois
rapporteurs de la commision I sur l'avenir de la recherche en physique du
sol, il a été conclu qu'une information adequate concernant les principes
de la physique du sol est disponible. Après avoir choisi les echantillons de
sol et délimité les lieux d'échantillonnage sur Ie terrain, considérés comme
"représentatifs", nous nous demandons comment analyser et regier Ie
terrain dans sa totalité. Il est conseillé d'accélerer la recherche sur ie terrain
permettant 1'application des observations spactales et temporelies de la
temperature du sol et de 1'eau dans Ie sol dans un but d'amélioration des
p r a t i q u e s d'amenagement. Un saut dans l'avenir, nécessite une
augmentation de 1'expérimentation en champ, et pas necéssairement en
petites parcelles, tout en attachant une plus grande importance a 1'analyse
des variables régionales. L'identification des structures de variances
spectales et temporelies des propriétés physiques du sol et leurs liaisons aux
unites c a r t o g r a p h i q u e s existantes ou améliofes acceléreront Ie
développement de la technologie en champ.

COMMISSION II: SOIL CHEMISTRY

Recherche en Matière organique du sol — Quo
Vadis?
M. S C H N I T Z E R
Bien qu'on reconnaisse généralement 1'importance de la matière organique
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comme constituant du sol, la chimie de ce composant demeure encore un
domaine neglige de la recherche pédologique. On avance habituellement la
difficulté d'utiliser la matière organique du sol comme cause de cette
negligence. Mais 1'apparition récente sur Ie marché d'appareils sophiqués
et de pointe comme les spectromètres de résonnance magnétique nucléaire
(RMN) et p a r a m a g n é t i q u e é l e c t r o n i q u e ( R P E ) et Ie système
chromatographe en phase gazeuse—spectromètre de masse-ordinateur, ont
ouvert de nouvelles possibilités permettant d'éclairer la structure et les
reactions chimiques des constituants organiques du sol, en particular des
acides hurniques et fulviques. La présente communication a pour objet de
mettre en lumière certaines innovations concernant trois aspects de la
recherche sur la matière organique du sol, a savoir (a) la spectroscopie
RMN au 13C a 1'état solide des matières humiques, (b) Ie róle des radicaux
libres dans la synthese des substances humiques et (c) les mécanismes des
interactions organominérales.
(a) Par la première methode, il est désormais possible d'obtenir
d'importantes donnés structurales sur les proportions de C aliphatique et
aromatique, 1'aromaticité et les reactions de matériaux humiques avec des
composes inorganiques et d'autres substances organiques sans devoir
dissoudre et factionner les matières humiques. (b) Grace a la spectroscopie
RPE, on peut dire que Ie facteur determinant Ie taux de synthese des acides
humiques a partir de phénols et d'acides phénoliques relativement simples
est la formation de radicaux semiquinoniques qui se combinent pour
former des polymères stables d'acide humique. (c) Les spectrogrammes de
RPE révèlent également que des métaux comme Ie Mn (II) et Ie Co forment
des complexes périphériques externes avec 1'acide fulvique, alors que Ie Cu
(II) et Ie Fe (III) forment des complexes périphériques internes. La
recherche sur la matière organique du sol continue de susciter la curiosité
et de défier 1'ingéniosité des specialistes de nombreuses disciplines. Il
faudra parfaire nos connaissances de la chimie de la matière organique des
sols si nous voulons mieux les comprendre et les utiliser.

Pour L'Etablissement d'un Cadre Conceptuel de la
chimie du sol : L'Utilisation des Modèles, Prennant
Comme Exemples la Silice, L'Aluminium et des
Composes Organiques
M. R A U P A C H
Le document porte sur Ie röle et les limitations des modèles dans 1'étude de
la chimie physique du sol. Des modèles pour des reactions de dissolution
des argiles sont présentés, selon lesquels Taction d'un ion d'hydrogène
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libère quatre molecules de silice. Le document examine également des
modèles pour des molecules organiques et des molecules d'aluminium sur
des surfaces d'argile. La souhaitabilité d'un travail pour 1'établissement
d'un cadre conceptuel total pour la chimie du sol est soulignée.

La Recherche en Chimie du sol et la Production
Alimentaire
N.N. GOSWAMI
L'auteur a essayé de donner un apercu des différents aspects de la recherche
en chimie du sol, ayant une influence sur la production agricole. II passe
brièvement en revue les realisations dans les domaines suivants: échange
ionique, acidité et sodicité du sol, chimie-physique de la disponibilité
d'éléments nutritifs, mouvement des elements nutritifs, mécanisme de
1'absorption ionique des plantes, essais des sols, recommendations
concernant les engrais, tolerance a la toxicité des divers elements nutritifs et
insuffisances par rapport a la chimie du sol. L'auteur a également souligné
la nécessité d'entreprendre des travaux plus avances dans certains domaines
particuliers afin que les résultats obtenus puissent permettre un rendement
plus élevé et soutenu de produits alimentaires a 1'avenir.
COMMISSION III: SOIL BIOLOGY

L'Enigme Continuel de L'azote
D.J. G R E E N L A N D

ET

I. WATANABE

Les bilans d'azote établis a partir d'analyses de sols, de cultures et de
lessivage sur des sites de plateau indiquent une perte nette, tandis que des
études semblables dans des rizières inondées indiquent un gain net. II ya
Done, des incertitudes negatives et positives en ce qui concerne le bilan
d'azote. Pour éclaircir cette situation il faut assurer une certaine
collaboration et des études interdisciplinaires de systèmes soigneusement
définis comportant 1'emploi d'une vaste gamme de techniques.
Les bilans d'azote dans les pays tropicaux (en particulier dans les
rizières inondées) sont surtout importants pour caractériser d'une facon
appropriee le système écologique plante/sol. L'importance de ce système
écologique pour la production mondiale d'aliments est évidente. Les
informations obtenues a partir de ces études sont utiles pour determiner
1'influence de la technologie agricole moderne sur le système écologique, et
sur le cycle de l'azote en particulier. Les bilans d'azote permettent de
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determiner 1'approvisionnement en azote a long terme, et ces connaissances
sont essentielles pour la selection des systèmes culturaux et des pratiques de
fertilisation par 1'azote, qui compléteront la fixation sans la diminuer.

Methodes peu Explorées Pour 1'Augmentation de la
Quantité D'azote Apportée au sol par la Fixation
Biologique de N2
Y.R. D O M M E R G U E S
La quantité d'azote apportée au sol par la fixation biologique de N2 est tres
variable. Elle dépend non seulement de la quantité de N2 fixé mais aussi de
la quantité de N transferee du systéme fixateur de N2 au sol. Pour obtenir la
fixation de N2 la plus élevée, il est nécessaire d'éliminer 1'effect de facteurs
limitants tels que 1'effect de la déficience en phosphore ou celui de 1'excés
d'azote combine, la meilleure facon d'atteindre eet objectif est de faire
simultanément appel aux technologies biologiques et chimiques. Le
transfert de N2 fixé au sol est minimum avec certaines cultures, telles que
les légumineuses a graines, d'oü apparition d'un deficit d'azote dans le sol.
Par contre, 1'utilisation d'engrais vert est la facon la plus efficace de
transferer N2 fixé au sol. Cependant, on ne peut recommander cette
methode que lorsque le système fixateur de N2 est tres actif, ce qui permet
de réduire au minimum le temps nécessaire a sa culture.

Les Mycorrhizes : 1'état Actuel des Recherches
P.B. TINKER
L'état actuel des recherches sur les mycorrhizes est passé en revue avec une
attention spéciale pour les mycorrhizes vésiculaires-arbusculaires. Peu de
progrès ont été realises récemment dans la taxonomie ou la génétique des
champignons VA, quoique cela devienne une nécessité absolute. L'écologie
de ces c h a m p i g n o n s reste confuse, avec de grandes q u a n t i t é s
d'informations, mais peu d'études importantes sur des sujets particuliers,
de telle sorte qu'il est difficile de faire des generalisations. Des techniques
de modélisation sont ainsi recommandées pour aider a dégager des
principes généraux.
Les interactions avec 1'höte via la nutrition sont assez bien comprises. Il
existe d'autres suggestions relatives a la perte de carbone chez l'hóte,
laquelle semble tres probable, et relatives aux consequences sur la quantité
d'eau et l'équilibre hormonal de 1'höte, pour lesquels 1'évidence n'est pas
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nette. C'est 1'amelioration de la nutrition phosphorique qui continue a
donner les résultats qui sont bien les plus importants; des applications
pratiques sont également discutées.

Les Orientations de la Recherche sur Ie Cyclage de
L'Azote et les Interactions Microbiennes des Plantes
E.A. PAUL E T E.E. H A R D I N G
La connaissance des procédés et des taux des reactions individuelies dans Ie
cyclage de 1'azote et de 1'interaction microbienne des plantes s'approfondit
de jour en jour a une grande allure. Les nouvelles techniques pour 1'étude
de ces procédés comprennent 1'estimation de C2H2-C2H4 pour la fixation de
N2, Ie blocage de C2H2 pour la dénitrification, la disponibilite de 13N,
1'emploi du chlorate pour bloquer 1 oxidation du nitrate et la disponibilite
de la spectrométrie de masse plus stable et sensitive. Les problèmes de .la
variabilité et de la diffusion temporelle et spatiale ont impose des
restrictions sur les analyses in situ, même des flux gazeux tels que dans la
fixation et la dénitrification de N2.
Le potentiel des interactions microbiennes des plantes dans
1'absorption de 1'azote et du phosphore reste a être realise pour les
légumineuses, la fixation associée de N2 et les mycorrhizes. les recherches
sur les mycorrhizes sont entravées par 1'impossibilité de cultiver les
mycorrhizes vesiculaires arbusculaires en culture pure. Des études
fondamentales ont beaucoup encourage les études sur la fixation de N2.
L'on doit cependant regier la disponibilite du phosphore du sol, la
presence de 1'azote inorganique et les besoins de grandes quantités d'énergie
sous forme de photosynthate en vue d'augmenter la fixation de N2 ainsi
que le transfert au sol de 1'azote fixe.

COMMISSION IV: SOIL FERTILITY

Problèmes et Priorités de la Recherche sur la fertilité
du Sol et des Engrais
DONALD L. McCUNE

ET PAUL J. STANGEL

Une production alimentaire suffisante pour la population mondiale, qui
augmente sans-cesse représente un grand défi qui nécessite un effort
intensif de la part des agriculteurs, de 1'industrie des engrais, ainsi que de la
communauté scientifique, en particulier les experts sur le sol. La terre
nouvelle doit être mise en production et il est nécessaire d'obtenir de hauts
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rendements des terres actuellement cultivées par une utilisation plus
efficace des engrais, des variétés des cultures a haut-rendement, et une
meilleure utilisation de 1'eau.
L'importance des engrais améliorés, en 1'azote, fait actuellement 1'objet
d'une attention considerable étant donné que les mécanismes de perte sont
mieux compris et que les valeurs sont quantifiées avec une plus grande
précision. Quelques solution potentielles sont en train d'etre considérées et
semblent être pleines.de promesses—comme par exemple, 1'utilisation
d'urée modifiée pour un placement profond—avec et sans revêtement en
vue d'un dégagement nutritif controllé. Il est également nécessaire de
trouver des methodes pour Ie transfert des innovations technologiques des
experts aux agriculteurs. Les terres nouvelles présentent des problèmes
spéciaux, ayant besoin eventuellement, de nouvelles formes d'engrais;
l'importance des engrais organiques en combinaison avec des engrais
chimiques doit également être re-évaluée. L'utilisation des ressources
indigenes, telles que les résidus organiques, les roches phosphatées et les
mélanges sulphuriques combines avec les légumineuses fixant 1'azote, peut
jouer un róletris important dans Ie développement agricole dans 1'avenir.
Etant donné 1'étendue du travail a accomplir, des priorités de recherche
doivent être établies. Il est nécessaire de trouver des moyens pour une
utilisation plus efficace de 1'azote appliqué en profitant des procédures de
nitration biologique; pour pouvoir Ie faire, on a besoin d'une meilleure
comprehension des facteurs de la fertilité du sol. Des engrais de phosphate
doivent être fabriqués tenant compte des besoins et des conditions spéciales
du climat et du sol, actuellement et dans 1'avenir. Dans ce document, divers
exemples de recherches nécessaires sont mentionnés.

Quelques Experiences de la Gestion de la Fertilité du
Sol en Inde
G.S. S E K H O N
Les sols indiens ne sont pas riches en azote. L'application de 1'azote est
généralement avantageuse mais sa recuperation est basse, particulierement
dans Ie cas du riz. L'utilisation des engrais ammoniacaux, de l'application
divisée 1'emplacement profond, l'utilisation des inhibiteurs de la nitration
y compris Ie neem (Azadirachta indica Juss), 1'emploi des matériaux de
liberation lente, des boulettes, et des applications folières étaient
advantageuses dans quelques cas.
46% des sols sont pauvres en phosphore et 52% sont de teneur moyenne.
Dans des sols neutres et alcalins, un degré élevé de solubilite d'eau est
nécessaire pour des matériaux contenant du phosphore. Dans des sols
acides, Ie phosphore mineral peut-être utilise soit seul, soit mélange avec
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des matières solubles. Un certain rabais est accordé au phosphore déja
applique a la culture précedente.
20% des sols sont pauvres en potassium et 42% sont de teneur moyenne.
L'exploitation continue sans addition de potassium diminue le potassium
(K) déja existant. Les possibilités de fabriquer le potassium schoenite ont
été examinees.
Le manque du calcium et du magnesium qui existe dans les sols acides
peut être comblé par le chaulage. Le soufre est insuffisant dans des sols a
gros grains en particulèr dans ceux qui produisent des graines oléagineuses
et des cultures légumineuses.
L'intensification de 1'agriculture a provoqué 1'insuffisance répandue
des micronutritifs, en particulier le zinc, et afin de combler ce manque, il
est recommandé en general d'appliquer le sulphate de zinc avant de
planter. Une seule application peut servir deux a six cultures successives.
Un recyclage plus efficace des résidus dans 1'agriculture et une
utilisation augmentée des fixateurs d'azote biologiques va attirer plus
d'attention dans 1'avenir. II y a lieu de revoir les données sur 1'efficacité des
engrais azoté, sur la solubilité minimum d'eau dans des matières
phosphoreuses et sur les besoins nutritifs des cultures autres que les
céréales. Les etudes des elements nutritifs sur des sols characteristiques
permettra de contröler les changements de la fertilité du sol pour un
aménagement afficace.

L'emploi des Engrais Chemiques et la Qualité de
1'Environnement Dans les Regions Tropicales et
Sous-Tropicales
RAMENDRA S I N G H E T B.C. BISWAS
Les auteurs présentent une étude critique et détaillée du problème de la
pollution de 1'environnement due a l'emploi des engrais chimiques, dans
les regions tropicales et sous-tropicales. Ils passent en revue les possibilités
d'enrichissement de l'eau de surface et de la nappe phréatique au moyen de
nitrates, de phosphates et de potasse émanant des terres agricoles
convenablement fertilisees et soumises a une exploitation intensive. Au
niveau actuel de l'emploi des engrais chimiques ainsi qu'a un niveau
probablement plus élevé a 1'avenir, les auteurs pensent qu'en adoptant des
mesures d'aménagement ameliorees, ces produits ne poseront aucune
menace a la qualité de 1'environnement. Plusieurs suggestions sont faites
vis-a-vis travaux de recherche et de développement qui pourraient être
entrepris a 1'avenir afin d'éviter que l'emploi des engrais chimiques
devienne une source de pollution de 1'environnement.
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Engrais et Pollution
G.J. KOLENBRANDER
Dans les pays a agriculture intensive, on observe un intérêt croissant pour
1'étude des phénomènes de la pollution de 1'environnement. Ailleurs au
monde 1'augmentation de la production demandera encore la priorité.
Il est possible de réaliser un gain accru d'azote consumable, par un
apport plus élevé de celui-ci. Mais ceci impliquera malheureusement aussi
des pertes plus importantes en N, P et K vers 1'environnement.
Les pertes les plus élevées en N, P et K se produisent cependant par Ie
biais du ravitaillement de la population, dont les excrements, pour des
raisons hygieniques, sont déchargés pour une grande partie directement ou
indirectement vers la mer.
Comme il est possible pour une entreprise agricole de se suffire
elle-même jusqu'a un certain point en ses besoins en azote par la culture de
légumineuses, il restera nécessaire de 1'approvisionner d'une facon ou d'une
autre en P et pour compenser leurs pertes et eviter ainsi la culture
épvisante. Cette compensation pourra se faire par exemple au moyen
d'engaris naturels ou artificiels ou par 1'utilisation de fourrages concentres.
Ces moyens demandent cependant beaucoup d'énergie fossile.
Cependant, il pourrait être utile pour Ie ravitaillement mondial en
nourriture de récupérer des eaux usées les elements de valeur pour
1'agriculture, ce qui permettra en même temps d'éviter la pollution des
eaux de surface. D'autre part, les entreprises agricoles devront utiliser des
techniques permettant de réduire les pertes vers 1'atmosphère et vers les
eaux phrèatiques.
L'intégration des données recueillies en Europe occidentale avec les
normes fixées par 1'organisation Mondiale de la Santé (OMS) pour la
qualité des eaux potables fut utilisée pour essayer d'êtablir des limites dans
1'utilisation de 1'azote mineral pour les cultures arables et herbagères
intensives. Il sera difficile de satisfaire aux exigences de 1'OMS dans Ie cas
des cultures arables sur terres sablonneuses.

COMMISSION V: SOIL GENESIS, CLASSIFICATION AND
CARTOGRAPHY

Oü en est recherche pédologie de genese des sols?
E. S C H L I C H T I N G
Dans cette publication certains problèmes méthodologiques concernant la
genese des sols sont discutés et certaines perspectives sont expliquées.
Des problèmes méthodologiques sont lies avec 1'analyse des facteurs,
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avec la reconstruction des conditions qriginales dans le cas de sols formes a
partir de roches-mères stratifiées et/ou mélangées, avec des bilans de
caractères lithogéniques dans le cas d'apport ou de perte sans index (p.e.
sels cycliques ou erosion) et de caractères tant lithogènes que pédogènes
(p.e. maxima et minima d'argile) et avec 1'investigation de la succession des
processus de la formation des sols.
II est indiqué que la recherche de la genese du sol est nécessaire en vue
de la selection des caractères diagnostiques dans la classification des sols et
devrait se concentrer plus sur les proces et caractères récents en vue
d'améliorer 1'importance écologique de la classification des sols. Il est aussi
expliqué que les objects de recherche de la genese du sol ne doivent pas être
uniquement des profils sur sections abstraites de roche-mère mais
également des chaines des sols sur unites géomorphiques concretes, vue que
ces unites sont des unites propres pour la cartographie de sol.

Oü en est la Science des Sols?—La Classification des
Sols
RW.

ARNOLD

La plupart des systèmes de classification des sols décrivent et définissent des
qualités des sols qui sont directement observables sur le terrain ou
relativement faciles a mesurer. Un système acceptable doit être consistant et
doit satisfaire ses objectifs. Une classification effective reduit la variance a
1'intérieur des classes par rapport a celle de la population entière. Jusqu'a
maintenant aucune classification n'était evaluée.
La mission des classificateurs est la suivante: maintenir suffisamment
de flexibilité et permettre 1'introduction de nouvelles unites, accepter de
nouveaux concepts qui emergent, préciser les aspects quantitatifs des
critères distinctifs, évaluer la portee des definitions des classes, développer
une classification d'unités cartographiques, introduire de nouvelles
techniques analytiques en matière de classification des sols, et favoriser la
cooperation internationale. On peut être optimiste pour l'accomplissement
de cette mission.

Priorités pour la Recherche sur les Sols dans les
Zones Tropicales
HARI ESWARAN
La recherche sur les sols dans les zones tropicales n'a pas été aussi
productive que 1'on a espéré a cause de plusieure facteurs, y compris le
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temps, les finances, et quelquefois, même le personnel qualifié. Le plus
grand stimulus provient des contributions des centres internationaux
pour 1'agriculture et des programmes multi-latéraux et bi-latéraux ainsi
que, a une échelle moins grande, des organisations nationales. II existe un
besoin tres reel de renforcer et de développer les organisations nationales
pour le sol et les agences financières internationales doivent probablement
considerer cette nécessité.
Ce document examine les domaines généraux qui ont besoin
d'attention immediate. Le domaine le plus critique est peut-être celui des
inventaires sur les ressources en sols—non-seulement au niveau national,
mais aussi du point de vue de la qualité de ces inventaires. Une evaluation
precise est indispensable pour la planification nationale et dépend des
facilités de soutien telles que le personnel qualifié, des laboratoires
appropriés, etc. Les autres domaines qui présentent des problemes
comprennent la conservation du sol, le controle de la salinité et de
1'alcalinité et les techniques pour la gestion des sols spécifiques. Tenant
compte des tendances actuelles dans le domaine de la population et les
besoins de terrain, le recherche sur le sol n'est plus un luxe mais une
nécessité dans les pays en voie de développement.

Traitement de Données se Rapportant aux Études de
Sol, Notamment Pour la Cartographie du Sol
J. S C H E L L I N G
Comme base d'un symposium, certaines considerations générales ont été
fournies sur le traitement des données se rapportant a 1'étude du sol,
notamment sur la cartographie du sol ainsi que sur 1'automatisation dans
le traitement des données. Dans 1'introduction, les sujets sont catalogues et
leurs relations mutuelles sont esquissées. Dans ce domaine, 1'amelioration
des methodes utilisées pour enrichir la qualité des produits destinées a
1'utilisateur, représente un important travail de recherche. Pour la
classification des sols, nous pouvons définir un parametre afin de
determiner la qualité pour un but determine. La classification existante
peut-être ordonnée a l'aide de ce parametre. Des methodes numériques sont
disponibles pour établir une classification des sols optimale pour ce
parametre. Pour la légende des cartes, on peut utiliser des paramètres
semblabes afin d'établir un classement de la qualité. A eet égard, des
methodes formelles d'optimisation de la légende font défaut, et il serait
important de les développer. Le passage des données ponctuelles (données
des "pedons") aux données de surface (tracés sur carte du sol) est un point
critique de la cartographie du sol. Dans les différentes methodes de
cartographie du sol, cette transition diffère en sorte et en degré de
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formalisation. Afin d'améliorer les methodes de cartographie du sol, il
serait nécessaire de les analyser et d'en determiner la qualité. Plus Ie
methode est explicite et formalisée, plus ce type de recherche est facile. La
methodologie de cartographie du sol est considérée a un niveau tres general
et différentes approaches sont esquissées en vue de 1'amelioration de la
qualité.
Dans ce domaine de recherche, la cooperation internationale est
souhaitée. Des methodes de cartographie conventionelles et automatisées
sont esquissées, spécialement en ce qui concerne les points faibles et les
points forts des deux methodes.
Dans la cartographie automatisée, on a mentionné les cartes
polygonales, quadrillées, et les cartes dérivées des données ponctuelles par
des methodes automatisées. Les systèmes d'information du sol sont traites
essentiellement sur la base de leurs composants possibles.

Genese, Classification et Cartographie du Sol; Ou va
la recherche pédologique—Le Présent et 1'Avenir
par R.S. M U R T H Y
Les quatre auteurs ont fait le tour de la question relative au genese, a la
classification et a la cartographie du sol—a present et a 1'avenir: Hari
Eswaran a examine les "Priorités de la Recherche des sols dans les
tropiques"; R.W. Arnold s'est demandé: "Ou va la science des sols: La
classification des sols"; E. Schlichting interroge également "Ou va la
science des sols? Genese des sols"? x et Ir. J. Schelling a examine le
problème du "Traitment des données pour la cartographie des sols". Ces
questions qui couvrent un vaste domaine ont été presentees en details et
elles soulèvent également des problems qui nous lancent un defi.
Eswaran a souligné que la caratérisation du sol est un aspect
important. La couche labourée qui constitue la partie critique de la
profoundeur D'enracinement doit être étudiée sous ses aspects correlatifs et
introduite de nouveau dans la taxonomie du sol.
Schlichting a expliqué en details la necessité d'effectuer des recherches
sur la genese du sol. It pense que ces études doivent être liées aux unites
gêomorphiques et a la géographie du sol qui représenttent des meilleurs
paramètres dans de la realité spatiale. Arnold a examine la classification
das sols, un sujet important en vue d'une utilisation effective des sols. Il
indique en particulier que la taxonomie des sols ne peut fournir
directement, ni 1'interpretation necessaire au transfert de la technologie, ni
des hypothese sur la genese des sols.
Dans son rapport institute "Traitement des données", 1'auteur a
souligné "1'importance de 1'automatisation dans le traitement des données
et leur connexion aux programmes des products culturales.
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On a suggéré 1'établissement d'un Institut International de Recherches
sur les sols (International Soil Research Institute—ISRI) pour 1'estimation
et 1'exploitation des ressources dans les zones tropicales.

COMMISSION VI: SOIL TECHNOLOGY

Reclamation des Terres en Friche et Perspectives de
i'Alimentation Mondiale
i . p . ABROL
La terre totale potentielle, disponible dans le monde aujourd'hui pour la
reclamation et la culture, dépasse actuellement la region cultivée totale. Les
plus grandes regions de terre potentiellement arable se situent en Afrique et
en Amérique du Sud; des regions relativement limitées se trouvent en Asie
et en Europe. Cependant, en dépit de ce grand potentiel, 1'augmentation de
la region cultivée et ainsi de la production alimentaire dans un pays peut
avoir peu de rapport avec 1'obtention d'une suffisance en alimentation dans
un autre pays ou continent. Ainsi, chaque region devra développer sa
propre strategie afin d'atteindre les objectifs définis, tenant compte de la
situation socio-économique et politique d'une part, et de la tradition et le
niveau d'éducation d'autre part. Une technologie approprié, faisable
économiquement-et realisable au niveau de 1'agriculteur, sera nécessaire
avant que 1'on puisse aborder un travail de reclamation des terres en friche
a grande échelle. Une infrastructure adequate et des mécanismes pour le
transfert de technologie de la station d'essais aux champs de 1'agriculteur
devraient être assurée.
Ce document esquisse les détails de la technologie pour la reclamation
de 2,5 millions d'hectares (approx.) de sols sodiques des plaines IndoGangétiques de 1'Inde. On a montré que de vastes regions de sols sodiques
en friche peuvent être réclamées économiquement et peuvent ainsi
contribuer vers la fourniture d'alimentation pour la region et vers le
controle de la degradation de 1'environment; une technologie alternative
pour 1'imposition d'un système d'agro-sylviculture a également été
mentionnée. le renforcement d'un programme de recherche orienté vers une
application réelle pourra permettre la reclamation de terains difficiles et
aider a faire face aux besoins d'alimentation sans qui augmentent sans
cesse.
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Le Maniement des Sols Tropicaux et les Perspectives
de 1'Alimeniation Mondiale
WENCESLAU J. G O E D E R T , EDSON L O B A T O E T M O R E T H S O N
RESENDE
Les besoins alimentaires mondiaux futures peuvent être atteints en
augmentant la productivité dans des aires traditionelles et a travers
1'occupation des aires nouvelles pas encore cultivée. Les regions tropicales
présentent les deux alternatives, mais 1'expansion agricole semble être plus
importante, vu que 3 milliards d'hectares de terres sont encore sousutilisées.
Une agriculture changeante et un élevage extensif sont les activités les plus
traditionelles et la production alimentaire actuelle est pratiquement
insuffisante pour sa propre population. La region tropicale est couverte
pratiquement par des forêts tropicales et des savannes. Le climat est chaud et
la pluviosité totale est élevée. Cependant, la distribuition des pluies
constitue un problème dans certaines regions des tropiques. Les sols
prédominants, les Oxisols et les Ultisols, sont généralement profonds, bien
drainés et bien structures. Cependant, ils sont tres acides et disposent d'un
status nutritionel tres bas, spécialement concernant le phosphore. De
maniere a résoudre ou minimiser ce problème, n'importe quel schema de
maniement du sol devra prétendre: (a) améliorer le pauvre status
nutritionel naturel et neutraliser une partie des effets produits par 1'acidité
du sol; (b) minimiser les risques relationés aux périodes de sécheresse
pendant les saisons des pluies; (c) protéger le sol contre 1'érosion, une fois
que 1'intensité des pluies est normalement élevée pendant la saison des
cultures. Une fois ces objectifs atteints par le maniement du sol, plus de 800
millions d'hectares des terres pourront être cultivées de maniere plutöt
intensive avec des cultures annuelles et pérennes ainsi qu'utilisées pour
1'élevage extensif. Il est estimé qu'une exploration rationelle peut résulter
en un surplus pour alimenter environ 2 milliards des personnes, dans 20 a
40 ans. Néansmoins, des efforts énormes doivent être mis au point dans le
cadre de la recherche et de 1'infrastructure.

Les Problèmes des Sols du Nord Mondial et Leur
Utilisation
o.v.

MAKEEV

L'utilisation rationelle des sols des toundras et autres sols du Nord pour
augmenter la production en vivres est de grande importance. Cela résulte:
(a) du développement des ressources naturelles du Nord, de la construction
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industrielle et du transport, ainsi que de 1'accroissement de la population,
et (b) des occasions croissantes d'effets anthropiques sur la bio-production
des sols et les changements climatiques.
La couverture de la toundra est diversifiée et comprend des sols
cryogéniques : sols a gley, sols marécageux, sols alluviaux, sols illuvialhumiques, sols superficiels éluviaux a gley, sols cryogéniques en taches,
etc. L'intégrité complexe des processus de leur développement, la
cryogenèse des sols, est fonction du gel, un sous-facteur de la formation des
sols qui combine les temperatures negatives du profil, a la sedimentation de
la roche par la glacé.
Aujourd'hui les ressources en sols de la toundra peuvent fournir la
nourriture nécessaire a la population par 1'élevage des rennes, la chasse,
1'élevage des animaux domestiques et sauvages, les prairies-paturages et la
culture de plantes (légumes et pommes de terre). Les perspectives
d'augmenter la production biologique des sols de la toundra par
1'utilisation de nouvelles technologies sont bonnes; cela en complément a
1'utilisation traditionnelle. L ' a u g m e n t a t i o n peut se réaliser par
1'amélioration thermale, 1'utilisation d'engrais et 1'introduction de la
mécanisation. Ces moyens peuvent être utilises a 1'avenir pour régulariser
Ie climat (changer la temperature de 1'air prés du sol, etc). Des mesures
actives sont nécessaires pour la conservation de la nature.
L'arctique et Ie subarctique sont des parties de notre planète, leur röle
global dans Ie développement normal de la biosphere et de la production de
vivres pourrait être important.

Ou va la Science des sols?
PAR c. SYS
Ce groupe examine les limitations imposées par Ie sol et Ie climat ainsi que
les systèmes d'explotation par rapport a trois environnements importants.
O.V. Makeev présente "Les Problèmes des sols dans Ie Nord du Globe et
1'utilisation de ces sols". Dans son rapport sur "Le défrichment des terres
incultes et la perspective d'approvisionnement des produits alimentaires
dans le monde". I.P. Abrol soulignant 1'importance des sols salins et
alcalins examine quelques aspects des précés de défrichement et
d'exploitation du sol en se basant sur une exemple relatif aux sols sodiques
de 1'Inde. Wenceslau, J. goedert, Edson Lobato et Merethson Ressende
étudient
1'exploitation
des sols
tropicaux
et
la
perspective
d'approvisionnement de produits alimentaires dans le monde.
Quelle sera 1'orientation de la Science des sols dans le proche avenir?
En réponse a cette question, trois rapports one démontré qu'une base solide
pour le développement de 1'agriculture fait appel a une exploitation
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adaptée aux propriétés des sols et aux conditions climatiques. Ces rapports
offrent des suggestions relatives a 1'amélioration et au controle des facteurs
tel que la topographie, 1'humidité et tous les autres paramètres physiques
du sol qui peuvent influencer sa capacité de retention des substances
nutritives et de 1'eau.
Il est également nécessaire d'adapter 1'exploitation des sols en vue de
maintenir 1'équilibre des cations par 1'apport de chaux parceque les sols
tropicaux sont regulièrment appauvris en cations bivalents sous 1'effet
d'une alteration intense dues aux agents atmosphériques et a une culture
intense. Telles sont les mesures que doivent adopter les chercheurs
travaillant dans le domaine de la Science du sol, en vue d'aider les
cultivateurs et d'augmenter 1'approvisionnement du monde en produits
alimentaires.
COMMISSION VII: SOIL MINERALOGY

Mineralogie du sol—Cle'de la comprehension des sols
par V. S C H W E R T M A N N
Les propriétés fondamentales des sols relatives a leur utilisation ne peuvent
pas ètre bien comprises sans la connoissance quantitative de la constitution
minéralogique et des propriétés des divers constituants du sol. Bien que les
minérologistes du sol aient étudié la mineralogie des sols óe plusiéurs
regions du monde, nous ne sommes pas encore en mesure d'évaluer
1'influence de la minérologie sur les propriétés des sols a cause de la
difficulté inherente de quantifier les minéroux dans la fraction d'argile. Les
methodes spectographiques relatives a la surface et quiont été récemment
mis au point nous permettent d'améliorer la detection et la quantification
de faibles proportions de minéroux d'argile. L'emploi de telles methodes
est indispensoble pour une comprehension quantitative des interactions. Le
Docteur Workentin, le Doteur Veharo et le Docteur Baumgarduer Vont
examiner le röle de la mineralogie dans le comportement physique du sol,
la fertilité du sol dans les terrains tropicaux et la detection a distance. Le
Doctuer lal, le Docteur Herbillon et le Docteur Yaalon vont animer les
discussions portant sur la presentation de ses rapports.

Importance des Minéraux Argileux du Sol dans le
Contexte des Propriétés Physiques des Sols
B.P. W A R K E N T I N
Grace a 1'identification et la caractérisation des minéraux argileux dans les
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sols, nous disponsons des renseignements nécessaires afin d'expliquer
divers aspects du comportement physique des sols. Dans ce document, le
changement de volume, l'influence du materiel amorphe et la chaleur du
mouillage sont discutés en tant que trois exemples dans lesquels les
données sur les minéraux argileux sont utilises afin de comprendre les
propriétés physiques et les caractéristiques des sols.
Les renseignements sur 1'argile sont integrés dans les autres données sur
un sol telles que le pH, les cations échangeables, la dimension des grains,
la distribution, etc. Cependant; plusieurs études sur la pédologie ne se
servent pas des données disponibles sur les minéraux. Les plus souvent nous
nous appuyons encore sur une mesure empirique des propriétés sur
lesquelles on a besoin d'information. Ce qui demeure nécessaire ensuite,
c'est une connaissance suffisante des minéraux argileux afin de nous
permettre d'évaluer le comportement physique des sols, et pour gagner cette
connaissance il faudra des études extensives sur la nature des surfaces des
minéraux argileux et sur les forces interparticulaires dans les argiles.

Minéraux de 1'Argile des Sols et Fertilité des Sols
GORO

UEHARA

Les sols riches en minéraux a charge variable occupent la plupart des terres
sous-utilisées, potentiellement arables mais appauvries des tropiques
humides. Cet état d'appauvrissement est dü a une combinaison de
lixiviation intense et défaible capacité de retention des elements nutritifs.
La faible capacité de retention des elements nutritifs est liée a son tour a
une faible surface specifique, une faible densité de charge de surface ou a
une combinaison des deux. Puisque la capacité d'échange cationique est le
produit de la surface specifique et de la densité de charge de surface la
regeneration des sols appauvris a charge variable doit comporter une
amelioration de 1'un ou des deux paramètres de surface.
Dans les sols a texture grossière la faible retention des elements nutritifs
et de l'eau est due a une faible surface specifique. Cette contrainte peut-être
levée par incorporation au sol d'engrais verts riches en azote. Une
combinaison de minimum tillage et de mulch de paille pauvre en azote ou
de tiges contribuerait a réduire la degradation biologique, chimique et
physique de la matière organique.
Dans les sols a forte teneur en argile la faible capacité d'échange
cationique est due a une faible densité de charge de surface des minéraux a
charge variable. Il est possible d'augmenter la capacité d'échange
cationique de tels sols en élevant le pH par chaulage ou en abaissant le
point de charge nulle. Le point de charge nulle des minéraux des sols a
charge variable peut-être déplacé vers des valeurs plus faibles par les engrais
phosphates, les silicates solubles ou la matière organique.
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La theorie, les données obtenues en laboratoire et la demonstration en
plein champ sont presentees pour montrer la faisabilité technique de la
regeneration par des methodes chimiques des sols a forte teneur en argile et
a charge variable de surface. La correction simultanée des carences en
elements nutritifs et de la faible charge de surface conduit a des
modifications bénéfiques, profondes et durables de la fertilité des sols.

Des Etudes Minéralogiques du Sol a 1'Aide des
Senseurs a Distance
MARION F. BAUMGARDNER E T ERIC R. S T O N E R
Les exigences sans cesse augmentantes d'une démographie croissante sur les
ressources mondiales demandent une reexamination des methodes
traditionnelles de 1'inventaire et la gestion des sols. Des treize milliards
d'hectares de terrain sur la terre, des études sur Ie sol qui soient
suffisamment détaillées pour permettre de formuler des politiques pour une
gestion du sol rationnelle ne couvrent qu'une petite fraction. De plus, Ie
manque d'information quantitative sur les rapports entre les propriétés
chimiques, physiques, biologiques et minéralogiques du sol, sa
productivite, et sa susceptibilité a la degradation sous des conditions
environnementales différentes, limite sévèrement la possibilité de la part
des responsables de rationaliser leurs pratiques de gestion et de la
conservation du sol.
Pendant les années récentes, on a assisté a plusieurs développements
dans Ie domaine de la technologie des senseurs aérospatiaux a distance. La
possibilité d'observer la surface de la terre d'une maniere repetitive de
1'espace donne une nouvelle dimension a 1'étude des sols et des ressources
du terrain. Des séries de données qui n'étaient pas auparavant disponibles
sur les ressources du terrain, des minéraux, de la vegetation et de 1'eau sont
acquises actuellement par des satellites en orbite autour de la terre. Divers
senseurs de laboratoire du champ, de 1'air ou de 1'espace fournissent des
données spectraux, spatiaux et temporelles quantitatives sur les traits de la
surface de la terre.
Dans ce document, on souligne 1'importance de la recherche sur Ie sol
pour une explication des differences entre les sols en tant que mesurées par
réfléchissement dans les regions visibles, et par 1'infra-rouge du spectre
electromagnétique. Une attention toute particuliere est accordee aux
variations dans Ie réfléchissement du sol de surface et Ie effets de la
minérologie, les oxides de fer, la matière organique, Ie drainage interne et
la sévérité de 1'érosion.
Etant donné que la mineralogie des sols est si importante pour une
definition de la productivite potentielle et la susceptibilité a la degradation
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des terrains arables, ce document suggère que les experts sur la
mineralogie des sols puissent considérer que la technologie des senseurs a
distance est un outil a utiliser afin d'améliorer notre connaissance des
caractéristiques minéralogiques des sols.
Les avantages futurs des systèmes d'observation de la terre améliorés,
dependent en grand partie des résultats des recherches pour une definition
des rapports quantitatifs entre les caractéristiques de la radiation et des
autres propriétés physiques, chimiques et biologiques des traits dela surface
de la terre. Dans cette recherche, les experts sur la pédologie ont un röle
significatif a jouer.

Appendix 2

German Abstracts

COMMISSION I: SOIL PHYSICS

Bewirtschaftung der physikalischen Bodenumwelt zur
Ertragssteigerung
S.S. P R I H A R
In diesem Beitrag wurde versucht, über vorhandene Literatur herauszufinden, was über die Beziehungen zwischen Pflanzenwuchs und physikalischer Bodenumwelt bekannt ist. Der Boden wurde einerseits als ein
Medium der Pflanzenkeimung und Auftauchen der Samlinge, und andererseits als ein Medium zum Eindringen bzw. zur Ausbreitung der Wurzeln
betrachtet. Die Effekte der vier bodenphysikalischen Parameter, namlich
Bodenfeuchtigkeit, -temperatur, -liiftung, und -festigkeit, auf die Pflanzungsverfahren und ihre Reaktionsmechanismen wurden erlautert. Die
Effekte der Bewirtschaftungspraktiken wie Pflügen, Mulchen, Bewasserung, Fruchtwechsel und Verbesserungen der physikalischen Umwelt und
des Pflanzenwuchs wurden ebenfalls analysiert.
Untersuchungen in der Vergangenheit haben zum groBen Teil versucht, Pflanzenreaktionen auf einzelne physikalische Parameter von Interesse zu beziehen, indem die übrigen Parameter optimal gehalten wurden.
Ergebnisse solcher Untersuchungen sind nützlich, haben aber begrenzten
praktischen Wert, weil die Anderung eines Parameters gleichzeitig eine
Veranderung in den anderen bewirkt. Es ist notwendig, die Reaktion der
Pflanzen mit Bezug auf das ganze System zu beurteilen. Reaktionen auf
Kultur- und Bewirtschaftungspraktiken werden von Boden- und Klimabedingungen und sonstigen wachstumshemmenden Faktoren stark beeinfluik. Einige Vorschlage zur Erhöhung unserer Forschungsanstrengungen
in dieser Richtung wurden auch unterbreitet.

Über die Förderung von Bodenphysikforschung in
Entwicklungslandern: Meinung eines Wissenschaftiers
DANIEL H I L L E L
Die Rolle der Bodenphysik ist es, Grundkenntnis von Boden-Wasser Systemen zu sammeln, und derartige Kenntnisse für die optimale Gestaltung von
alien kontrollierbaren Faktoren zu nutzen, um ein höheres Produktionsniveau auf tragbarer Basis ohne Umweltschadigung zu finden. Da die meist
kritische Entscheidung zugunsten eines Forschungsprogramms schon am
Anfang gemacht wird (namlich die Forschungsrichtung in welche ein Programm gehen soil), sollten die Erkenntnisse von Vorversuchen die Ent-
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scheidung untermauern. Dies ist eine Frage, die von alien Forschern
beachtet werden sollte. Trotz dringender Notwendigkeit besteht die Gefahr,
daB nicht genügend getan wird. Gleichzeitig besteht auch die Gefahr, daB
vieles versucht wird, ohne die Versuche kritisch zu durchdenken. Auch in
Konferenzen wird viel Zeit der Beschreibung, von dem was getan wurde,
gewidmet, und nicht genügend der Diskussion, über was getan werden
sollte. Die zwei vorherrschenden Auffassungen über Management sind, daB
entweder autoritare staatliche Einrichtungen die Forschung dirigieren, oder
Forscher völlig unabhangig sind. Der optimale Weg ist eine Atmosphare zu
schaffen, in der wissenschaftliche sowie technische Leistung gefördert und
anerkannt wird. Es ist notwendig, Freiheit der Forschung und Organisation zu verbinden, und zu vermeiden, daB sie sich in Formeln, organisatorischen Mustern und Begriffen einengen, die sich hindernd auswirken
könnten. Zahlreiche Vorschlage, diesem Ziel naherzukommen, werden
angeboten. Wenn richtig durchdacht und durchgeführt, kann eine Starkung landwirtschaftlicher Forschung und Umweltforschung (spezifisch in
Bodenphysik) eine Investition sein, die ein aufstrebendes Land im Interesse
seiner eigenen Zukunft tun sollte.

Bodenphysikforschung und Wasserbewirtschaftung
G. VACHAUD
Der Bodenphysiker begegnet gegenwartig dem Problem, wie er die Wasserbewirtschaftung in groBem MaBstab behandeln soil. Hierzu sind folgende
Untersuchungen notwendig:
— Vorherrschende hydrodynamische Bodeneigenschaften zu identifizieren, und deren Schwankungen zu untersuchen,
— Durchschnittliche Werte für die verschiedenen Wasserbilanzkriterien
zu ermitteln,
— und abhangig von diesen Werten, die möglichen Effekte verschiedener Bearbeitungen auf die Wasserbewirtschaftung vorherzusagen.
Der Zweck dieser Veröffentlichung ist es, das vorhandene Wissen über die
Bodenphysik für die Beantwortung dieser Frage darzustellen, und Forschungsrichtungen aus der Sicht vorhandener wissenschaftlichen Lücken
zu entwickeln und vorherzusehen. Folgende drei wichtigen Themen werden
diskutiert.
1. Identifizierung von bodenhydraulischen
Parametern
Die Feldmessung von "Wassergehalt-Wasserdruck-Wasserleitfahigkeit"
Beziehungen ist von groBer Bedeutung für die direkte Bestimmung der
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Komponenten von Wasserbewegung in dem Boden-Pflanzen-Kontinuum,
und Wasserbewegung zu simulieren oder vorherzusagen. Die Techniken zur
Charakterizierung sind bekannt, und werden intensiv benutzt. Allerdings
mussen zwei wichtige Nachteile berücksichtigt werden:
— Zuverlassigkeit der Messungen unter Berücksichtigung von Fehler verbreitung beim Experimentieren.
— Vielfalt von Methoden, welche faktisch die statistische Wiederholung am selben Versuchsort verhindert.
Es ist möglich, dafi einfache quasi-empirische Methoden für die Identifizierung, die auf Parametern von Bodentextur und -gefüge basieren, eine bessere raumliche Darstellung dieser parameter goben könnten, als die zur Zeit
gebrauchten T e c h n i k e n , wenn man die experimentellen Fehler
berücksichtigt.
2. Durchschnittswerte für eine Gegend
Die Erkenntnis von raumlichen Unterschieden in Bodenparametern,
Vegetationssystemen, Wasser-Ein- und Ausflüssen ist ein wichtiger Fortschritt in der Bodenphysikforschung und Hydrologie wahrend der letzten
Dekade. Der Einflufi auf die Praxis ist jedoch gering. Mit Referenz auf die
klassischen Arbeiten von Geostatistikern auf dem Gebiet der Erzforschung,
und neulich der Bodenphysik, sollte mehr Wert auf geeignete Methoden der
Probenentnahme gelegt werden. lm einzelnen:
— Die Struktur der Verteilungsmuster ohne Autokorelation zwischen
Proben zu definiëren, um die durchschnittlichen Werte zu schatzen.
— Die Fehler in den Durchschnittswerten zu charakterisieren, um den
Vergleichbarkeitsgrad zwischen vergleichbaren Versuchen zu
bestimmen.
— Zwischen Proben "objeküv" zu interpolieren.
3. Entwicklung von vorhersagenden Modellen
Genaue numerische Modelle sind kürzlich entwickelt worden, mit deren
Hilfe sogar komplexe FlieBsituationen erklart werden können. Es hat sich
gezeigt, daB solche Modelle sehr gute Hilfsmittel zur Extrapolation von
Ergebnissen und zur Vorhersage anderer Situationen darstellen. Jedoch ist
die Genauigkeit eines Modells, mit der es realen Verhaltnissen entspricht,
durch die Zuverlassigkeit ihres Übertragungskoeffizienten begrenzt.
Deshalb ist die Entwicklung von deterministischen Modellen durch
Anwendung von stochastischen Parametern, Anfangs- und Grenzbedingungen zur Erklarung der raumlichen Schwankungen wahrscheinlich ein
wichtiges Ziel, worauf wir hinsteuern mussen. Zur Zeit wird viel über den
praktischen Weg für Bearbeitung dieser Parameter diskutiert; entweder mit
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Schatzungen vom "Monte Carlo Typ", oder einfach durch Empfindlichkeitsanalysen innerhalb der Schwankungsbreite.
In diesem Vortrag werden kürzlich in der Literatur veröffentlichten
Beispiele sowie Feldergebnisse dargestellt. Meiner Meinung nach wird die
Bodenphysikforschung in der nahen Zukunft dazu beitragen, die Probleme
der Wasserbewirtschaftung zu lösen, nur wenn die Wissenschaftier bereit
sind, bei praktischen Feldexperimenten einen gröBeren Beitrag zu leisten.

Wohin Fiihrt die physickalische Bodenforschung—
Ein Sprung in die Zukunft Ohne die Pedanterie der
Vergangenheit
D O N A L D R. NIELSEN
Aus den Besprechungen und Vorschlagen, die von den drei Mitgliedern der
Commission I "Whither Soil Physics Research" gemacht worden sind,
kann man ersehen, dass ausreichende Informationen über die Prinzipien
der Bodenphysik zur Verfügung stehen. Bodenproben und begrenzte Feldlagen wurden ausgewahlt mit der Annahme, dass sie "typisch" seien, aber
wir sind noch weit davon entfernt zu verstehen, wie man das Verhalten
eines ganzen Feldes analysiert und kontrolliert. Feldforschung über die Verwendung von raumlichen und zeitlichen Beobachtungen der Bodentemperatur und des Bodenwassers sollten daher verstarkt werden, um
Bewirtschaftungspraktiken zu verbessern. Ein Sprung in die Zukunft erfordert mehr Feldversuche, in denen eine regionalbetonte, variable Analyse,
wofür nicht unbedingt kleine Parzellen benutzt werden, starker betont
wird. Die Identifikation der raumlichen und zeitlichen Variantenstrukturen
der physischen Eigenschaften des Bodens und ihre Verbindung mit schon
existierenden oder verbesserten Bodenplaneinheiten wird die Entwicklung
der Feldtechnologie beschleunigen.

COMMISSION II: SOIL CHEMISTRY

Quo vadis, organische Bodensubstanzforschung?
M. SCHNTTZER
Obwohl die wichtige Rolle der organischen Substanz im Boden allgemein
anerkannt wird, hat man ihre chemische Aufklarung weitgehend vernachlassigt. Als Grund dafür werden gewöhnlich die analytischen Schwierigkeiten angeführt. In jüngster Zeit hat jedoch die handelsmafiige
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Verfügbarkeit fortschrittlicher, empfindlicher Instrumente wie der NMRund ESR-Spektrometer und des Analysensystems GaschromatographMassenspektrometer-Computer neue Möglichkeiten zur Erforschung der
chemischen Zusammensetzung und Reaktionen der Bestandteile der organischen Bodensubstanz—insbesondere der H u m i n und Fulvosauren—
eröffnet. Dieses Referat will streiflichtartig die neuesten Entwicklungen auf
drei Gebieten der organischen Bodensubstanz-analyse aufzeigen: (a)
Festkörper- 13 C-NMR-Spektroskopie von Huminstoffen; (b) die Bedeutung
freier Radikale bei der Synthese von Huminstoffen; und (c) die Mechanismen organo-mineralischer Wechselwirkungen.
(a) Mit Hilfe der Festkörper- 13 C-NMR-Spektroskopie ist es nun
möglich, ohne Lösung und Fraktionierung der Huminstoffe wichtige
strukturelle Angaben iiber ihre Anteile an aliphatischem und aromatischem C, ihren aromatischen Charakter und ihre Reaktionen mit anderen
organischen und anorganischen Stoffen zu erhalten. (b) Mittels der ESRSpektroskopie lafit sich nachweisen, dafi bei der Synthese von Huminsauren aus relativ einfachen Phenolen und Phenolsauren, die Bildung von
Semichinonradikalen der geschwindigkeitsbestimmende Schritt ist: sie verbinden sich dann zu stabilen Huminsaurepolymeren. (c) ESR-Spektra zeigen auch, dafi Metalle wie Mn(II) und Co mit Fulvosauren "outer
sphere"-Komplexe, Cu(II) und Fe(III) jedoch "inner sphere"-Komplexe
bilden.
Nach wie vor ist die Analyse der organischen Bodensubstanz ein Forschungsgebiet, das die Naturwissenschaftler verschiedenster Disziplinen vor
interessante und schwierige Aufgaben stellt. Eine genauere Kenntnis der
chemischen Zusammenhange in der organischen Substanz des Bodens ist
für ein besseres Verstandnis undeine rationellere Nutzung der Boden
unerlafilich.

Ein begrifflicher Rahmen für die Bodenchemie: Die
Verwendung von Modellen am Beispiel von Kieselerde, Aluminium und organischen Verbindungen
M. R A U P A C H
Die Rolle und die Grenzen von Modellen beim Studium der physikalischen
Chemie der Boden werden berücksichtigt. Die Modelle für die Auflösungsreaktionen von Lehm werden angegeben, wobei die Wirkung eines Wasser stoffions vier Kieselerdmoleküle freisetzt. Modelle für Aluminium und
organische Moleküle an Lehmoberflachen werden auch diskutiert. Es wird
betont, dafi Anstrengungen für einen absoluten begrifflichen Rahmen in
der Bodenchemie wünschenswert seien.
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Bodenchemieforschung
produktion

un'd

Nahrungs

mittel-

N.N. GOSWAMI
Es wurde in dieser Publikation versucht, einen allgemeinen Überblick
über die einzelnen Gebiete der Bodenchemieforschung zu geben, die auf die
landwirtschaftliche Produktion Einflufi haben. Forschungsergebnisse auf
den Gebieten von Ionenaustausch, Bodenaziditat und Sodizitat, physikalischer Chemie von Nahrstoffverfügbarkeit, Ionenbewegung und Mechanismus von I o n e n a u f n a h m e bei Pflanzen, Bodenbeurteilung u n d
Dungerempfehlung, und Toleranz von Varietaten gegenüber Nahrstoffgifte
und -mangel in Bezug auf Bodenchemie wurden kurz besprochen. Es wurde
auf die Notwendigkeit für intensive Forschung in einzelnen spezifischen
Gebieten aufmerksam gemacht. Der Gewinn solcher Anstrengungen
könnte in Zukunft einer vermehrten Nahrungsmittel, produktion auf
gleichbleibender Ertragsbasis zugutekommen.

COMMISSION III: SOIL BIOLOGY

Das fortwahrende

Stickstoffratsel

D.J. G R E E N L A N D AND I. WATANABE
Die von Boden-, Pflanzen- und Sickerwasseranalysen abgeleiteten Stickstoffbilanzen weisen bei Boden in höher gelegenen Gebieten Nettoverluste auf.
Bei permanent überfluteten Reisfeldern dagegen zeigen ahnlich durchgeführte Studiën einen Nettogewinn. Beide N-Bilanzen, sowohl mit negativem als auch mit positivem Ergebnis, lassen jedoch viele Fragen ungeklart
zurück. Um hierauf Anworten geben zu können, sind Zusammenarbeit und
interdisziplinare Erhebungen an sorgfaltig ausgewahlten Biotopen unter
Verwendung vielfaltiger Techniken erforderlich.
N-Bilanzen in den Tropen (insbesondere bei permanent überstautem
Reis) sind zur angemessenen Charakterisierung des Pflanzen-BodenÖkosystems besonders notwendig; ihre Bedeutung für die Welternahrung
steht auBer Frage. Die Information aus solchen Untersuchungen ist notwendig, um den Einflufi moderner Landtechnik auf das Ökosystem, und
insbesondere auf den N-Kreislauf, abschatzen zu können. Studiën zur NBilanz liefern eine Langzeitaussage für die N-Nachlieferung. Die hieraus
gewonnene Erkenntnisse sind weiterhin bedeutungsvoll für die Auswahl
von Anbausystemen sowie für die Planung von N-Düngerverfahren, die NFixierung erganzen und nicht unterdrücken.
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Kaum erforschte Wege zur Erhöhung des Bodensrickstoffbestandes durch biologische N2-Gewinnung
Y.R. D O M M E R G U E S
Die dem Boden durch biologische N2-Gewinnung zugesetzte Stickstoffmenge ist sehr schwankend. Dies hangt nicht nur von der festen N2Menge, sondern auch von der Effizienz der Stickstoffübertragung von dem
N2-Gewinnungssystem zum Boden ab. Zur maximalen N2-Gewinnung ist
es notwendig, die Wirkungen der Grenzfaktoren, wie Phosphormangel und
Verbundstickstoffüberschuft, zu beseitigen. Durch gleichzeitige Anwendung
chemischer und biologischer Verfahren ist der Zweck am besten erreicht.
Bei einigen Ernten, wie von Getreideleguminosen, ist die Feststickstoffübertrangung zum Boden minimal, wodurch es oft zum Stickstoffmangel im
Boden kommt. Am wirksamsten dagegen ist die N2-Übertragung zum
Boden bei Gründüngung. Dieses Verfahren soil aber nur dort empfohlen
werden, wo das N2-Gewinnungssystem sehr aktiv ist, und die Wachstumszeit somit auf ein Minimum reduziert wird.

Mykorrhizen : Die gegenwartige Lage
P.B. T I N K E R
Die vorliegende Arbeit gibt einen Überblick über den heutigen Stand der
Mykorrhizenforschung, mit besonderer Betonung der vesikulararbuskularen Mykorrhiza. In jüngster Zeit hat das Studium der Taxonomie
und Genetik dieser Pilze nur geringe Forschritte gemacht, obgleich diese
dringend notwendig waren. Die Kenntnisse über die Ökologie der Pilze
sind in einem verworrenen Zustand : eine Ansammlung von viel Tatsachenmaterial aber wenigen wichtigen systematischen Untersuchungen auf
speziellen Gebieten. Es ist daherschwer, Allgemeinschlüsse zu ziehen, und
es wird empfohlen, zu versuchen, mit Hilfe mathematischer Modelle allgemeine Prinzipien zu entwickeln.
In Bezug auf Ernahrung besteht eine recht klare Einsicht in die Wechselwirkungen zwischen Pilz und Wirtspflanze; und dass Kohlenstoffverluste
bei der Wirtspflanze vorkommen, ist sehr wahrscheinlich. Dagegen bestenen nur schwache Beweise dafür, dass die Pilze den Wasserhaushalt oder
den Hormonhaushalt der Wirtspflanze beeinflussen. Reaktionen, die mit
einer verbesserten Phosphorernahrung im Zusammenhang stehen, werden
weiterhin als die wichtigsten betrachtet; auch die Möglichkeiten der praktischen Anwendung werden erörtert.
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Forschungsrichtungen des Stickstoffkreislaufes
der Pflanzen-Mikroben-Wechselwirkung

und

E.A. PAUL UND E.E. H A R D I N G
Informationen über die Prozesse und Raten von einzelnen Reaktionen in
Stickstoffkreislauf und Pflanzen-Mikroben-Wechselwirkung werden ziemlich rapide erzeugt. Neue Techniken für die Forschung der betreffenden
Prozesse schliefien die C2H2-C2H4 Analyse für N2-Bindung, die C2H2 blockierende Technik für Denitrifikation, Verfügbrkeit von 13N, die Anwendung
von Chlorat zur Blockierung von Nitrat-Oxydation und die Erhaltlichkeit
von stabileren und empfindlicheren Massenspektrometrie ein. Die Probleme der temporalen und raumlichen Variabilitat und Diffusion haben den
in situ Analysen, sogar vom solchen gasförmigen FluB wie bei der N2Bindung und Denitrifikation zu finden ist, Beschrankungen auferlegt.
Das Potential von der Pflanzen-Mikroben-Wechselwirkung in N- und
P-Aufnahme rauli für Leguminosen, assoziative N2-Bindung und Mykorrhizen erst erzielt werden. Mykorrhizenforschung wird von der Unfahigkeit,
vesikulare arbuskulare Mykorrhizen in reiner Kultur anzubauen, behindert.
Studiën über die N2-Bindung haben einen groBen AnstoB von der Grundlagenforschung erhalten. Jedoch mussen die Verfügbarkeit von Boden-P, die
Anwesenheit von anorganischem N, und die Anforderungen für groBe
Mengen Energie in Form von Photosynthat bewirtschaftet werden, um die
N2-Bindung sowie die Übertragung des fixierten N zum Boden zu erhöhen.

COMMISSION IV: SOIL FERTILITY

Probleme und Prioritaten der Forschung von Bodenfruchtbarkeit und Diingemitteln
DONALD L. McCUNE UND P.J. S T A N G E L
Die Bereitstellungeeiner ausreichenden Nahrung für die sich immer vergröBernde Weltbevölkerung ist eine groBe herausforderung. Obwohl diesem Problem bereits besondere Aufmerksamkeit gewidmet wurde, ist es
erforderlich, daB intensivere Anstrengungen von seiten der Klein- und GroBbauern, der Düngemittelindustrie, der technischen Gesellschaft, insbesondere der Bodenwissenschaftler, unternommen werden. Die Bedingttngen zur
Lösung des Welt-Nahrungsproblems umfassen im allgemeinen solche
Gebiete wie die Bestellung neuen Bodens, höhere Ausbeute des Bodens
unter Anwendung wirksamer Düngemittel, den Anbau von ertragreichen
Pflanzenarten und bessere Kontrolle und Bewirtschaftung des Wassers.
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Jeder dieser Punkte hat seine Konsequenzen und stellt eine besondere
Herausforderung dar. Technologen können in vielen dieser Gebiete einen
Beitrag leisten. Die Bedeutung einer besseren Diingemittel-Wirkungskraft,
insbesondere der von Stickstoff, erhalt bedeutend mehr Aufmerksamkeit, da
dessen Verlust besser verstanden wird, und die GröBe besser bestimmt
werden kann. Einige potentielle Lösungen, z.B. der Gebrauch von modifiziertem Harnstoff für tiefe Lagerung—mit oder ohne Beschichtung für das
kontrollierte Freilassen des Nahrstoffes—werden erwogen und erscheinen
versprechend. Es mussen Methoden gefunden werden, mit deren Hilfe die
technologischen Neuerungen von dem Wissenschaftier zum Bauern iibertragen werden können. Die Bearbeitung neuer Felder bereitet spezielle
Probleme, und somit wird die Suche nach neuen Arten von Diingemitteln
notwendig werden. Es ist an der Zeit, die Bedeutung organischer Düngemittel in Verbindung mit chemischen Diingemitteln erneut zu betrachten.
Der Gebrauch von natiirlichen Quellen, z.B. von organsichem Abfall,
Phosphat-Gestein und Schwefelverbindungen, verbunden mit Stickstoff
fixierter Leguminose (Hülsenfrucht), könnte eine bedeutungsvollere Rolle
in der landwirtschaftlichen Entwicklung spielen. Aufgrund der Vielfalt der
Aufgaben, sollten Prioritaten gesetzt werden. Wege mussen gefunden
werden, um den angewandten Stickstoff wirksamer einzusetzen, wobei der
prozefi der biologischen Stickstoff-Fixierung volle Ausnutzung finden
sollte; dies erfordert jedoch ein besseres Verstandnis des Fruchtbarkeitsfaktors des Bodens. Phosphat-Düngemittel mussen jetzt und in der Zukunft
auf besondere Boden- und klimatische Bedingungen zugeschnitten werden.
Verschiedene Beispiele werden zitiert, für die, zusatzliche Forschung erforderlich ist.

Einige Erfahrungen bei der Bewirtschaftung
Bodenfruchtbarkeit in Indien
GS.

der

SEKHON

Indische Boden sind arm an Stickstoff. Die Verwendung von Stickstoff ist
im allgemeinen vorteilhaft, aber seine Rückgewinnung ist besonders niedrig beim Reis. In bestimmten Situationen haben sich Ammoniakdünger,
Spaltverwendung, Tiefenlegen sowie der Gebrauch von Nitrierungsinhibitoren, einschlieBlich neem (Azadirachta indica Juss.), langsam freiwerdender Stoffe, der Verwendungen von Kügelchen und Blattern als nützlich
erwiesen.
46% der Boden haben niedrige und 52% mittlere Mengen Phosphor. Bei
neutralen und alkalischen Boden wird in Phosphorstoffen ein hoher Grad
von Wasserlöslichkeit benötigt. Bei saurehaltigen Boden kann Steinphos-
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phat allein oder als Lösung mit löslichem Stoff benutzt werden. Der bei der
letzten Ernte verwendete Phosphor darf einkalkuliert werden.
20% der Boden haben niedrige und 42% mittlere Mengen Kalium. Kontinuierliche Ernten ohne zusatzliches Kalium vermindern das zur Verfügung stehende Kalium. Die Möglichkeiten für die Herstellung von
Kaliumschoenit werden hier untersucht. Der Mangel an Kalzium und Magnesium in saurehaltigen Boden kann durch Kalken beseitigt werden. Der
Mangel an Schwefel gibt es in Boden mit grober Beschaffenheit, besonders
dort wo Ölsamen, Hülsenfrüchte und Leguminosen angebaut werden.
Die Intensivierung der Landwirtschaft hat einen weitverbreiteten Mangel an Mikronahrstoffen, besonders an Zink, verursacht. Um den Zinkmangel zu beseitigen, wird im allgemeinen vorgeschlagen, Zinksulphat vor dem
Bepflanzen zu benutzen. Eine einzige Verwendung kommt zwei bis sechs
sukzessiven Ernten zugute.
Eine bessere Wiederaufbereitung von Abfallen in der Landwirtschaft
und die erhöhte Verwendung von biologischen Stickstoffbindern werden in
der Zukunft zunehmende Aufmerksamkeit finden. Es bedarf einer Verbesserung der Informationen über die Wirksamkeit von Düngerstickstoff, die
niedrigste wünschenswerte Wasserlöslichkeit der Phosphorstoffe und die
Nahrstoffbedürfnisse von Ernten anders als Getreidearten. Die Untersuchungen der Nahrstoffindizes. bei Höhenfestpunktböden werden dabei
helfen, daB man die Veranderungen in der Bodenfruchtbarkeit überwachen
und sie gut bewirtschaften kann.

Gebrauch von Düngemitteln in Bezug auf Umweltqualitat in den Tropen und Sub-Tropen
RAMENDRA S I N G H UND B.C. BISWAS
Die Frage der Umweltverschmutzung durch den Gebrauch von Düngemitteln in den Tropen und Sub-Tropen ist im kritischen Detail diskutiert
worden. Es wurden mögliche Wege für die Anreicherung von Grund- und
Oberflachenwasser durch Nitrate, Phosphate und Kalium aus gutgedüngten Ackerflachen unter intensiver Bebauung besprochen. Es wird
angenommen, dafi bei dem gegenwartigen oder zukünftigen Verbrauchsniveau von Düngemitteln eine bessere Bewirtschaftungspraxis keine Gefahr
für die Umwelt bedeuten kann. Mehrere Vorschlage für die zukünftige Forschung und Entwicklung wurden unterbreitet, damit die Düngemittel
nicht die Ursache der Umweltverschmutzung werden.
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Düngemittel und Umweltverschmutzung
G.J. KOLENBRANDER
In Landern mit einer intensiv betriebenen Landwirtschaft wird dem Studium der Umwelteinflüsse zunehmendes Interesse gewidmet. In anderen
Teilen der Welt wird vorlaufig der Umfang der landwirtschaftlichen Produktion Prioritat genieften.
Ein für Mensch und Tier gröfterer, efibarer N-Ertrag ist mit einem
gröfteren N-Einsatz zu erreichen. Aber damit vergröftern sich leider mit der
Umwelt auch die Verluste an N, P und K.
Die grölken Verluste an N, P and K entstehen durch Nahrstoffe für die
Bevölkerung dessen Exkremente, aus hygienischen Gründen, direkt, oder
auf Umwegen, im Meer verlorengehen.
Wo auf landwirtschaftlichen Betrieben das Bedürfnis an Stickstoff in
gewissem Mafte durch Anbau von Leguminosen befriedigt werden kann,
mussen die Verluste an P und K—will man keine Raubwirtschaft
betreiben—auf eine andere Weise kompensiert werden, z.B. in der Form von
Kunstdüngern, organischem Dünger oder Kraftfutter. Hierfür werden aber
wieder gröftere Mengen fossiler Energie benötigt.
Aber vielleicht ist es für die Welt-Ernahrungsprobleme doch wichtig,
die landwirtschaftlich wichtigen Elemente N, P and K in stadtischen
Abwassern zurückzugewinnen, wobei glecihzeitig die Verschmutzung des
Oberflachenwassers stark reduziert werden kann. In den landwirtschaftlichen Betrieben selbst sind gleichzeitig diejenige technologische Eingriffe zu
benutzen, die die Verluste nach Grundwasser und Atmosphare weit am
besten beschranken.
Durch Integration von Auswaschungsdaten, gesammelt unter westeuropaischen Verhaltnissen, und die W.H.O.-Normen für Trinkwasser,
wurde für eine intensivere Landwirtschaft versucht, Grenzwerte für die NMineraldüngung von Acker- und Grasland festzustellen. Dabei stellte sich
heraus, dafi es nicht einfach ist, bei Ackerland auf Sandboden diesen
W.H.O.-Werten für Trinkwasser zu entsprechen.
C O M M I S S I O N V: SOIL GENETICS. CLASSIFICATION AND
CARTOGRAPHY

Wohin Bodenforschung : Bodengenese
E. S C H L I C H T I N G
In dem Aufsatz werden einige methodologische Probleme der Bodengeneseforschung behandelt und einige Perspektiven erlautert.
Methodologische Probleme bestehen bei der Faktorenanalyse, bei der
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Rekonstruktion des ursprünglichen Zustandes von Boden aus geschichteten
und/oder gemischten Ausgangsmaterialien, bei der Bilanzierung von lithogenen Merkmalen im Falie indexloser Zu- oder Fortfuhr (z.B. zyklische
Salze oder Erosion) und von Merkmalen, die litho- und pedogen sein
können (z.B. Tonmaxima und -minima) sowie bei der Ermittlung der
Abfolge der bodenbildenden Prozesse.
Es wird erlautert, dafi Bodengeneseforschung für die Auswahl von diagnostischen Merkmalen für die Bodenklassifikation erforderlich ist und sich
mehr mit rezenten Prozessen und Merkmalen beschaftigen sollte, um die
ökologische Bedeutung der Bodenklassifikation zu verbessern.
Es wird ferner erlautert, daB Objekte der Bodengeneseforschung nicht
nur Profile aus abstrakten Gesteinsausschnitten, sondern auch Catenen auf
konkreten geomorphen Einheiten sein sollten, zumal diese geeignete Einheiten für die Bodenkartographie sind.

Wohin Bodenkunde?
Bodenklassifizierung
R.W. A R N O L D
Die meisten Systeme der Bodenklassifizierung definiëren und beschreiben
Bodenmerkmale, die leicht zu beobachten oder relativ leicht zu messen sind.
Elin annehmbares System mufi in sich einheitlich sein, und den Zweck
erfüllen. Eine Klassifizierung, die für die Vorhersage geeignet ist, reduziert
die Streuung der Eigenschaften innerhalf einer Taxa verglichen mit der
Streuung der gesamten Bevölkerung auf ein Minimum. Bis dato ist noch
keine Taxonomie ausreichend geprüft worden.
Einige Herausforderungen in der Bodenklassifizierung waren: die Flexibilitt azu bewahren, sodafi neuen Erkenntnissen Rechnung getragen
werden kahn; neue Pradigmen, wie sie entstehen, zu akzeptieren; die quantitativen Messungen der Bodeneigenschaften zu verbessern; die Vollstandigkeit der Definitionen zu überprüfen; die Möglichkeiten, die die Vorhersage
bietet, besser auszunutzen; eine Klassifizierung der Einheiten auf Bodenkarten zu entwickeln; neue analytische Mittel der Klassifizierung auszuwerten; und die internationale Zusammenarbeit voranzutreiben. Wir haben
eine glanzende Zukunft vor uns, wenn wir die Gelegenheiten, die uns die
obigen Herausforderungen anbieten, voll ankzeptieren.
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Prioritaten für die Boden-Forschung in den Tropen
H A R I ESWARAN
Boden-Forschung in den Tropen ist nicht so produktiv gewesen wie sie
sein sollte order könnte, und dies aus verschiedenen Gründen, sei es Geld,
Zeit oder in manchen Fallen mangels qualifizierten Personals. Die gröfite
Wirkung stammt aus Beitragen der internationalen landwirtschaftlichen
Zentren und aus multilateralen und bilateralen Programmen, und, in geringerem MaBe, aus nationalen Organisationen. Es besteht eine echte Notwendigkeit, die nationalen Bodenorganisationen zu starken bzw. auf eine
höhere Stufe zu heben, und diese Tatsache sollte vielleicht von den internationalen Finanzierungsgremien in Betracht gezogen werden.
Dieser Beitrag gibt einen allgmeinen Überblick über die Gebiete, die
unmittelbare Aufmerksamkeit brauchen. Im Moment entscheidend ist vielleicht die Inventarisierung von Bodenressourcen, nicht soviel der nationale
Wirkungsbereich, aber mehr die Qualitat dieser Inventare. Eine genaue
Auswertung ist für die nationale Planung unerlafilich, und dies hangt von
anderen stützenden Erleichterungen, wie qualifiziertes Personal, gute laboratorien usw., ab. Bodenerhaltung, Kontrolle der Salzhaltigkeit und Alkalinitat sowie die Bewirtschaftungspraktiken für spezielle Boden sind andere
Problem der Bodenforschung. Bei den gegenwartigen Tendenzen der Bevölkerungszunahme und die Belastung des Bodens und Landes, ist die Bodenforschung in den Entwicklungslüandern kein Luxus mehr, sondern eine
Notwendigkeit.

Datenverarbeitung in der Bodenaufnahme,
besonderen für die Bodenkartographie

im

J. S C H E L L I N G
Als Grundlage für eine allgemeine Diskussion werden einige grundsatzliche Überlegungen über die Datenverarbeitung für die Bodenaufnahme
angegeben, mit besonderer Berücksichtigung der Bodenkartographie sowie
der Automatisierung der Datenverarbeitung. In der Einleitung werden die
Themen aufgezahlt und ihre Beziehungen untereinander angedeutet. Eine
wichtige Aufgabe für die Forschung auf diesem Gebiet ist die Verbesserung
der Methoden, um die Qualitat der Produkte für den Benützer zu verbessern. Für die Bodenklassifizierung können wir einen Parameter angeben,
um die Qualitat für einen bestimmten Zweck zu messen. Eine bestehende
Klassifikation kann mit diesem Parameter bewertet werden. Zur Errichtung
einer Bodenklassifikation sind numerische Methoden verfügbar, die für
diesen Parameter optimalisiert sind. Für die Kartenlegende können ahn-
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liche Parameter zur Abstufung der Qualitat verwendet werden. Hier fehlen
formale Methoden zur Optimierung der Legende, und ihre Entwicklung
ware wichtig. Ein schwieriger Aspekt in der Bodenaufnahme ist der Schritt
von Punktdaten (Pedondaten) zu Flachendaten (Abgrenzungen auf der
Bodenkarte). In den verschiedenen Methoden der Bodenaufnahme unterscheiden sich die Schritte in der Art und dem Ausmass der Formalisierung.
Um die Methoden der Bodenaufnahme zu verbessern, sollten sie analysiert
und in ihrer Qualitat verglichen werden. Je deutlicher und formalisierter
diese Methode ist, umso leichter ist diese Art der Untersuchung. Die Methodologie der Bodenaufnahme wird sehr allgemein behandelt, und verschiedene Methoden, um die Qualitat der Ergebnisse zu verbessern, werden
angedeutet.
Internationale Zusammenarbeit auf diesem Gebiet wird befürwortet.
Konventionelle und automatisierte Kartographie werden kurz behandelt,
besonders in einem Vergleich der Vor- und nachteile beider Methoden.
Innerhalf der automatisierten Kartographie werden polygonale und Rasterkarten sowie Karten, die auf Grund von Punktdaten mit Hilfe automatisierter Methoden erstellt wurden, erwahnt. Bodenerkundungssysteme
werden hauptsachlich im Hinblick auf ihre möglichen Komponenten
behandelt.

Bodengenese, -klassifizierung und -kartographie;
Bodenkundeforschung—Gegenwart und Zukunft
R.S. M U R T H Y
Die folgenden vier Diskussionsredner haben iiber die Aspekte der Bodengenese, -klassifizierung und -kartographie der Gegenwart und Zukunft
berichtet: Hari Eswaran iiber die 'Prioritaten der Bodenforschung in den
Tropen', R.W. Arnold iiber 'Bodenkunde : Bodenklassifizierung', E.
Schlichting iiber 'Bodenkundeforschung—Bodengenese' und Dr. J. Schelling iiber 'Datenerfassung von Bodenvermessungen für Bodenkartographie. Somit ist eine breite Palette von Themen behandelt worden, wo
anspruchsvolle Fragen die geeignete Darlegung gefunden haben.
Die Bodencharakterisierung ist ein wichtiger Aspekt, der von Eswaran
betont wurde; die Pflugschicht z.B., die den kritischen Teil der Würzeltiefe
ausmacht, miifke korreliert, und in die Bodentaxonomie neuaufgenommen
werden.
Schlichting fiihrt die Forschungserfordernisse in der Bodengenese
naher aus; diese sollen mit geomorphen Einheiten und Bodengeographie,
die besseren Parameter in der raumlichen Wirklichkeit, verbunden werde.
Arnold hat sich mit der Bodenklassifizierung, ein wichtiges Thema für die
wirk-same Bodennützung, beschaftigt. Er weist darauf hin, dafi die Boden-
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taxonomie weder die Interpretation für die Technologie-Übertragung noch
die angenommene Genese für Boden liefern kann.
In seinem Beitrag über Datenerfassung hat Schilling die Automatisierung in der Datenerfassung, auch in Verbindung mit Pflanzenanbauprogrammen betont.
Um mit Bodenressourcen besser umgehen zu können, ist auch die Einrichtung eines Internationalen Bodenforschungsinstituts in den Tropen
vorgeschalgen worden.

C O M M I S S I O N V I : SOIL TECHNOLOGY

Die Nutzbarmachung von Einöden und die Zukunftsaussichten der Weltnahrungsmittel
LP. ABROL
Die Gesamtflache, die auf der Welt zur Gewinnung und Kultivierung
potentiell zur Verfügung steht, ist mehr als die Flache, die gegenwartig
bebaut wird. Die gröfken Flachen des potentiellen Ackerlandes sind in
Afrika und Südamerika zu finden; relativ kleine Flachen findet man in
Asien und Europa. Trotz dieses enormen Potentials mag jedoch die zunehmende Bebauungsflache, und sommit die zunehmende Nahrungsmittelproduktion, eines Landes nur wenig Relevanz bei dem Erreichen der
Nahrungsmittelhinlanglichkeit in einem anderen Land oder Kontinent
haben. Jedes Gebiet mufi deshalb seine eigene Strategie entwickeln, um
seinen bestimmten Zweck zu erreichen. Dabei mussen allerdings die sozialwirtschaftliche und die politische Ordnung auf der einen Seite, und Tradition und der Ausbildungsstand auf der anderen Seite mit in Betracht
gezogen werden. Geeignete Technologie, die ökonomisch realisierbar und
auf dem Niveau der Bauern durchführbar ist, wird erforderlich sein, ehe
man mit der Gewinnung des ödlandes in grofiem MaBe anfangen kann.
Ausreichende physikalische Infrastruktur und Mechanismen für die Übertragung der Technologie von der Versuchsstelle auf das Ackerland mussen
garantiert werden. Die vorliegende Arbeit beschreibt die Technologie für
die Gewinnung der etwa 2,5 millionen Hektar Land natriumhaltigen Bodens im Indo-Gangetic Flachland Indiens. Es wird gezeigt, dafi grofte Fla'chen des unfruchtbaren natriumhaltigen Bodens mit kleiner Investition
gewonnen werden könnten. Sie könnten damit zur Nahrungsmittelversorgung des Landes und zur Kontrolle der Umweltdegradation eingesetzt
werden. Alternative Technologie, diese Boden unter ein System der Forstund Landwirtschaft zu bringen, wird skizziert. Die Verstarkung eines auftragsorientierten Forschungsprogrammes wird es ermöglichen, das
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schwierige Gelande zu gewinnen und dem zunehmenden Nahrungsmittelbedarf der Zukunft gerecht zu werden.

Behandlung von tropischen
Nahrungsmittel-Aussichten

Boden

und

Welt-

WENCESLAUS J. G O E D E R T , EDSON L O B A T O UND M O R E T H SON RESENDE
Der zukünftige Bedarf der Welt an Nahrungsmittel kann durch eine Steigerung der Produktivitat in den bereits bebauten Gebieten sowie durch die
Bebauung von neuen, noch nicht kultivierten Gebieten gedeckt werden.
Tropische Landschaften bieten beide Alternativen an, doch erscheint eine
landwirtschaftliche Ausweitung viel wichtiger, da über 3 Milliarden Hektar
Land noch immer kaum benutzt werden. Der Fruchtwechselanbau und die
Weidewirtschaft sind die hergebrachtesten Tatigkeiten, und die derzeitige
Nahrungsmittelproduktion, reicht nicht enimal zur Selbstversorgung aus.
Die Vegetation in den Tropen besteht überwiegend aus Regenwaldern und
Savannen. Das Klima: heifi und niederschlagsreich; jedoch stellt die Verteilung der Regenfalle in einigen Teilen der Tropen ein Problem dar. Oxisole
und Ultisole, die hier gewöhnlich vorherrschend vorkommen, sind tief, gut
entwassert und strukturiert. Sie haben jedoch einen hohen Sauregehalt und
sind sehr arm an Nahrstoffen, besonders an Phosphor. Um diese Probleme
lösen bzw. verringern zu können, sollte jedes Bodenbewirtschaftungsprogramm darauf abzielen,:
a. den natürlichen Nahrstoffgehalt des Bodens zu verbessern und die
Wirkung des Sauregehaltes teilweise zu neutralisieren;
b. die Schaden, auf Grund der trockenen Zeit, so klein wie möglich zu
halten;
c. den Boden gegen Erosion zu schützen, da wahrend der Erntezeit die
Regenmengen normalerweise sehr hoch sind.
Sind diese Ziele erst einmal erreicht worden—durch entsprechende BodenJbehandlung —, kann auf über 800 Millionen Hektar Land intensive Kultivierung betrieben werden zusammen mit der Weidewirtschaft, so daft das
ganze Jahr über geerntet bzw. Viehzucht betrieben werden kann. Es wird
geschatzt, dafi eine rationelle Bodennutzung zu einem NahrungsmittelüberschuB führen kann, um den Bedarf von über 2 Milliarden Menschen innerhalf von 20 bis 40 Jahren zu decken. Bis dahin aber werden noch enorme
Anstrengungen, sowohl in der Forschung als auch in der Entwicklung
einer adaquaten Infrastruktur, unternommen werden mussen.
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Probleme der Boden in der nórdlichen Hemisphare
und ihre Nutzung
O.V. MAKEEV
Die Rationalisierung der Nutzung von Tundra- und anderen nördlichen
Boden ist von gröfker Wichtigkeit, um die Nahrungsmittelproduktion und
Ernteertrage zu steigern. Dies ist durch folgendes zu erklaren: 1) weitere
Nutzbarmachung von Naturschatzen des Nordens, industrielle Konstruktion und bessere Transpörtmoglichkeiten, Bevölkerungszunahme; 2) zunehmender Einflufi der Anthropotechnogenese auf die waschsende
Bodenbiofruchtbarkeit und Klimaveranderungen.
Die Tundrabodendecke ist abwechslungsreich und besteht aus Kriogenu n d Frostbiiden: Tundragley-, T u n d r a m o o r - , T u n d r a s c h w e m m - ,
Tundraalluvialhumus-, Oberflachenalluvialgleyböden, Kriogenböden der
kargen, unfruchtbaren Stellen, usw. Die Prozesse der Bodenbildung hier
sind in einen spezifischen Komplex von Bodenkriogenese integriert; dies ist
eine Funktion des Frosts, des Subfaktors der Bodenbildung, der Minustemperaturen des Bodenprofils und Eiszementierung des Gesteines vereinigt.
Schon heute versorgen die Tundraböden die Bevölkerung mit einem
Teil der Nahrungsmittelprodukte durch die Rentierzucht, die Jagd, Wildund Haustierzucht, Weidewirtschaft und Pflanzenanbau (hauptsachlich
Gemse iiund Kartoffeln). Die realen Aussichten einer weiteren, betrachtlichen Steigerung der Biofruchtbarkeit von Tundraböden in der Zukunft
können sowohl durch traditionelle technische Mittel als auch durch die
neuesten technischen Mittel erreicht werden, namlich: Warmemelioration,
besondere Chemisierung, Maschinensysteme und Mechanismen, die fur die
leicht Schaden erleidenden Landschaften des Nordens geeignet sind, und
weiter die Klimaregulierung (Veranderung der Durchschnittslufttemperatur unmittlebar bei der Bodenoberflache durch technische Mittel und die
Verwirklichung von technischen Projekten zur Klimaumgestaltung). Entscheidende MaBnahmen mussen getroffen werden, um die Natur im
Norden, ihree einzigartigen Landschaften und ihre organische und biodynamische Welt zu schützen.
Die arktischen und subarktischen Regionen (Tundra und WaldTundra) sind Teile unseres Planeten, und ihre globale Rolle in der normalen Entwicklung der Biosphare und Nahrungsmittel-produktion für die
Menschheit ist beachtlich.
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Bodenkunde, wohin?
c . SYS
Dieser Beitrag diskutiert die bodenphysikalische und klimatischen Beschrankungen sowie die Bewirtschaftungsmethoden füur drei wichtige Umgebungen. O.V. Makeev beschaftigt sich mit den 'Problemen der Boden in der
nördlichen Hemisphere und ihre Nutzung'; LP. Abrol, in seiner Arbeit
über die 'Nutzbarmachung von Einöden und die Zukunftsaussichten der
Weltnahrungsmittel', lenkt unsere Aufmerksamkeit auf die Bedeutung von
Salz- und Alkaliboden, und diskutiert einige Gewinnungs- und Bewirtschaftungseigenschaften in bezug auf natriumhaltige Boden Indiens.; Wenceslau, J. Goedert, Edson Lobato und Merethson Resende behandeln die
Bewirtschaftung von tropischen Boden und die Zukunftsaussichten für die
Weltnahrungsmittel.
Wie sieht es denn mit der Bodenkunde in naher Zukunft aus? Indies em
Zusammenhang haben die vorgenannten Beitrage bewiesen, dafi eine
gesunde und solide Basis für landwirt-schaftl-iche Entwicklung eine den
Klima- und Bodenbedingungen angepafke Bewirtschaftung verlangt.
Vorschlge azur Verbesserung und Bewirtschaftung folgender Faktoren sind
unter-breitet worden, namlich Topographie, Feuchtigkeit, alle bodenphysika-lische Parameter, die auf die Bodenkapazitat—zur Beibehaltung
von Nahrstoffen und vom Wasser—EinfluB ausüben können.
Darüberhinaus soil auf die Bewirtschaftung von tropischen Boden für
die Aufrechterhaltung des Kationausgleichs durch Kalken aufmerksam
gemacht werden; denn die tropischen Boden werden der bivalenten
Kationen, sowohl durch intensive Verwitterung als auch durch intensive
Bebauung, systematisch ausgelaugt. Es ist also in dieser Richtung, dafi
Bodenkundler ihre Anstrengungen machen mussen : etwas zur Unterstützung der Bauern und für die Steigerung der Weltnahrungsmittelproduktion.

COMMISSION VII: SOIL MINERALOGY

Bodenmineralogie—Schlüssel
Kenntnisse über Boden

zur Erweiterung der

U. S C H W E R T M A N N
Die Grundeigenschaften der Boden, die für ihre Nutzung relevant sind,
können ohne die Kenntnis des quantitativen mineralogischen Charakters
und Eigenschaften verschiedener Bodenbestandteile nicht richting verstanden werden. Obgleich Bodenmineralogen in verschiedenen Teilen der
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Welt die Mineralogie der Boden studiert haben, konnte die Wirkung der
Mineralogie auf die Boderieigenschaften nicht eingeschatzt werden, da es
schwierig war, die Mineralien in Tonfraktionen zu quantifizieren. Oberflachenorientierte spektrographische Methoden, die kürzlich entwickelt
wurden, kónnen die Aufspürung und Quantifizierung von kleinen Teilen
der Tonmineralien verbessern. Es ist unbedingt notwending, solche
Methoden anzuwenden, um die Wechselwirkungen quantitativ zu
begreifen. Die Herren Dr. Warkentin, Dr. Uehara und Dr. Baumgardner
werden die Rolle der Mineralogie bei dem physikalischen Verhalten des
Bodens, bei der Bodenfruchtbarkeit in tropischen Boden und zuletzi bei der
Fernerkundung, diskutieren. Die Diskussion über die Beitrage wird von
den Herren Dr. Lal, Dr. Herbillon und Dr. Yaalon eingeleitet.

Die Bedeutung von Bodentonmineralen für die physikalischen Eigenschaften der Boden
B.P. W A R K E N T I N
Die Identifizierung und Charakterisierung der Tonminerale in Boden hat
uns in die Lage versetzt, viele Aspekte des physikalischen Verhaltens der
Boden zu erklaren. Volumenanderung, EinfluB von amorphen Materialien,
und Befeuchtungswarme werden in dieser Veröffentlichung als drei. Beispiele diskutiert, wo Informationen über Tonminerale zum Verstandnis der
physikalischen Eigenschaften und Merkmale der Boden notwendig sind.
Informationen übe'r Ton sind mit Informationen von anderen Bodenfaktoren wie pH, austauschbare Kationen, Korngröfienverteilung usw. integriert worden. lm Gegensatz dazu wird oft vorhandenes Wissen über
Minerale in bodenkundlichen Untersuchungen nicht genutzt. Immernoch
verlassen wir uns meist auf empirische Messung der Eigenschaften, die
untersucht werden. Der nachste Schritt ist die Gewinnung von ausreichenden Kenntnissen über Tonminerale um das physikalische Verhalten
der Boden voraussagen zu können. Dazu brauchen wir Untersuchungen
über die Natur der Oberflachenbeschaffenheit von Tonmineralen und
obekdie Interteilchenkrafte in Tonböden.

Tonhaltige Mineralien in tropischen Boden und die
Bodenergiebigkeit
G O R O UEHARA
Der gröfke Teil des in den feuchten Tropen liegenden, nicht voll genutzten,
nahrstoffarmen potentiellen Ackerlandes ist von einer Erdschicht bedeckt,
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die reich an Mineralen mit variabler Ladung ist. Die Nahrstoffarmut dieses
Bodens beruht auf einer Kombination von zwei Faktoren: der extremen
Auslaugung des Bodens und der auiterst geringen Fahigkeit, Nahrstoffe zu
speichern. Die beschrankte Fahigkeit des Bodens, Nahrstoffe aufzunehmen
und zu binden, lalk sich auf mehrere Ursachen zurückführen; sie wird entweder durch eine geringe spezifische Oberflache oder aber eine geringe
Oberflachenladungsdichte verursacht, oder auch durch eine Kombination
dieser beiden Faktoren. Da das Produkt von spezifischer Oberflache und
Oberflachenladungsdichte die Kationen-Austauschkapazitat ergibt, mufi
die Erneuerung der nahr stoffarmen Boden auch die Erhöhung eines oder
beider Oberflachenparameter einschliefien.
Der geringe Nahrstoffgehalt und die niedrige Wasserspeicherungskapazitat der grobkörnigen Boden sind durch die geringe spezifische
Oberflache bedingt. Diese Mangel kann man rektifizieren, indem man den
Boden mit stickstoffreichen, grünen Düngemitteln düngt. Man kann den
Grad der biologische, chemischen und physikalischen Erosion sehr niedrig
halten, wenn man eine Oberflachen-mulchung mit stickstoffarmen Stroh
oder Halmen vornimmt, und gleichzeitig den Ackerbau auf ein Minimum
beschrankt.
In Boden mit hohem Lehm- und Tongehalt ist die geringe KationenAustauschkapazitat durch die niedrige Oberflachenladungsdichte der Minerale mit variabler L a d u n g bedingt. Man k a n n die KationenA u s t a u s c h k a p a z i t a t dieser Boden d u r c h eine S t e i g e r u n g des
Boden-pH-Wertes erhöhen. Eine Erhöhung des Boden-pH-Wertes erzielt
man durch Kalkung oder auch durch eine Herabsetzung des "zero point of
charge." Den "zero point of charge" der Boden-Minerale mit variabler
Ladung kann man mit Hilfe von Phosphatdüngem, löslichen Silikaten
oder organischen Substanzen herabsetzen.
Die Theorie, Labordaten und auch bei Bodenexperimenten gesammlte
Daten und Unterlagen werden dargeboten, um zu zeigen, daB die chemische
Erneuerung von aulkrst lehmhaltigen Boden mit einer variablen Oberflachenladung technisch durchführbar ist. Eine gleichzeitig vorgenommene
Korrektur des niedrigen Nahrstoffgehaltes und der niedrigen Oberflachenladung bewirkt, dafi der Grad der Fruchtbarkeit des Bodens grüdlich und
langfristig erhöht wird.

Bodenmineralogische Untersuchungen anhand der
Fernerkundung
M A R I O N F. B A U M G A R D N E R UND ERIC R. S T O N E R
Zunehmender Druck auf die nutzbaren Boden der Erde fordert eine Nachprüfung der üblichen Methoden für Bodeninventur und -bewirtschaftung.
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Von den dreizehn Milliarden Hektar Land auf unserer Erde haben wir
Bodenkartierungen mit geniigenden Details für vernünftige Entscheidungen bei der Bodenbewirtschaftung nur für einen kleinen Teil. Weiterhin
wird die Fahigkeit der Verantwortlichen zur Rationalisierung von
Bodenbewirtschaftungs- und Bodenbewahrungspraxis durch den Mangel
an quantitativer Informationen über die Beziehungen unter den mineralogischen, chemischen, physikalischen und biologischen Bodeneigenschaften,
der möglichen Produktivitat und der Neigung zur Degradation unter veranderten Umweltbedingungen begrenzt.
In jiingster Zeit sind viele neue Fortschritte in der Raumfernerkundungstechnologie gemacht worden. Die Möglichkeit, die Erdoberflache aus
dem Weltraum wiederholt zu bebbachten, gibt der Untersuchung von
Boden- und Landesnaturschatzen eine neue Dimension. Viele, vorher nicht
vorhandene, Informationen über Natur- und Bodenschatze, Vegetation,
und Wasserquellen werden heute routinemafiig mittels erdumkreisenden
Satelliten gewonnen. Labor- und Feldsensoren sowie luft- und raumbeförderte Sensoren liefern jetzt quantitative spektrale, raumliche und zeitliche
Daten über die Erdoberflache.
In diesem Beitrag werden hauptsachlich die Unterschiede von Boden in
Bezug auf ihre Rückstrahlung im sichtbaren und infraroten Bereich des
elektromagnetischen Spektrums erklart. Reflexionsschwankungen von
Bodenoberflachen werden diskutiert, mit besonderer Erwahnung der Mineralogie, Eisenoxyde, Humusstoffe, Wasserdurchlassigkeit und
Erosionsstarke.
Da die Mineralogie der Boden eine so wichtige Rolle bei der Ermittlung der Fruchtbarkeit und Degradierungsneigung von Ackerland spielt,
wird in diesem- Beitrag vorgeschlagen, dafi Mineralogen die Fernerkundungstechnologie als ein Werkzeug zur besseren Kenntnis von mineralogischen Eigenschaften der Boden nutzen sollten.
Weitere Vorteile, die in der Zukunft von besseren Erdbeobachtungssystemen zu gewinnen sind, werden in hohem MaBe von Untersuchungsergebnissen, die die quantitativen beziehungen zwischen Strahlungseigenschaften
und anderen physikalischen chemischen und biologischen Eigenschaften
der Erdoberflache definiëren, abhangig sein. Bodenkundler haben in diesem Forschungsbereich eine wichtige Rolle zu spielen.
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