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Managing Soil Resources
to Meet the Challenges to Mankind:
Presidential Address
J.S. KANWAR*

YOUR excellencies, distinguished soil scientists, delegates, ladies and
gentlemen, I have great pleasure in welcoming you to the 12th International
Congress of Soil Science. At the outset I must say how grateful we are to the
Government of India, Department of Agricultural Research and Education,
the Indian Council of Agricultural Research and the Indian Society of Soil
Science for inviting us to hold the 12th International Congress of Soil Science
in this historic city of New Delhi and to the President of India for
inaugurating it. Those of you who attended the 11th Congress in Edmonton,
Canada, will recall that the date and venue of this Congress were announced
at that time.
You are aware that the theme of this Congress is 'Managing Soil
Resources to Meet the Challenges to Mankind'. The theme was selected
because today we are faced with many challenges: while some developing
countries have to produce more food, fibre and fuel from less and less land,
the developed countries are more threatened with the serious problem of
environmental degradation through industrialisation. The whole world is
concerned with the global problems of hunger, malnutrition and the quality of
life now and in the future. If current land-use practices continue, a child born
today has less chance of getting adequate food to eat, space to live in and pure
air to breathe. Therefore there is an urgent need for careful consideration and
thoughtful planning of the uses of agricultural resources, particularly land.
The first International Soil Science Congress met in 1927 in the boom
period which followed soon after the First World War. The second and third
Congresses were held during the period of economic depression that followed.
After the Second World War, a new era in science began, with greater
emphasis on use of science and technology for peace and the prosperity of the
human race. Its impact was felt in agriculture through scientific research in
soil science, fertiliser use, water, crop and range management—either to
increase production from the land already under the plough or to bring new
areas under cultivation and improve the productivity of lands which were
considered infertile and poor. This led to dramatic increases in yield and
production in many countries, particularly the industrialised countries which

*President, International Society of Soil Science, and Directorof Research,International Crops
Research Institute for the Semi-Arid Tropics. Patancheru, A.P.. India.
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capitalised quickly on the advances in soil and crop sciences. The use of
machinery, fertiliser and hybrid corn became the symbols of progress.
In the industrialised nations, 92% of the increased production between
1961 and 1980 came from higher yields and only 8% from area increase,
whereas in Africa and Central and South America over the same period, 52
and 54% of increased production came from area expansion; Asia lay between
the two extremes (Barr 1981; Table 1). Fertiliser consumption everywhere rose
Table 1. Sources of growth in total grain production 1961-62 to 1979-80.
Region

Annual compound Annual compound growth
growth rate (%)
rate (%) change due to
change
Production

World
Developed countries*
Developing countries
Central & South America
Africa
Middle East
South Asia
India
East Asia
West Asia
China

2.7
2.5
3.0
3.7
2.1
2.5
2.6

2.5
3.1
-0.9
4.3

Area change
18
8
27
54
52
20
20
25
45
-165
2

Yield change
72
92
73
46
4S

80
80
75
55
+65
98

Source: Barr 1981; 'Include USA, Canada, Western Europe, South Africa, Oceania, South Africa,
and Eastern Europe.

phenomenally (Figure 1) and is expected to continue rising. The
demand grew for soil testing, soil survey and soil classification, which became
important tools of modern agriculture. The amount of fossil fuel energy used
by a country became the barometer of its progress in agriculture.
This is also the period in which a great population explosion occurred,
especially in developing countries. Although area expansion and yield increase
both enhanced food production to meet the increased needs, there were
growing signs of regional and national imbalances in food demand and supply
and increasing dependence on international trade and cooperation, which has
become an instrument of change in agriculture, particularly in the developing
countries. It also gave rise to the revolutionary idea of international
agricultural research, which became the vanguard of the new technology of
high-yielding varieties. The 'green revolution' followed in the mid-1960s, with
the introduction of high-yielding varieties of wheat, rice, sorghum and maize
and making greater use of fertilisers, pesticides and irrigation. It benefited the
developing countries dramatically and the major contribution to production
began to come from increases in yield. Then came the turning point in the
1970s when consciousness began to grow about possible environmental
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Fig. 1. World fertiliser use : projections by UNI DO

hazards arising from over-use and poor management of pesticides and
fertilisers.

Challenges to Mankind — The Theme
The 12th Congress is meeting at a time when the world has four times as
much population to feed as it had at the time of the First International
Meeting of Pedologists in 1909 which led to the foundation of the
International Society of Soil Science in 1924. We are meeting at a time when
the foodgrain exporters of the previous era have become net importers of
grain; when the developing world has an expected shortage of 121 to 143
million tonnes of food in less than a decade from now(IFPRI 1977), probably
more in less than two decades. We are meeting at a time when we see clouds
of severe famines of food, water, fuel and energy gathering. Environmentalists
are warning us of rising temperature, increasing carbon dioxide
concentration and pollution of the atmosphere and of water. Our hopes of
extending large-scale capital-intensive arable food farming, based on systems
developed in temperate regions, to the lowland humid tropics of Africa and
Central and South America, where extensive areas still remain unexploited,
have not been realised. In fact such ventures have led to considerable land
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deterioration (Moormann and Greenland 1980). Similar experience has been
reported by Sanchez and Cochrane (1980) in the Oxisols and Ultisols of South
America. Unfortunately, the messages which the first visitor to the moon and
the space shuttles have brought clearly indicate that we will have to continue
to depend on the earth as the only planet for producing our food.
At the time of the first Congress, the world was convinced that there was
vast scope for increasing agricultural production through expansion of
farmland by colonising new areas and migration of population from densely
populated continents to those sparsely populated. It is true that even today
the world is cultivating hardly 10.6% of the total land area and there remains
a potential of 14.7% more arable area to be brought under cultivation, but
most of this potential is in South America, Africa, North America and
Oceania (Table 2).
Table 2. Potentially arable land and cultivated land by continent.
Continent

Total
area
(mha)

North America"
2 420"
South America
1780
Africa
3030
1050
Europe
Asia
4 390
Oceania (Australia and
860
New Zealand)
World
13 530

Total
of potentially
arable
land
(mha)

Potentially
arable
land

Cultivated
land
(mha)

(%of
total
land
area)

Cultivated
land
(%of
total
potentially
arable
land)

Unculti- Total
vated
arable
but
land
potenper
tially
capita
arable
(ha)
land
(%of
total
arable
land)

626.7
596.3
712.0
397.9
886.7
199.5

25.9
33.5
23.5
37.9
20.2
23.2

273.4
78.3
157.5
212.1
684.8
33.5

43
13
22
54
77
14

57
87
7X
46
23
X6

1.84
2.81
1.85
0.60
0.39
9.97

3 419.1

25.3

1 439.6

42

58

0.88

Source: Buringh el al (1975); a. Includes Centra! America and the Caribbean Islands; b. This is 312
mha larger than the comparable figures in the U.S. study (PSAC 1967) and 174 mha larger than the
comparable figure in FAO Production Yearbook, 1974; c. Based on population data in FAO
Production Yearbook, 1974.

The participants in today's Congress are painfully aware of the limits to
this horizontal growth and see only remote chances of bringing more areas
under the plough, particularly in Asia and Europe. We realise that the
available resources of land and water for agriculture are scarce. Our forest
resources are disappearing fast, our costly irrigation reservoirs are silting up,
and our productive farmlands are progressively going out of cultivation due to
non-farm uses and soil degradation. The threats of floods and droughts are
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increasing and many land-degrading processes are assuming alarming
proportions.
Asia, with 58% of the world's population, has only 20% of the world's
arable land, 77% of which is already cultivated. In parts of south-east Asia,
such as Indonesia, Thailand and Sri Lanka, serious efforts are under way, at
enormous cost, to encourage the transmigration of population from relatively
thickly populated to less populated areas. The scope for this kind of activity
elsewhere is rather limited; also the threat to fragile ecosystems in these
regions is great. Although there are over a 1000 million ha of uncropped
potentially arable land in the humid tropics of south America and Africa, the
majority of these soils are Oxisols and Ultisols, whose optimum use is
constrained by many technological problems, compounded by socio-economic
and political difficulties. Currently these areas are sparsely populated and lack
the necessary infrastructure for modern agriculture. Moreover, population in
Africa and south America is also increasing at frightening rates and the
agricultural environment is constantly threatened by drought and floods. In
any event, the ultimate moral aspect of this situation must not be taken
lightly; there are vast and potentially arable unused lands in some parts of the
world and dense population and starvation in other parts.
The foregoing observations and the relative contribution made by area
expansion to food production in the last three decades (Table 1) clearly
demonstrate that, except for Central and South America, Africa and Oceania,
where expansion of area contributed significantly to additional food
production and may still do so in the future, similar prospects are rather
limited in other parts of the world. On the other hand, the scope for increasing
productivity of lands already under cultivation with improved technology is
manifold, particularly in the developing countries (Table 3). Thus, primary
strategy for increasing food production in the world, particularly in Asia and
Europe today, lies in improving the productivity of the land for vertical
expansion, whereas in Africa and Latin America both the options still exist,
as also in North America and Oceania. In the latter cases we are rapidly
coming to the marginal soils. Thus, in this space age, it is of paramount
importance for us to learn to manage the available soil resources efficiently to
meet man's basic needs of food, fibre and shelter. Growing industrialisation,
urbanisation, and civic needs are creating increasing challenges for a soil
scientist of today. Hence, because of its current topical importance, we have
selected 'Managing Soil Resources to Meet the Challenges to Mankind' as the
theme of this Congress.

In Retrospect
We feel greatly honoured that the 12th International Congress of Soil
Science is being inaugurated by the President of India, Honourable Shri
Neelam Sanjiva Reddy, who is well known for his love for soil and
agriculture. He is a farmer himself and appreciates the relationship between

MANAGING SOIL RESOURCES

Table 3. Average and potential yields of important crops in the world.
Source
Proven potential
(Experiment station)
Top country average yield
Ratio of top country average
yield to developing countries
average yield
Average yields by region
North America
Europe
Asia
Africa
South America
Developed countries
Centrally planned countries
Developing countries
World average

Yield (tonnes/ha)
Wheat

Rice

Maize

12.0
5.2*

14.0
6.0"

13.0
5.7C

4.(1

3.1

4.4

2.0
3.0
1.2
1.0
1.4
2.2
1.7
1.2
1.7

3.7
4.8
2.4
1.8
1.8
5.7
3.1
1.9
2.4

4.5
3.8
1.9
I.I
1.6
5.0
3.0
1.3
2.8

Source.' Cooke (1979); a. Netherlands; b. Japan; c. United States.

the soil and civilisation. We are extremely grateful to him for his
encouragement and valuable advice.
It is a rare coincidence that the First International Congress was
inaugurated by the President of United States of America who, while
addressing the Congress, stated as follows:
The fundamental importance of the soil as a great national and
international asset is at once apparent when we reflect upon the extent to
which all mankind is dependent upon the soil either directly or indirectly
for food, clothing and shelter. Long after our mines cease to give up their
treasures of iron, coal and precious metals the soil must continue to
produce the food necessary for feeding the ever-increasing population of
the world. It is highly proper therefore that representatives of the nations
of the earth assemble in groups such as this for the purpose of discussing
methods to be employed in the study of the problems of soil conservation
and land utilisaion.
We are also elated today, because the Presidents of the fifth, ninth, tenth
and eleventh Congresses are present among us. Sir John Russell, President of
the third Congress which met in 1935 during the period of economic depression
in the world, in his presidential address stated:
We should have the satisfaction of not only simply fostering a new aspect
of our intellectual life but also by our international activities we should be
able to solve these grave economic problems that have saddened so many
lives during these most difficult years.
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Richard -Bradfield, President of the seventh Congress which met in 1960,
during the period of economic boom more than a decade after the Second
World War, exhorted the soil scientists to focus attention on alleviating
hunger and malnutrition—a problem of humanity transcending politics and
ideologies.
Gordon Hallsworth, President of the ninth Congress, felt that there was a
great imbalance in soil research, as evidenced by too many papers on soil
fertility and too few on other topics. He also emphasised the necessity of
bringing out a World Soil Map quickly.
Victor Kovda, the President of the tenth Congress, while addressing the
Golden Jubilee celebrations of the Soil Science Society, emphasised that the
problem of land resource conservation should receive the highest priority. His
focus of attention was the biosphere.
My predecessor, Fred Bentley, stressed the climatic constraints to
optimum utilisation of soil resources and the need for enhancing our ability to
maintain and improve the soils as we use them.
I have dwelt on these excerpts to bring home the point that soil scientists
from the beginning have been concerned with the impact of soil management
and soils policies on human society; the problems of soil degradation, of
improvement of soil productivity and amelioration of deteriorated soils have
engaged the attention of soil scientists all through the decades. Yet, even
today there is no world soils policy or national soils policy aiming at rational
management and use of soil resources.
Lately the world has become conscious of conservation of human, animal
and plant resources, but there is not enough concern about the fastdisappearing fertile topsoil which supports all animal and plant life. In her
address to the FAO in 1981, Mrs. Indira Gandhi drew attention to the ravage
and desecration of the earth. According to Allen (1980), 400 million tonnes of
fertile soil are stripped from the land each year in Colombia; 1000 million
tonnes a year from Ethiopia; 6000 million tonnes a year from India. There is a
growing imbalance between forest land, grassland and cropland. Kovda (1974)
observed that 5 to 7 million ha of good quality land is being lost every year
from all over the world. If this rate continues unabated, the world will lose in
20 years a cultivated land area equivalent to the entire cultivated area of India
today: 140-odd million ha of top fertile land which is to support the expected
1000 million people of India (or one-sixth of humanity) in the year 2000 A.D.
disappearing—disappearing into thin air. Allen (1980) speculates that with the
current rates of land degradation, close to one-third of the world's arable land
and one-half of the world's unlogged tropical forests will disappear in 20
years. During this period the world population will increase by more than
2000 million, an increase equivalent to the entire increase in population during
the time of the 11 Congresses. Is it not therefore our paramount responsibility
to do something about timely global conservation and imaginative rational
use of our ever-depleting soil resources?
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Bentley (1978) made a strong plea for an International Soil Science
Research Institute (ISSRI). The conference on alleviating soil constraints to
food production on tropical soils, held at IRRI, Manila, in 1979, highlighted
the need for an International Board for Soil Research and Management
(IBSRM). My view is that an International Soil and Water Research Institute
(ISWRI) with a network of satellite centres will be ideal for achieving all these
objectives. I will revert to this aspect a little later. I earnestly believe that
proper soil and water management holds the key to the problems of food,
hunger and malnutrition, to the prosperity of a nation, to the quality of the
environment and, ultimately, to the quality of life. Hence the theme Managing
Soil Resources to meet the Challenges to Mankind is most appropriate for the
12th Congress.

The World Food Situation, Soil Resources and Their Potential
In this Congress, Dudal from the FAO will discuss the world's soil
resources and their potential and Buringh will share with you his views about
the potential of these world resources. I will therefore restrict myself to a
general overview. There is no doubt that world food production has not been
able to keep pace with the demand in the developing countries of Asia, Africa
and Latin America and future projections also show that if present trends
continue, the foodgrain shortage in the coming decades will assume alarming
dimensions.
The International Food Policy Research Institute (IFPRI 1977) projects
that production of cereals—the major foodgrains in most developing
countries—will fall short of demand by 121 to 143 million tonnes in 1990,
which is three times the shortfall of 1975. This rate of deficit is likely to
continue till 2000 A.D. and may touch 171 million tonnes (Crosson and
Frederick 1977).
The world population was only 2 billion in 1930, reached 3 billion in
1960, 4 billion in 1975 and is expected to go beyond 6 billion by 2000. In the
next 60 seconds 233 babies will be born in the world, 136 in Asia, 39 in Africa,
23 in Latin America and 35 in the rest of the world. Hundreds of millions of
people in several nations still live in abject poverty and hunger. Whereas
famine, hunger and malnutrition have been common and dreaded conditions
since the origin of mankind, their elimination was one of the great promises of
the 20th century. By the end of the century we must produce twice as much
food in one year as we have done so far in the entire living history of mankind
in any one year.
The core of the food deficit lies in the low-income countries with per
capita income of less than USS 300 and which contain around 70% of the
world's population. Most of these areas are in Asia (Indian subcontinent),
Africa and Latin America. It is not only the productivity of land that is low in
these areas, but the use of productivity-increasing inputs such as high-yielding
seed, fertiliser, water and energy and their efficiency of use is lamentably low.
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Yet the world has in recent times often proven its capacity to feed itself: nearly
90% of the increase in grain output in the 1960s and slightly more than 70% in
the 1970s came from increased yields; only in the 1950s did the major increase
come from area expansion (Fig. 2).
Thus, there is a need for evolving strategies aimed at increasing intensity
of cropping, enhancing productivity and improving the efficiency of
agricultural inputs. The same remarks also apply to production of grasslands
and forest land, which have not benefited from the results of the green
revolution. This is the biggest challenge faced by soil scientists today.
At the First Congress of the International Society of Soil Science in
Washington, Penck (1928) observed that the world could produce food for 16
billion people. More recently Réveile (1976) projected a carrying capacity of
up to 40 billion people, while Buringh and associates (1975) estimated that
under optimal conditions agriculture could increase the production to a
maximum extent of 30 times the present level. For India, Sinha and
Swaminathan (1979) have calculated this potential at 35 times the present
level. No doubt the potential is tremendous; its realisation, however, depends
on many factors, two important ones being the type of technology envisaged
and the socio-economic conditions which prevail.
Thus, to critically evaluate the situation, we need to know more precisely
the potential arable land resources and their production potential under
different levels of agricultural inputs and technology. When we consider the
assessment of the area and quality of soil resources of the world, we find that
hardly one-fifth of the soils have been surveyed, and in most cases their
potential for production still remains to be assessed. The highest percentage of
survey coverage is found in Europe; the lowest, in Africa (Dudal 1978).
Of the 13 500 million ha total geographical area of the world, 78% is too
cold, too dry, too steep, too shallow, too wet or too poor to sustain plant
growth and hardly 22%, or 3270 million ha, is arable; of this only 1439
million ha is cultivated and about 1700 million ha has not yet been cultivated
(Table 2). Of the arable land, 60% is of low productivity, 27% of medium
productivity and only 13%, or approximately 400 million ha, of high
productivity.
Figure 3 shows the distribution and main constraints of these lands in the
world. How much more arable land can be cultivated depends on a number of
factors—technical, socio-economic and political, which are beyond the scope
of this Congress.
Of the present-day croplands which provide most of the foodgrains, four
need special mention here: (i) lands under rice farming, (ii) irrigated lands of
arid and semi-arid regions growing a variety of crops, (iii) lands under dry
farming and rainfed farming, and (iv) lands under shifting cultivation.
Land Under Rice Farming
About 14% of the world's cultivated area is irrigated and a substantial
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Fig. 2. World grain in developed and developing countries. (A) Area under cultivation. (B) Yields.
(C) Production.
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Fig. 3. Regional distribution of soils with or without limitations for agriculture. Source: Allen
(1980).

portion of that is under rice (Kovda 1974). While developed countries like
Japan have raised rice yields to more than 6 tonnes/ha, the world's average is
less than 2 tonnes/ha. Thus increasing the productivity of rice lands in the
tropics is the number one priority. In many of the rice soils, lack of
drainage and lack of proper water and nutrient management are serious
problems. The gulf between possible yields obtained by researchers and
innovative farmers and actual national averages is very wide (Tables 3 and 4).
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Table 4. Yields in national demonstrations on farmers' fields in India under
irrigation and different managements.
Cropping system
(two crops a year)

Yield (tonnes/ha)
Ratio
Lowest
Highest
"(Highest to Lowest)
(Poor management) (Good management)

Paddy-Paddy
Paddy-Wheat
Maize-Wheat

3.9
3.7
X9

17.1
14.6
12J

4.4
4.0
3J

Source: ICAR 1975.

Technically there are numerous possibilities for realising this unexploited
potential. The world could easily increase rice production two to three times
from the lands already under cultivation.
Irrigated Arid and Semi-Arid Lands
Limitation of water is often considered the cause of low crop yields, but
the productivity of irrigated areas in arid and semi-arid tropics of the
developing countries is disappointingly low, which confirms that water alone
is not enough, and many more inputs are needed to make its impact felt. The
management aspect of soil and water is a critical input for realising the full
potential from irrigation (Table 4). It will become even more important in the
future because of increasing emphasis on irrigation in the developing
countries. Thus improvement of productivity of irrigated lands, prevention of
soil salinity and alkalinity and reclamation of lands degraded by salinisation
assumes greater importance in these soils and the scope for increasing
production is vast. In fact the world's irrigated areas could produce enough
food for meeting the challenges of the future. India alone from 40 million ha
of net irrigated area (with a planned increase to 77 million ha) could produce
400 million tonnes of foodgrains annually, which could feed twice the size of
the present population in 2000 A.D. Therefore, the 1980s should be viewed as
the decade of soil and water management.
Land under Dry Farming and Rainfed Farming
More than 85% of the area in the world is unirrigated and depends on
rainfall only (U.S. National Academy of Sciences 1977). Some of this is in the
assured rainfall areas where moisture may not be a limiting factor but soil
environments may be, but in most of the areas water is a limiting factor for
crop production. Besides the moisture stress, nutrient stress and soil physical
environmental stress are the two other important factors affecting yields. Dry
farming is the main system of farming. Due to aberrant weather and the soilrelated constraints to production, the yields are low and unstable.
Experimental evidence from research shows that these soils are also capable of
producing many times more food with an appropriate soil and rainwater
management system (Tables 5 and 6).
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Table 5. Yields on farmers' fields under dryfarming conditions—traditional vs.
improved technology.
Crop

Traditional practice

Improved practice

Ratio

(Tonnes/ha)
1.28
1.22
0.52
0.84
0.55

Barley
Maize
Sorghum
Wheat
Pulses

2.93
2.80
2.52
2.41
E77

2.3
2.3
4.8
2.8
32.

Source: Choudhury (1979).

Table 6. Synergistic effect of different treatments on crop production from
intercropped maize-pigeonpea in Vertisols, 1976 to 1979.
Treatment

1.
2.
3.
4.

HYV
HYV
HYV
HYV

only
+ soil management
+ Fertiliser
+ Fertiliser + soil management
C D . @ 5%

Crop yield (kg/ha)
Maize

Pigeonpea

630
960
2220
3470

500
640
540
604

470

218

HYV: High Yielding Variety of sorghum.

Though water is a limiting factor in these areas, a good percentage of
rainwater is also wasted as runoff, which, besides being a wastage of the
resource, also causes floods and erosion. Thus rainwater is the key to the
success of dryland agriculture and to prevention of soil erosion in these areas
(Kanwar 1980).
Agro-climatologists and soil scientists working together can provide
valuable guidelines for tailoring dryland technology for making the best use of
a given environment, harvesting of water and recycling it for life-saving
irrigation. This type of partnership has not yet been developed fully.
Water, whether too little or too much, is a constraint to crop production.
The soil scientists of temperate regions have developed considerable knowhow
in the management of excess water, but the soil scientists of the tropical and
sub-tropical regions have yet to develop technology suited to the twin
problems of moisture deficit and excess, which often exist in the same soils, in
the same season.
With the establishment of the International Crops Research Institute for
the Semi-Arid Tropics (ICRISAT) in Hyderabad (India) and the International
Center for Agricultural Research in the Dry Areas (ICARDA), Aleppo
(Syria), the drylands of the semi-arid tropics and the arid regions have started
receiving attention. The technologies developed in these institutes promise a
bright future for dryland farmers.
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Lands under Shifting Cultivation
Forty-five percent of the world's arable land is believed to be under the
system of shifting cultivation and most of it is in the humid tropics. Socioeconomic and political pressures are building up to transform these areas into
settled agricultural systems which may open a Pandora's box of new soil
management problems and accelerated erosion, for which appropriate
technology based on local experience is necessary, as the model of temperate
zone soil management technology has serious limitations for these soils.
A system based on minimum tillage using tree-crop interplanting and
using an appropriate soil fertility management system can give higher and
sustained production.
The Future of Croplands
Thus it can be concluded that whether these are rice lands, irrigated arid
and semi-arid lands, rainfed and dry-farming lands, or shifting cultivation
areas of the tropics, with the use of improved technology, the scope for
increasing production from all these croplands is vast and they can meet the
challenges of the future.
I have not discussed the future of grasslands, forest lands, and the lands
under livestock ranching, nomadic herding or other specific uses; not that
these are less important, but the considerations which apply to croplands also
apply equally well to these lands and their future is also equally bright.

Relevance of Soil Research of the Seventies
Soil scientists, irrespective of their specialisation, have been concerned
with the understanding of processes and development of techniques for
improving soil environments for crop production. In my opinion, they have
spent more time on the former than the latter, which obviously gave the
wrong impression about their intentions. Rapidly increasing demand for
irrigation, fertiliser use and intensive cropping in developing countries
necessitated critical examination of the concepts and techniques of soil and
water management.
The oil crisis and the escalation of prices of nitrogenous fertilisers spurred
the effort to improve the efficiency of these fertilisers and to find a biological
means of augmenting N supply. Use of sulphur-coated urea, supergranules
and nitrification inhibitors received greater attention from soil fertility
specialists. Split application of fertilisers and use of legumes such as Sesbania
and Leucaena for green manuring helped in effecting savings on N bills.
Greater availability of soil phosphates under submerged conditions in paddy
soils helped economise on phosphates. The phosphatic fertilisers when applied
directly to wheat, gave significant residual effects on succeeding rice.
Mukerjee in his pioneering researches over two decades had established
the importance of Al in soils (Mukerjee 1922), but it is only in recent years
that its full implication has been realised. In the last decade, utilisation of acid
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infertile soils of the low humid tropics, using aluminium-tolerant crop
varieties, has helped make the best use of such poor soils.
Micronutrient deficiency, particularly of zinc, received the greatest
attention from soil chemists and soil fertility specialists all over the developing
countries. Besides correcting the deficiency through the use of zinc-containing
substances, the use of genotypes tolerant to deficiency has been found a
promising approach. Indian soil scientists can rightly feel proud of their
contribution in this area. The 1970s became a decade of micronutrient
research. However, I feel that this research has grown out of proportion and
at the cost of N research, which is not wise.
Studies on degradation of pesticides, absorption of heavy metals and
transformation of these chemicals in soils and the development of techniques
for their detoxification and absorption gained importance during this period.
The soil microbiologists took up the challenge of improving the economy
of N fertilisation by exploring the possibilities for use of algae, Azolla and
non-symbiotic N fixation. The use of mycorrhizae for releasing phosphates
from unavailable forms in soils opened up new possibilities for utilising the
acid soils of the low humid tropics. Organic matter chemistry, through use of
sophisticated instrumentation, has unravelled the mystery of the relationship
between organic matter and nutrient supplies.
The last few years have witnessed great interest in the use of organic
matter and agricultural wastes for supplementing fertilisers and improving soil
properties. The biogas generated from animal wastes and agricultural wastes
provided a new avenue for augmenting energy supplies and manurial
resources for agriculture. In this area of research also India took the lead, but
China has taken up the programme on an impressive scale.
The soil physicists have successfully set up models to study the behaviour
and movement of water and solutes in soils to predict the changes in soil
environments in response to physical and biological factors. The wasteful and
destructive effects of using heavy, energy-intensive tillage on soils for which it
was not designed and the value of minimum or zero tillage, particularly for
tropical soils, were demonstrated by IITA scientists in Nigeria. This has led to
the development of a soil-management system for sustained production
without detriment to the environment in the humid tropics of Africa.
Acceptance of the U.S. Soil Taxonomy of soil classification has grown
during this period, particularly through the Benchmark Soils Project of the
Universities of Hawaii and Puerto Rico, which indicates the possibilities of
transfer of technology to the same soil families around the world.
The techniques for reclaiming saline sodic soils, acid sulphate soils, peat
soils and aluminium-rich soils and for combating desertification have opened
up numerous possibilities of bringing these problem soils into high
productivity in the tropics and arid regions. The contribution of the Central
Soil Salinity Research Institute, Karnal (India), for reclamation of sodic soils
is well recognised. The soil scientists have demonstrated successfully what can
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be done in restoring these deteriorated soils to normal production.
The clay mineralogists have focused attention on soils of variable charges
and developed understanding of behaviour and management problems of such
soils. The relationship of clay minerals in improving efficiency of common
agricultural inputs such as water, fertiliser and energy has received
considerable attention.
I realise that it is next to impossible in these few minutes to give an
account of the advances in knowledge and its application in agriculture and
allied fields. But it would not be an exaggeration to say that soil scientists and
agronomists have responded to the challenges of the times and seem to be
receptive to taking greater responsibilities in the future. Expanding fertiliser
technology; space-age techniques such as satellite imagery and remote sensing
to assess agricultural resources; and genetic engineering are opening up new
vistas in soil science research and practice as well.

Major Soil Problems
Soil Fertility
Nutrient deficiency is the major limiting factor for crop production in
most of the world's soils and the phenomenal increases in production obtained
in the last two decades are attributable to a great extent to the removal of this
constraint through use of fertilisers. Whether the strategy for increasing food
production is based on bringing new lands under cultivation or through
intensive cropping with improved technology of already cultivated lands, both
need a constant watch on nutrient supply in the soil. Both will lead to decline
in soil fertility unless the input-output relationship is properly balanced.
A tribal farmer practising shifting cultivation and a modern farmer
engaged in intensive farming in settled agriculture are both committing the
same crime of depleting soil fertility, unless a conscious effort is made to
restore to the soil what is being removed from it. In the former instance,
society places some restrictions though the system is changing fast, but in the
latter case the farmer is free and society pays the price. Lai and Kang (this
Congress) have estimated that a newly deforested land in tropical conditions
loses organic matter at the rate of 20 to 60% per annum even without
ploughing. Rapid decline in soil organic matter, N, P, Zn and other nutrients is
a matter of great concern and they will have to be restored to the soil and the
original balance maintained if we are to produce twice as much food from the
same land.
For example, in India, based on the calculations of the National
Commission on Agriculture of India (1976) and my own calculation, I
conclude that 130 million tonnes of foodgrains produced in 1980-81 removed
18 million tonnes of nutrients. The amount of N, P and K added through
fertiliser during 1980-81 was only 5.5 million tonnes. An additional 5 million
tonnes of nutrients could be considered to be replenished through organic
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resources (Misra 1981). This still leaves 7.5 million tonnes of nutrients which
were drained off from the soil—a heavy drain on soil reserves indeed. In
addition to this, India is annually losing 8.4 million tonnes of N, P and K
through erosion. Other nutrients are similarly depleted. Can the soil bank
remain solvent with this type of balance sheet?
A rice-wheat rotation producing 8.8 tonnes/ha per year, besides removing
663 kg of N, P and K also removes several kilogrammes of essential
micronutrients as well, causing a serious drain on the nutrient reserves of the
soil (Randhawa and Tandon 1982). Thus it is not surprising that
micronutrient deficiency is becoming so severe in the intensively cropped
areas. Fifteen years ago in the state of Punjab, zinc deficiency became
prominent; today, manganese and iron deficiencies are also evident (Kanwar
1981a). In India as a whole, 47% of the soils have become deficient in Zn, 5%
in Mn, 11% in iron, and greater incidence of micronutrient deficiency is
reported from states which have more irrigated area and more intensive
cropping and harvest higher yields. Ludhiana district (Punjab), which records
the highest yields of many crops, also reports the highest deficiencies of
micronutrients. Intensive cropping and higher yields are only possible through
balanced fertiliser use, to maintain high productivity (Kanwar 1981b).
Long-term experiments in temperate regions and in India indicate that
with balanced manuring under intensive cropping soil fertility can be built up
rather than depleted, but experience in the humid and sub-humid tropics is
rather limited. At IITA, more than 10 years' experience in continuous
cropping indicates serious problems of soil deterioration. Thus it is reasonable
to assume that in the humid tropics, tree farming may be better than crop
farming, but more long-term research is needed as the ecosystems of the rainy
humid tropics are more unstable.
IFDC-UNIDO (IFDC 1979) estimates show that the world consumption
of fertilisers will rise to 264 million tonnes of N, P and K in 2000 A.D. from
89 million tonnes in 1976—nearly three times the present level. Most of this
fertiliser will be nitrogen—140 million tonnes. The developing countries are
likely to consume 92 million tonnes of N, P and K as against 172 million
tonnes consumed by the developed countries. This brings out clearly the great
disparity between the developed and developing world, both in total fertiliser
consumption and in ratio of nutrients. It also confirms that in the world's
strategy for increasing food production, fertiliser is a key factor and soil
scientists must pay greater attention to its management.
Although N deficiency is most serious, the P and K position is equally
disturbing. When we look at the global picture, we can calculate that 1500odd million tonnes of cereals are annually removing 30 million tonnes of P.
Assuming 15 million tonnes is being returned to the soil in various forms, this
leaves a negative balance of 15 million tonnes of P annually. The mineral
phosphate deposits are non-renewable resources. Thus there is a greater need
for recycling the phosphates and also for releasing them from unavailable
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forms through appropriate biological and chemical means. This aspect is
attracting more attention in the management of the acid infertile aluminiumrich soils of Latin America.
Large quantities of nutrients are being exported from the producing areas
to the consuming areas. The countries exporting agricultural commodities and
forest and animal products must bear in mind the drain on plant nutrients and
take appropriate steps to encourage farmers to invest in soil amendments,
fertilisers and manures to restore nutrient balances in the soil. Unless every
shipload of bananas going out of a country also brings back into the country
a proportionate amount of K, there will be great deficiency of K for the crop.
Low Efficiency of Applied Fertiliser. Even where fertilisers are applied,
their use may not always be efficient; thus another problem which we have to
take note of is the low efficiency of applied fertiliser in developing countries,
particularly in the tropics. The major fertiliser used in most of the developing
world is nitrogenous fertiliser and its efficiency of use is hardly one-half of
that in the developed countries, particularly in rice. Where N applied to rice in
the developing countries of south-east Asia is giving only about 30%
efficiency, in some developed countries and also experimentally, more than
50% efficiency is commonly obtained. Thus increasing the efficiency of N from
30 to 50% in rice cultivation in India, which is at present using 1.4 million
tonnes of N, would amount to a saving of 0.56 million tonnes of N, or
contributing to 9.3 million tonnes of additional foodgrains. Realising that N is
the most expensive input and its manufacture requires a large amount of
energy, the agricultural world should give top priority to improving the
efficiency of this fertiliser and to supplementing it through biological N
fixation and organic manures. Thus in the decades ahead the greatest
importance should be attached to these two aspects of research. No doubt
considerable progress has been made in this area but nitrogen still remains an
enigma (Greenland and Watanabe, this Congress).
While fertiliser technologists have to modify the fertiliser products to suit
the soil, the soil scientists should learn to modify the environments to improve
fertiliser-use efficiency. Controlled nutrient release to suit different soil and
plant environments is a high priority. Additional work is needed on urease
and possible nitrification inhibitors and on ways to prevent ammonia
volatilisation, denitrification and leaching losses. The effective utilisation of
residual soil moisture on low-fertility Vertisols during the post-rainy season
presents a challenge to soil fertility experts because of positional unavailability
of fertiliser N.
Organic Wastes and Plant Residues in Soil Management
In many countries inadequate attention is being paid to organic wastes
and recycling of crop residues. It is shocking to see about 5 million tonnes of
rice straw being burnt in the fields from October to December every year in
Punjab state (India), which has been a leader in the green revolution. Besides
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being a loss of valuable nutrients and organic matter for soil improvement,
this burning is causing a serious problem of atmospheric pollution and health
hazards. Allen (1980) reports that 500 million tonnes of dung and crop
wastes—badly needed for improving the soils—are being burnt by the rural
people in the developing countries.
Soil Erosion and Degradation
There are various estimates of soil degradation. According to Kovda
(1977) the loss of available land in the world is 5 to 7 million ha per year,
which may probably rise to 10 million ha per year by the end of this century.
Systematic estimates of the extent of degradation are being made by
FAO/ UNEP throughout the world but so far data are available only for
African states north of the Sahara and the Near East.
About 45% of the world's exploitable soils (another estimate puts this at
30% of the total usable land) are under shifting cultivation in Africa, Latin
America, Oceania and south-east Asia. Today, due to increased pressure of
poulation, these areas are even more threatened. The continued destruction of
the tropical forests is of great concern. It has been estimated that tropical
rainforests are being burnt at the rate of 11 million ha per year—about 20 ha
per minute—and at this rate all the tropical rainforests will have disappeared
within 85 years (Allen 1980). Deforestation makes the soils more vulnerable to
erosion.
The arid and semi-arid areas are suffering from increasing soil erosion and
reduced productivity due to over-stocking and over-grazing and the end result
is complete desertification. It is estimated that more than one-third of arable
lands are exposed to such a threat in the world.
In India, Tejwani (this Congress) has estimated that 33% of forest lands,
86% of cultivable waste lands, 95% of pastures and grazing lands, 74% of
fallow lands and 58% of cultivated farm lands are subject to severe erosion.
The Indian National Commission on Agriculture (1976) reported that out
of the 328 million ha of total land area in the country, 150 million ha are
subjected to serious erosion by water and wind, of which 69 million ha were at
a critical stage of deterioration due to erosion. John Pesek (1980) in his
presidential address to the American Society of Agronomy stated that the
USA is losing 1.2 million ha (3 million acres) annually due to erosion. These
estimates appear frightening, but erosion can be minimised, though not
completely eliminated. One way of minimising the soil erosion from
agricultural lands is through raising productivity and keeping them under
crop cover for longer periods. In India, 28 million ha of Vertisols if brought to
a higher level of production with improved technology and kept under crop
cover during the monsoon season will mean reduction in soil loss of about 140
million tonnes of soil annually. Similar examples can be cited from elsewhere.
Thus improving productivity through modern agriculture is one sure way of
reducing soil erosion.
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Increased Flood Hazards. Floods are considered national disasters all
over the world but their increasing intensity and extent is due chiefly to
reckless deforestation and poor management of soils in the catchment areas of
the river systems. Increasing soil degradation and loss of organic cover
enhance the fury and extent of floods. In India the flood-prone area has
increased from 25 million ha in 1950 to 40 million ha in 1980 (National
Commission on Floods 1980); the experience in many other developing
countries is similar. While soil conservationists have to develop techniques of
accelerating the generation of biomass and reducing runoff from the
watersheds, governments must consider whether they should spend funds on
flood-protection measures in the plains or on reducing the threat in the
watersheds, through soil conservation and land improvement methods. One
way of ensuring vegetative cover is by increasing the productivity of forest
lands, grasslands, and croplands with modern agriculture. In many of these
areas, silvi-pastoral activity, instead of arable farming, will be more effective
in considerably reducing flood hazards and meeting the economic needs of
people.
Increased Siltation of Reservoirs. Another serious problem caused by
water erosion is the increased rate of siltation of water reservoirs and dams.
Besides reducing water storage and capacity to produce energy, it has
shortened the lives of the irrigation dams constructed at great cost. Indian
experience shows that the rate of siltation in many dams has become four to
eight times the designed capacity, which reduces the payoff drastically.
Whether it is the Aswan dam in Egypt or the Bhakra dam in India, the story
is the same.
The developing countries are vying with one another to create more
irrigation potential by investing in prestigious irrigation projects. The World
Bank and other agencies are advancing huge sums of moneys for such
construction, but the payoff will depend wholly on proper management in the
watershed areas and in the lands to be irrigated. It is high time that soil
scientists began to play their rightful role in these projects, which should be
regarded not only as feats of engineering but in their totality as a means of
conserving and efficiently using the precious water resource.
Increased Desertification. Escalation of human and animal population,
extension of cropping to lands which should have been used only for pastoral
farming, over-grazing, deforestation and neglect of appropriate soil
conservation and management practices have accelerated wind erosion and
desertification. The United Nations Conference on Desertification in 1977 has
focused attention on this subject and the symposium on this subject will bring
out the role of soil scientists in combating it.
Increased Urbanisation. According to World Bank estimates (1979), by
the year 2000, half of the world's population will be living in urban areas.
Urbanisation and the requirements of land for civic uses are increasing at an
alarming rate and the situation is equally serious in both the developing and
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the developed world. Buringh (this Congress) estimates that by the year 2000,
nearly 200 million ha of potentially productive cropland in the world will be
completely lost to non-agricultural uses. According to Allen (1980) fertile land
is fast disappearing under concrete and tarmac: together the USA and Canada
submerge 4800 km2 (480000 ha) of prime cropland under buildings, roads,
reservoirs, and other non-farm uses. In India also the runaway rate of
urbanisation is staggering; topsoil is removed for making bricks; unplanned
excavation and horizontal expansion are leading to greater erosion hazards,
water stagnation and salinity, blemishing the whole landscape. Swaminathan
(1977) has observed that for housing the urban population of India, 3000
million tonnes of topsoil are in danger of being excavated. In view of these
threats of national disasters and rapid loss of good agricultural land, a world
soils policy for conservation and rational use of land resources is essential.
Such a policy could ensure the use of marginal land for non-farm uses instead
of annexing prime agricultural land. I hope the symposium on world soils
policy in this Congress will evolve an agenda for action for the world
community and national governments.
Problem Soils, their Reclamation and Management
Many kinds of problem soils exist in the world, each of them hampering
agriculture in one way or another (Dudal 1978). Red tropical soils, sandy soils
and shallow soils pose problems of soil fertility and soil conservation and
other soils pose problems of water management. In this category are included
the Vertisols, peat soils, acid sulphate soils, saline sodic soils, Planosols and
fine-textured alluvial soils. Beck and associates (1980) estimated that the area
under these soils was about 1.5 billion ha. Soil scientists all over the world
have been developing technologies for their reclamation and management and
have achieved some success but there are still numerous technological
problems such as subsidence, compaction, salinisation, erosion and
acidification; there are in addition socio-economic problems also which affect
the utilisation of these soils.
Saline and Alkali Soils. Irrigation is considered a critical input for
removing moisture stress and stabilising agricultural production in the world.
But irrigation is not an unmixed blessing. Very large areas of good
agricultural land are going out of cultivation in the dry regions of the world
due to poor water management which results in waterlogging, salinisation and
alkalinisation of soil, reducing productivity. United Nations (1977) estimates
show that about 120 000 ha of irrigated land are annually lost to production
in this way. The significance of irrigation in the history of world civilisation
and in supplying the growing population with foodstuffs and raw materials
can hardly be overemphasised. It is not by chance that ancient systems of
irrigation and drainage developed in valleys and deltas of rivers such as the
Nile, the Tigris, Euphrates, Ganges, Indus, Mekong, Yangtze and Amu
Darya. Today between 230 and 240 million ha of land are under irrigation in
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the world and it is expected that this figure may go up to 400 million ha.'
Developing countries are making serious efforts to bring more and more areas
under irrigation, but the water-use efficiency is very low, and this is not only
being wasteful but also creating secondary problems of salinity, alkalinity and
waterlogging.
Waterlogging and salinity in canal-irrigated areas have reached very
serious dimensions globally. Kovda (1974) estimated that secondary
salinisation and alkalinisation have turned about 20 to 25 million ha of
formerly productive lands into barren saline wastes by irrigation without
drainage. The most obvious examples of this type of land degradation are in
Iraq, Iran, India, Pakistan, Egypt, Transcaucasian USSR and Argentina. The
total area of saline and alkali soils of the world is estimated to be about 323
million ha (Beck et al. 1980).
In India, 7 million ha of potentially productive lands have become barren
because of salinity and alkalinity; an additional 6 million ha of lands are
affected by waterlogging. The menace of salinity and alkalinity is growing fast
and according to Vohra (1980) it is not unreasonable to believe that 10 million
ha of the 40 million ha of net irrigated areas are affected by salinity and
waterlogging. The threat of this kind of soil degradation is particularly serious
in the Vertisol and related soils of India which are coming under new
irrigation projects. The nature and amount of clay and the lack of surface and
underground drainage make these soils more vulnerable to the sodium hazard.
In the Chambal Irrigation Project—a typical Vertisol—25% of the land
became affected by salinity and alkalinity within 10 years of the introduction
of irrigation. The increase of the problem in Vertisols of Karnataka and
Andhra Pradesh and the Tawa Project of Madhya Pradesh (India) points to
the dangers associated with irrigation in this group of soils in the semi-arid
tropics and arid regions of the world. Salinity is more serious in the arid
regions and the formation of alkali soil in the semi-arid regions; both develop
in the wake of irrigation. Thus, on the one hand, prevention of salinity and
alkalinity and, on the other, reclamation of such deteriorated soils and
restoration of their productivity assumes the greatest significance in the future.
Fortunately, the principles of management of these soils are now well
established, although application of these to different conditions needs to be
tested. A technique based on the use of fertiliser manures, gypsum and highyielding varieies of rice and wheat has been found very effective on the alkali
soils of the Indo-Gangetic plains. The experience of the Central Soil Salinity
Research Institute, Karnal (India), shows that 2.5 million ha of such
deteriorated soils can be made to produce 7 to 8 tonnes/ha of rice and wheat
annually from the third year of reclamation. Agro-techniques have been
developed for raising fuel wood and timber wood on such soils in the Indo-

1. Another estimate puts this at 500 million ha.
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Gangetic plains and enabling economic utilisation of these lands without
irrigation. We believe there are numerous possibilities of dealing with such
situations and modern technology offers many alternatives.
Soil-Related Constraints of Tropical Soils
Though there is considerable scope for area expansion in Latin America
and Africa for producing more food, reclamation costs and the creation of an
infrastructure to facilitate an economic level of production are possible
constraints. Scarcity of labour and traction power is also a serious constraint.
In many potentially arable lands, water is a limiting factor and high costs
often make irrigation schemes unattractive. The main plank of any strategy
for increasing production in the developing world, especially in Asia, is
through economic maximisation of productivity per unit area per unit time. In
this strategy all three aspects, increasing productivity, restoring productivity
and preventing deterioration of productivity, are important. In tropical Africa
and Latin America rational extension of agriculture to new areas and
increasing yield and sustained productivity is the answer.
Thus for optimising production per unit of land under cultivation,
removing of soil constraints to production and using modern technology
based on judicious use of inputs assumes highest priority in all tropical
regions. In this context, let me recall a statement by N.C. Brady (IRRI 1980)
when he opened the workshop on priorities for alleviating soil-related
constraints to food production in the tropics; he observed that soil-related
factors are among the most significant constraints on crop production in the
developing countries. Ignorance of improved technology and lack of inputs
have constrained the farmers from improving crop performance in areas with
poor soils. In the soils of the humid tropics, the severest limitation is the
deficiency of phosphate, accentuated by high phosphate-fixing capacity, high
acidity, toxicity of aluminium and manganese and deficiency of calcium,
magnesium, zinc and boron.
Sanchez and Cochrane (1980) stated that out of 1043 million ha of acid
infertile soils of Latin America over 90% have N and P deficiency; 70% have
K deficiency, 62% zinc deficiency. Besides, 72% of them show Al and Mn
toxicity and 56% have shallow depth. On the other hand, in high base status
soils like Alfisols and Vertisols, more than 50% have erosion, moisture stress
and N and P deficiency limiting crop production. In many situations, liming
does not seem to be a practicable proposition because of non-availability of
lime at the sites of use and the high cost. Moreover, the experience with
liming in temperate region soils is not transferable to tropical soils,
particularly to the low-activity clays. Recourse has been made to use of rock
phosphate, silicates and other phosphates of low availability.
In the tropical rainforests of Africa, after land clearance, soil erosion
becomes more severe due to quick oxidation of the organic matter and
disappearance of the organic mulch cover from the soil. The microbiologists
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and environmentalists fear that this will not only reduce fertility but also
contribute to increasing atmospheric temperature and CO2 concentration; the
climatologists fear that this will cause major changes in the climate of tropics.
I believe IITA's experience of minimum tillage is highly useful for proper
management of soils of such humid tropics particularly for Oxic Paleustalfs.
In the semi-arid tropics nearly 56% of soils are represented by Alfisols,
Vertisols and sandy soils of the Inceptisol type (Kanwar 1981c). I consider it
sufficient here to make a passing reference to Vertisols, which form the subject
of a special symposium. Low workability, susceptibility to erosion, low
infiltration, low fertility, poor drainage and occasional moisture stress are the
main constraints to crop production in Vertisols.
Erratic responses to and low efficiency of urea observed under rainfed
copping in Vertisols seriously impede extensive use of fertilisers in these soils.
In Alfisols, nutrient stress, moisture stress and physical impedance to crop
stand establishment are serious constraints, but with proper management
techniques these soils also produce many times more and suffer less erosion.
However, more research is needed to develop suitable land treatment for these
soils.
Concern about the loss and deleterious effects of nitrogenous fertilisers
has led, in recent years, to greater interest in research on biological nitrogenfixation studies in the tropics. The symposium on non-symbiotic nitrogen
fixation in this Congress will indicate the scope of this subject and future
research trends.
Weeds and pests are serious constraints to crop production in the tropics
and the use of pesticides and herbicides for successfully raising crops looks
promising; however, there is inadequate information on retention and
biodegradation of these chemicals under tropical conditions. The experience
in temperate region soils is not necessarily applicable in this situation.
The importance of soil mineralogy to food production and economic
development has not received adequate attention in tropical regions. We are
now beginning to understand the significance of variable charges and surface
phenomena to fertiliser use and efficiency. A conference on soils of variable
charges held in New Zealand last year was a step forward in this direction.
I have stressed the importance of soil constraints to crop production in
the tropics because there is a tremendous need for increased productivity in
these regions of rapid population increase. In the plenary session of this
Congress, Swindale will give special attention to the problems and potentials
of soils of the semi-arid tropics, Osman to soils of arid regions and Brady to
the problems of tropical rice soils.
In the past, the philosophy has been to modify the soil environment to
suit the plants. Because of the technological and economic difficulties of
applying this technique in many areas, a new philosophy of tailoring the
plant, through genetic engineering, to suit the environment has become
necessary.
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The aluminium toxicity in highly acid soils of the tropics, in newly
reclaimed areas of the Amazon basin in Brazil and elsewhere is being tackled
through sorghum, rice, maize and wheat genotypes less susceptible to Al
toxicity. Likewise, for making the best use of soils affected by salinity and
alkalinity or a specific micronutrient deficiency, the crop species or genotypes
tolerant to or capable of giving higher yields under these environments are
attracting the attention of scientists.
Biological nitrogen fixation through symbiotic and non-symbiotic means
and phosphate mobilisation through use of mycorrhizae seem to hold
potential for utilising soils with limited N and P availability. It appears that in
the coming decades genetic engineering to adapt the plant to a specific
environment will produce results of practical value. Thus the soil scientist's
role in identifying and categorising the environments, working together with
the geneticist and the plant breeder to develop genotypes suited to each
environment, is becoming important. The only danger in this approach is that
by rigorous selection we may end up with plant types which may exhaust a
particular nutrient or ultimately make it uneconomical to profitably grow
crops in such soils. The international symposium on plant adaptation to
mineral stress in problem soils and to other soil constraints affecting crop
production held at Cornell (1976) discussed many aspects of this approach. I
consider it as an important approach for international collaboration.
The Technical Advisory Committee to the Consultative Group on
International Agricultural Research emphasised research on several aspects of
soil science research which warrant international support (TAC 1979). These
are:
• improving and maintaining with low inputs the potential of infertile
tropical soils;
• understanding principles and methods of soil conservation, particularly
in semi-arid and arid zone soils;
• improving water management technology for major irrigation projects;
• correlation of natural soil inventories to overcome the site specificity of
soil research; and
• use of bench-mark sites and need for soil-plant-water studies on them.

Strategy for Meeting the Challenges of the Future
The challenges to soil scientists in the decades ahead can be grouped as
under:
• Improving the agricultural productivity of the land that is already
under cultivation and developing rational systems of management for
new lands for farming, recreation and urbanisation.
• Improving the efficiency of agricultural inputs such as water, fertiliser,
energy and pesticides, which are necessary for increasing productivity.
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• Preventing soil degradation caused by man's negligence and ignorance.
• Reducing soil erosion, desertification, salinisation and land degradation
by ensuring efficient soil and water management systems.
• Restoring and improving productivity and utility of degraded lands to
meet the immediate and future needs of society for food, fibre, shelter
and recreation.
• Monitoring changes in the productivity of land and developing a
system of warning, treatment and care.
These challenges are common throughout the world; only their intensity
and order of priority varies. Acid rain, open cut mines and pollution are
major problems in industrialised countries. These countries maintain high
productivity of agricultural land through heavy use of fertilisers, pesticides
and energy; hence they are concerned with avoiding the harmful effects of
these inputs and with the recycling of agricultural and urban wastes for useful
purposes. They are equally concerned with the improvement of land degraded
by heavy metals, radioactive isotopes and industrial effluents and with the
quick and safe disposal of urban wastes.
In many developing countries, the major emphasis is on improving
agricultural productivity of land to produce more and more food on less and
less land, but the problem of improving the environment and of preventing
harmful effects of industry is also becoming gradually more important.
Because of the high cost of manufactured inputs such as fertilisers, pesticides
and machinery, the problem of improving efficiency of inputs assumes even
greater significance in these countries. Water is costly and is getting polluted.
Loss of N from fertilisers applied to the soil not only means economic loss,
but also poses health hazards. Increasing the efficiency of water use—whether
rain or irrigation water—is the key to improving productivity of land and
preventing its degradation. In many developing countries labour is not a
limiting factor but land is, and improving productivity per unit land per unit
time is the goal. Thus, labour-intensive, energy-economising technology aimed
at optimising production from land and other agricultural inputs is the ideal
system for such situations. On the other hand, even some developing and all
developed countries have a scarcity of labour and traction power, hence for
such situations the priority is different.
The increasing costs and shortage of energy make it imperative to
decrease the use of non-renewable energy sources in agricultural systems.
Most of the energy in agriculture is used to manufacture nitrogenous
fertilisers, pump water, and mechanise farm equipment. Any improvement in
the economy of these will help economise on energy, while sustaining
productivity in many ecosystems, particularly in tropical areas.
Thus, the soil scientists of today face many more diverse demands on their
expertise than the participants of the first Congress faced. All soil scientists,
whether they be soil physicists, chemists, biologists, or pedologists, must fully
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understand input-output relationships in agriculture as well as environmental
concerns. I need hardly emphasise that I have used the term agriculture in a
very broad sense, including forestry and animal husbandry as well. I find very
few soil scientists taking an interest in management of forest lands and
grasslands. Unless we learn to manage them well we cannot combat natural
disasters and meet the challenges of the future. The solution to many of our
soil problems lies there.
A Japanese soil scientist in the Osaka region may give high priority to
problems of toxification by heavy metals; a Chinese scientist to reclamation of
peat soil for rice production; an Indian scientist to soil, water and land
management in the Vertisols of peninsular India or to zinc deficiency in the
saline-alkali soils of the Indo-Gangetic plains; an African soil scientist to
management of Alfisols in the sub-humid tropics and combating
desertification in the Sahel region; a Brazilian soil scientist to making the
aluminium-rich acid infertile cerrado soil suitable for producing maize or
beans. The priorities may vary, but the challenges are the same; the practices
may be different, but the principles and tools of soil science are the
same.

Looking Ahead
It is presumptuous on my part to comment on the future needs and trends
of soil research because of the complexity of the problems and the fast
development of technology which makes all projections about the future
difficult. I am sure the panels of experts on different subjects will make a
critical evaluation of the past and future when they dicuss the key question,
'Whither Soil Research?'
Soil physicists are aware that we are critically short of understanding the behaviour of the soil under field conditions, particularly in the tropics. We should
go to the field rather than spending all our time packing soil in the lab. I could
not agree more with Nielsen when he says that modellers and simulators should
withdraw somewhat from the computer console and experimentalists should
occasionally step into the computer centre. The soil physicist should help
change the trend towards over-mechanised and energy-wasteful agriculture
and improve efficiency of water, fertiliser, tillage and drainage. Modellers
should be able to predict the behaviour of soil, plant and input interaction
and to monitor input-output relationships. There are very few soil physicists
working on the soil and its relationship to nutrient availability, crop stand,
sustained agricultural production or erosion. We have not made use of
advances in science and technology or worked together with agricultural
climatologists in predicting the interaction between weather, soil and plant
better.
The efiergy crisis has revived interest in supplementing chemical fertilisers
with biofertilisers and phosphate release from unavailable forms to improve
soil productivity. Thus, the pendulum of research in the future should swing
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to soil chemists and microbiologists working together rather than separately.
More sophisticated techniques should help in resolving many controversies
and changing old dogmas. Let us recognise that legumes do require energy for
fixing N and also nutrients like phosphate, molybdenum, boron, etc. How
much progress we will make in the next decade is difficult to predict.
In the field of soil fertility, the necessity of intensive research on
controlled nutrient release and improved efficiency of nitrogenous fertilisers
for drylands and wetlands needs highest priority. The changes in nutrient
supply and uptake by crops with receding moisture or increasing moisture in
the soil profile under rainfed conditions of the tropics and with or without
irrigation in the semi-arid tropics, need special emphasis. Despite the large
number of scientific papers on soil fertility, which has been the trend all
through the previous Congresses as well, and was specially commented upon
by E.G. Hallsworth, President of the 9th Congress, we still do not have a
satisfactory method of predicting fertiliser needs and availability, particularly
the N needs of a crop, much less of a cropping system in the humid tropics,
semi-arid tropics and arid lands. (I am not sure if such information is
available even on temperate region soils.) The quantification of N utilisation
under different management systems needs attention.
Soil fertility specialists may think of working together with plant
geneticists in adapting plant to soil environment and with fertiliser
technologists in modifying the fertiliser products to suit the environment.
They should not remain confined to one approach of modifying the chemical
soil environment by liming or gypsum application. The problem of
toxification from heavy metals is becoming serious in industrialised countries
and soil scientists should recognise and tackle it.
The pedologists have come a long way in developing a soil classification
system but they still need more information about tropical soils. The best tribute
to eminent pedologists from Dokuchaev to Guy Smith and their contribution
to the development of soil taxonomy and classification would be for the
pedologists to agree on one uniform system of soil classification. It seems
appropriate that the chairman of Commission V has recommended naming
the panel discussion on whither pedology the Guy Smith Symposium.
Before leaving this subject, I would like to emphasise that the pedologists
have looked at the pedon too long; let them now use their knowledge for the
transfer of technology of soil management. How long will we continue
arguing> about how the soil was formed? We were not there when it was
formed, but we want to see in our life time the knowledge of soil survey and
classification being effectively used for managing soil resources to meet the
challenges to mankind.
The soil technologists may feel proud of their technology for increasing
production from all soils, including deteriorated soils, but the attainable
potential and the cost-benefit relationship are more important now. We
should be aware of the limitations of high-energy technology and develop
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alternative approaches compatible with the socio-economic conditions of the
situation.
The clay mineralogists may rightly lament the inadequacy of research in
clay mineralogy but they should be concerned about the lack of utilisation of
already available knowledge of the subject for soil management technology. I
am sure the panelists of all the commissions have a number of suggestions for
researchers for meeting the challenge to soil scientists in the decades to come.
However, unless the education programmes prepare the scientists to make use
of advances in knowledge of the related sciences and of instrumentation,
including remote-sensing technology, we may not be able to progress fast. We
should not forget that laboratory studies are only a means to an end, not the
end itself, and the ultimate test of our research is in the field. We envy the
space research scientists for the precision and accuracy with which they have
landed man on the moon or put the satellite into orbit. Can we not aim, in the
use of soil science for crop production or environmental improvement, for a
similar precision? I believe we can.

Concluding Comments
I see many eminent soil scientists present at this International Congress today
who were also present at the UN Conference on Environment in 1972 which I
had the privilege to attend. This is also the 10th anniversary of this UN
Conference. It is a good occasion for us to remind ourselves that soil is the
base of all we produce and reproduce and it needs attention. Save the soil and
serve humanity should be our motto. Let us, in this Congress, take note of the
FAO's adoption of the World Soil Charter and lead the way in formulating a
world soils policy.
I consider soil and water as one system, interacting on plant and man. A
number of international agricultural research institutes have been set up in the
world for crops and animal research but it has been overlooked that soil
research needs special emphasis. Unless the soil and water are managed
properly, the potential of the high-yielding seeds and the strategy of increasing
food production through intensive use of technology in agriculture may not
produce the desired results. Embryo culture and genetic engineering may offer
many new genotypes but you need soil for producing them on a lare scale.
The Consultative Group of International Agricultural Research has proposals
for ISSRI, an International Soil Science Research Institute, IBSRM, an
International Board for Soil Research and Management and an International
Water Management Centre. These could be combined together into one
International Institute which may be called International Soil and Water
Research Institute (ISWRI), with a network of centres in different regions. I
am happy to mention that India has already taken a lead in including the
establishment of National Soil Research Institute in the country's sixth Five
Year Plan. Similar action is needed on an international basis.
We find ourselves at the crossroads where the energy crisis, the rising
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costs of mechanised farming and land reclamation and the increasing land
degradation prevent us from expanding agriculture to new areas. The good
agricultural lands are rapidly slipping out of our hands into non-farm uses.
We also find ourselves faced with this dilemma: for increasing productivity of
the land we need water, fertilisers, energy and pesticides, yet their high prices,
low efficiency of use and environmental hazards—real and imaginary—place a
serious limitation on their use. Hence our major task is to improve their
efficiency while avoiding their harmful effects on the environment.
We cannot ignore the threat to the environment from various forms of
erosion, land degradation, including toxification with heavy metals, poisonous
gases, effluents and other pollutants. Let us not overlook the fact that poverty,
hunger and malnutrition are an even greater threat to the environment and
the only way of alleviating them is through increase in productivity of land
and water.
The soil scientists must recognise soil and society as a single system in
which man can be either a positive or a negative factor, depending upon how
he acts. Today's world is conscious of the energy crisis and has a slogan 'Save
the Oil' but we seldom hear the slogan 'Save the Soil'.
With today's technology we can certainly modify soils to man's
advantage. We can predict the changes and improvements if we know our soil
well. We could computerise irrigation schedules, fertiliser needs and likely
response of soils to management. I consider the 1980s a decade of integrated
soil management systems or better soil-water-plant management systems in
which all scientists, planners and farmers work together to save the soil,
improve its health and make it produce to its potential capacity, which is very
high.
Whether there are disasters like floods or droughts, food or water
famines, energy crises or health hazards, poor soil management is the cause.
We have the capacity to improve the situation but we need the will to do it
and a national and world soils policy to accomplish it.
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Potentials of World Soils
for Agricultural Production
P. BURINGH*

Abstract
POTENTIALS of world soils for agricultural production are high; however,
current average yields of crops are generally low. Increasing agricultural
production is a slow process, because of socio-economic and political
conditions. Approximately 25 million ha of agricultural land is lost annually,
mainly because of rapidly increasing non-agricultural use. Calculated on a
global scale, all reserves of potentially productive cropland will be used
within one century. In some countries, however, no reserves are available at
the present time. Soil surveys on a national level should be encouraged, and
the Soil Map of the World should be improved, because both present basic
information for various types of land evaluation.
MOST important in agricultural production are cereal crops. They are grown
on more than half of the harvested area of cropland and contribute some 75%
(dry-matter basis) to the annual food production in the world. The second
place is for root and tuber crops, contributing 7% (dry-matter basis) to the
annual food production. Tables 1 and 2 present some data, including average
yields; these yields are low, because traditional farming is still the most
common type of farming practice. Only 20% of all cropland and
approximately 3% of all grassland (including grazing land) get some chemical
fertilisers. If farm management were to be improved, food production on the

Table 1. World production, area harvested and average
yield of cereal crops (data from FAO for the
year 1978).
Crop

Area harvested Production
(106 t)
(106 ha)

266
Wheat
Rice (in husk) 145
118
Maize
94
Barley
Sorghum
52
28
Oats
Rye
16
55
Millet

450
386
364
194
M
51
32
36

774

1582

Total

•Agricultural University, Wageningen, the Netherlands.

Average yield
(t/ha)
1.9
2.7
3.1
2.1
1.3
1.8
2.0
0.7
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Table 2. World production, area harvested and average
yield of root and tuber crops (data from FAO
for the year 1978 at 14% water content).
Crop

Area harvested Production
(106 ha)
(106 t)

Potatoes
18
14
Cassava
Sweet potatoes 13
Yams and others 4
Total

55
49
34
7

49

Average yield
(t/ha)
2.9
3.5
2.0
1.8

145

existing cultivated land could be increased manifold; however, improvement
of farm management practices is not easy, because of socio-economic, cultural
and political conditions in many parts of the world. Most farmers are poor.
They cultivate only a very small area of land and they do not have capital
needed to improve farming and cannot take risks. Increasing the world's
agricultural production is a rather slow process.
During recent years various studies on the food production capacity of
the world have been made and it has turned out that there is enough land that
can be cultivated.
The present area of cropland is 1500 million hectares, whereas the total
area of potential cropland is approximately 3200 million hectares. Tables 3
and 4 show the distribution of this land. In many countries preference is given
to reclamation of new land instead of intensification of production on existing
cropland. Of all land annually reclaimed, one-quarter is in organised projects,
whereas three-quarters are unorganised reclamations. It would be much better
Table 3. World land area (m ha) in different soil orders.
Soil order

Alfisols
Aridisols
Entisols
Histosols
Inceptisols
Mollisols
Oxisols
Spodosols
Ultisols
Vertisols
Mountain soils
Total
Percentage

Potentially
arable

Non-arable
but
grazeable

Non-arable
nongrazeable

Total

Percentage

150
1
230
630
650
100
270
140
230

690
250
290
20
230
340
350
210
330
60
910

400
2 150
650
100
710
160
120
250
130
30
1 670

1 730
2 480
1 090
120
1 170
1 130
1 120
560
730
230
2 810

13.1
18.8
8.2
.9
8.9
8.6
8.5
4.3
5.6
1.8
21.3

3 120
23.7

3 680
27.9

6 370
48.4

13 170
100.0

100.0

640

xo

Source: USDA (1973) Soil Geography Unit, Soil Conservation Service.
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Table 4. Major soil units of the world.
Major soil unit

Acrisols,
Andosols
Cambisols
Chernozems, Greyzems, Phaeozems
Ferralsols
Flu"isols
Gleysols
Histosols
Lithosols, Rendzinas, Rankers
Luvisols
Planosols
Podzols
Podzoluvisols
Regosols, Arenosols
Solonchaks, Solonetz
Vertisols
Xerosols, Kastanozems
Yermosols
Miscellaneous land units
Total

Total

Potential cropland

Area
(m ha)

(%)

1 050
101
925
408
1 068
316
623
240
2 264
922
120
478
264
1 330
268
311
896
1 176
420

8.0
0.8
7.0
3.1
8.1
2.4
4.7
1.8
17.2
7.0
0.9
3.6
2.0
10.1
2.0
24
6.8
8.9
3.2

13 180

Proportion

Area
(m ha)
300
80
500
200
450
250
250
1(1
(1
650
20
130
100
30
50
150
100
0
0

Proportion

(%)
9
2
15
6
14
8
8
0
0
20
1
4
3
1
2
5
3
0
0

3 270

to increase production through more intensive cropping, because with everincreasing reclamation, much damage is caused to natural vegetation and
soils.
The problem of hunger, malnutrition and food production is first of all a
socio-economic problem connected with family income and income
distribution. It is a poverty problem as millions of people do not have money
to buy food. Studies on the world food problem have to be based among
others on land use, land production capacity for various crops and farming
systems. Soil scientists can contribute by studying the potentials of world soils
for agricultural production. This has been done in recent years on a global
scale in a number of studies. The best known studies are a statistical American
study (PSAC 1976), a Dutch regional study (Buringh et al. 1975, Buringh and
Van Heemst 1977), an AEZ (agro-ecological zone) study by the FAO (1978,
1980), the FAO (1979) study, 'AT 2000', and an American 'Global 2000' study
(Barney 1979).
The present trend is to study potentials of world soils on a regional or
national basis, because of the uneven distribution of soil and climate
conditions. Global studies may indicate important trends but they ignore the
situation of each country. Some countries (e.g. Egypt) have almost no
potential left, whereas others still have very large areas of potentially
productive soils (e.g. Brazil). Availability of maps indicating soil and climate
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conditions and reports on both subjects presenting the necessary data are
indispensable for those studies. The new Soil Map of the World by
FAO/UNESCO has been very valuable for many studies, although one has to
realise that only 28% of the land (after deduction of arid and permafrost
areas) has been surveyed (Dudal 1978). It is very important that the work on
revising this soil map and on national soil maps is continued.

Production Potentials of World Soils
American soil scientists (PSAC 1967) have estimated the potentially
arable area of all soil orders of the world. This estimation was later revised
(USDA 1973) (Table 3). Another estimation (Table 4) is based on the major
soil units and associated major soils as presented in the Soil Map of the
World (Buringh 1979). The location of the potentially productive area is
indicated in an earlier study (Buringh et al. 1975; Buringh and Van Heemst
1977) on small-scale maps of the continents. An example of Africa is given by
Buringh (1979). A group of specialists of FAO (1978) made a study called the
'Agro-Ecological Zones (AEZ) Project'; the methodology and results for
Africa are published in volume 1, and Dudal (1978) has reported on this work
at the ISSS Congress in Edmonton. The results of this study are used to
calculate the carrying capacity of the various African countries (FAO 1980).
Similar studies are being made for other continents.
The main result of these studies is that the area of not yet cultivated but
potentially arable land in the world is approximately 1700 million ha, mainly
used as grassland and partly as forest. Although the potentials seem to be
high, there are limits. Table 5 indicates that only a small portion (about 22%)
Table 5. Crop production constraints
of the land area of the world.

Constraint
Ice covered
Too cold
Too dry
Too steep
Too shallow
Too wet
Too poor

Area
(m ha)
490
235
533
682
341
596
745

10
15
17
18
9
4
5

Subtotal
11 622
Low productive
1 937
Medium productive
894
Highly productive
447

78
13
6
3

Subtotal
Total

I
2
2
2
1

Percentage

3 278

22

14900

100
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of all land is potentially productive land. The productivity of this land is
variable. Only a small area (3% of all land) is considered to have a high
potential productivity. Unfortunately, much productive land (approximately
12 million ha) is annually lost, 4 million ha from soil degradation and 8
million to non-agricultural uses. Taking these factors into account, I have
estimated on a global scale (Buringh 1981) that within 100 years no potential
cropland will be left unused. In some countries all potential cropland has
already been used. In the United States of America (Schnepf 1979; USDA
1981) all reserves will be used within a period of 25 years. These and other
American studies draw attention to the fact that the production potential of
American land is limited and that there is a real need to protect 'prime' land,
i.e., good agricultural land, because it is one of the most important resources
of the country.
All studies are based on the present technique of agricultural production,
because it is believed that no important and generally accepted breakthroughs
in crop production techniques and soil science can be expected in the near
future.
I have tried to make an assessment of losses and degradation of
productive agricultural land in the world (Buringh 1981) by taking into
account (a) all land that is not covered by ice (13400 million ha), (b)
differences in potential productive capacity of soils for cereal crops (four
classes) and (c) changes in main land-use types (five types) as a result of soil
degradation.
Some conclusions of this study, which covers the 25-year period from
1975 to 2000 are:
1. Loss of highly productive cropland, grassland and forest land is very
high (155 million ha or 22%).
2. The area of highly productive cropland will decrease by 100 million ha
as it is turned to uses other than crop production.
3. An area of 440 million ha (or 55%) for forest land that has potential as
cropland will be lost.
4. Some 300 million ha of potentially productive cropland will be
completely lost—200 million to non-agricultural use, 100 million
through toxification.
These results are not new: other authors have made similar estimates, often
with higher figures for losses of land. New in thus study is that some simple
classes of soil productivity and changes in land-use type are taken into
account, showing that generally much more highly productive land is lost than
was expected.
Losses of land to non-agricultural use are tremendous. On a global scale,
approximately 8 million ha of agricultural land, most of it highly productive,
is annually converted to non-agricultural land. Losses of land as a result of
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soil erosion and salinisation are often somewhat exaggerated, first, because
severely eroded cropland may be lost for crop production but can often be
converted into grazing land or forest; second, because much of the eroded or
salinised land does not have a high potential productivity.
The final conclusion is that land resources for food production are
limited. For thousands of years there were large reserves of productive land
but this will come to an end soon.

Some special aspects
In any investigation of the potential productivity of soils for various crops
at a specific level of farm management, various problems arise, both on a
global and on a national scale.
It turns out that most soil maps and reports do not present the data that
are needed for the various calculation procedures. Soil characteristics such as
bulk density, water-holding capacity and rooting depth are not given. Soil
profile descriptions and sample analyses are often incomplete. Many soils
require a rest period under annual cropping (Young and Wright 1980).
Depletion of soils, particularly depletion of soil nutrients, implies that the
productivity of various soils can only be increased when fertilisers (including
appropriate micro-elements) are applied. Studies on the availability of
chemical fertilisers show that enough fertilisers can be produced for the
decades ahead; however, many countries depend on imports. During the last
two decades, there has been an increase in transport of cereal grains and other
food crops from one country to another; consequently, there has also been a
tremendous increase in transport of plant nutrients. Crop-exporting countries
often export more nutrients in the products than they use as fertilisers. In the
long run this will surely give rise to a serious nutrient problem.
Intensification of agriculture often implies full irrigation or supplemental
irrigation, because drought, coupled with lack of nutrients, is the main
constraint to crop production. It is well known that irrigation water will
become a limiting factor all over the world in a few decades.
It is also obvious that knowledge on crop characteristics, particularly on
crop physiology is still insufficient; much research work still needs to be done.
Lost land has to be replaced by new land and more new land has to be
reclaimed in order to be able to produce food for the 75 million people added
annually to the world population. A part of the food for the added population
is obtained by intensification of present agriculture. If it is accepted that the
area of grassland is not to be diminished in the next decades, all new land
finally will come from forest. With the drastic cutting of wood for fuel and for
industrial purposes, the forested area is already rapidly decreasing. According to
various calculations, major shortages of wood on a global scale will arise
within a few decades.
Nothing is said on the cost of reclamation of new cropland and of more
intensive farming. Reference is made to calculations made by the FAO in the
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A T 2000 global study. Costs estimated are rather high; however, food is
always needed and consequently food prices will increase.
Another problem is the increasing demand for alcohol for use as fuel.
Large areas of cropland are slated for growing sugarcane, sugarbeets or starch
crops for alcohol production. An increasing production of oilseed crops for
the chemical industries is expected. These industries plan to use other
agricultural raw materials as a source of energy. This means an increasing use
of cropland for non-food crops.
The gradual increase of the carbon dioxide content of the atmosphere is a
recent problem, because it is believed that this will in the long run increase the
air temperature and alter climatic conditions. I have attempted to calculate
on a global basis the annual decrease of soil organic carbon and the
contribution thereof to the increase of atmospheric carbon. The most
important loss of soil organic carbon is caused by cutting forest and
reclaiming forest land. The result is an annual release of carbon by world soils
of approximately 4 X 109 tonnes (low estimate 2.5 and high estimate 7.4 X 109
tonnes). The loss of carbon in soils since prehistoric times up to the present
has been calculated at 27% (total soil C has decreased from 2014 X 109 tonnes
to 1477 X 109 tonnes).
If agricultural production on current cropland were intensified in order to
produce enough food for everybody and if reforestation were practised on a
large scale, the world vegetation would use and fix so much carbon dioxide
that the carbon dioxide content of the atmosphere probably would not
increase at all.
A remark has to be made on land evaluation, a subject often overemphasised in soil science, because land evaluation is much more a socioeconomic problem, with many aspects, only one of which is a soils aspect. It is
worthwhile to know the potential productive capacity of various soils, at a
high level of farm management; however, it is often much more important to
evaluate land for a somewhat improved level of management.
As Table 3 suggests, less than a quarter of all land has the potential for
agricultural production. Soil scientists should also pay attention to the
potential of the non-productive land, where natural vegetation is often
damaged and land is degraded; this land should be restored to allow the
vegetation adapted to present soil and climatic conditions to develop.

General Conclusions
1. Various recent investigations reveal that the potentials of world soils
for agricultural production are high. From a technical-agricultural
point of view, it is possible to produce about ten times as much food
as is produced at present.
2. The area of land with a really high productive capacity, however, is
limited and annual losses in this category of prime land are high,
mainly because of increasing non-agricultural use.
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As a consequence of an increasing world population, much land has to
be reclaimed annually in order to produce extra food and to replace
land that is lost or degraded as a result of erosion, salinisation,
desertification, etc.
It is calculated that on a global scale, within approximately one
century, all reserves of land for agricultural production will be used.
As there are important regional variations in land reserves, some
countries do not have any area of potential agricultural land left,
whereas some other countries do have reserves for several centuries.
When investigating and evaluating land, soil scientists should pay
more attention to those soil characteristics that determine the potential
productive capacity for specific crops.
As the area of potentially productive land in many countries is limited,
it is important to protect and conserve this prime land for agricultural
production.
Global studies on potentials of land for agricultural production have a
limited value, because they obscure important regional differences.
It is desirable to make surveys of potential agricultural land in all
countries and to convince administrators and politicians to preserve
this land as much as possible; therefore, soil survey on a national basis
should be encouraged.
The national soil surveys should be used to improve the
FAO/UNESCO Soil Map of the World, of which a revised edition
should be made in the near future.
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Rice Soils of the World:
Their Limitations, Potentials
and Prospects
N.C. BRADY*

is produced under perhaps a wider variety of environments than any
other important food crop. While this crpp is grown most commonly in the
tropics near the equator, it is produced as far north as the Amir Valley (53° N)
along the border of China and USSR (Moormann 1978), and as far south as
New South Wales in Australia (35° S). Rice is grown at sea level in many areas
of the tropics and at elevations as high as 2500 m in Nepal and China.
Water regimes for rice culture vary from irrigated desert areas in Pakistan
and Egypt to flooded plains of south and south-east Asia, where fioodwater
levels may exceed 5 m in depth. Rice is grown in tidal swamplands, alluvial
plains and terraces, deltas, and in marine and lacustrine floodplains as well as
in inland valleys and terraced and unterraced uplands.
The wide variety of ecological conditions under which rice is grown is
matched by the diversity of soils which support this crop, so that in reality
there is probably no such thing as a 'rice soil'. The natural drainage varies
from good to poor. The parent materials range from recent alluvium to wellweathered residual materials in upland sites. Soil texture varies from heavy
clay to sand; organic matter from less than 1% to more than 50%; salt content
from near zero to 1%; and pH from less than 3 to more than 10 (De Datta
1981).
I therefore propose to focus this paper specifically on tropical and subtropical soils while at the same time giving attention to both wetland and
dryland conditions.
RICE

Classification of Major Soils on which Rice is Grown
In recent publications, Moormann (1978) and Moormann and Van
Breeman (1978) have reviewed the international classification of soils on
which rice is grown. These authors point out that rice is produced on taxa in
each of the 10 soil orders in the classification system of Soil Taxonomy
(USDA 1975) (Table 1). This information emphasises the wide variability of
soils on which this important cereal crop is grown. From Table 1 we note that
soils in only four of the soil orders—Entisols, Inceptisols, Alfisols and
Ultisols—are of major importance for rice production. Most wetland rice is
grown on Entisols or Inceptisols, which are commonly found on alluvial
lowlands with easy access to water. Aquic (wet) regimes tend to dominate, as
•United States Agency for International Development, Washington DC, USA.
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Table 1. Classification of major rice-growing soils of the world.
Order

Major
importance

Local
importance

Minor
importance

Alfisols

Aqualfs,
Ustalfs"

Udalfs'

Xeralfs"

Aridisols
Entisols
Histosols

Aquents

Inceptisols

Aquepts.
Ochrepts* Tropepts*

Mollisols
Oxisols
Spodosols
Ultisols
Vertisols

Fluvents"

Aquolls

Aquults,

Orthidsb
Argidsb
Orthents, Psamments
Hemists,
Saprists
Andepts

Humults

UdoUs
Orthox,
Ustox
Aquods
Ustults

Uderts
Usterts

Torre rtsb
Xererts"

Source: Moormann (1978); a. Aquic sub-group mainly; b. Exclusively under irrigation.

suggested by the suborder names in Table 1. Entisols have relatively little
horizon development and the influence of soil-forming processes is minimal.
Inceptisols are also immature soils with weakly developed soil profiles. The
Aquent and Aquept suborders dominated by wet alluvial soils of recent origin
are the most important rice-growing suborders of the Entisols and Inceptisols,
respectively (Moormann 1978). These soils are commonly found in river
plains, deltas and coastal areas and are most prominent in rice-growing areas
of south and south-east Asia.
On Alfisols and Ultisols, which characteristically have greater profile
development than the Inceptisols or Entisols, dryland rice is more common
than wetland rice, although in the lower reaches of the landscape and where
irrigated is available, wetland rice is also grown. Soils of the Aqualf and
Aqualt suborders are found in the lower aspects of the landscape, have aquic
(wet) soil moisture regimes and are generally bunded for culture of wetland
rice. Dryland rice is grown on suborders such as Ustalfs and Udults, which are
less dominated by high moisture regimes and are found in well-drained upland
areas of Asia, Africa and Latin America (Moormann 1978).
Oxisols are significant rice-producing soils in parts of Latin America,
Africa, and south-east Asia. Along with upland Ultisols, Oxisols are used on
large mechanised farms in Brazil and offer considerable potential for
expansion of rice production in that country.
Limited areas of Histosols found in coastal areas of south and south-east
Asia are used for rice production. For example, some tidal swamp areas of
Indonesia produce rice and plans have been made for much more extensive

44

MANAGING SOIL RESOURCES

production. However, such plans depend on the development of new
technologies through research to overcome the chemical and physical
drawbacks of these high organic matter soils.
In Egypt. Pakistan and India small but significant areas of Aridisols are
used to produce rice. With well-managed irrigation and drainage systems
these areas are producing high yields. Care must be used, however, to prevent
the buildup of salts to intolerable levels.
In spite of the wide variation in soils on which rice is grown, the
dominating influence of water on submerged soils has led scientists to attempt
classification schemes specific to 'paddy soils'. Greatest progress has been
made by Japanese scientists. For example, Kanno (1956, 1962) used
hydrologie conditions as a basis for distinguishing paddy mineral soil classes.
The five families are shown in a catenary sequence in Figure 1 (after
Moormann and Van Breeman 1978). Recognition is given to domination of
standing water, which brings about 'artificial hydromorphous soils'.
The work of the Japanese scientists has been very helpful in emphasising
that paddy rice culture has modified soil profile characteristics, especially in
Japan. Since the extent of this modification is determined by a number of
factors such as natural soil drainage, period of soil submergence and the
extent to which upland crops are utilised in the cropping systems, attempts are
being made to include soils on which rice is grown in existing natural soil

Fig. I. Catenary sequence of five fundamental families of mineral paddy soils. (Modified from
Kanno 1956, by Moormann 1978.)
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classification systems. There is a need, however, to modify these systems to
take into account the peculiar characteristics of paddy soils and the extent to
which their unique water regimes influence their classification. Proposals have
been made to modify the Soil Taxonomy system to accommodate ricegrowing soils at either the order level as Aquorizems, or as Aquorizemic taxa
at lower levels (Kyuma and Kawaguchi 1966). Dudal and Moormann (1964)
introduced the term Anthraquic for soils with specific diagnostic characteristics
stemming from paddy rice culture. Advantage should be taken of the
research of the Japanese and other soil scientists with experience in tropical
areas to develop appropriate modifications of international soil classification
schemes to include soils producing paddy rice. When such modifications are
developed, more meaningful and widespread adaptations can be made of data
from soil fertility and soil management research studies.

Physical Properties of Paddy Soils
Physical properties of rice soils are generally poor if criteria commonly
used to judge these properties are the same as those for dryland soils. This
poor physical condition is due to two factors: first, paddy soils, especially
those of alluvial lowlands, have been derived generally from fine sediments
which are high in clay. For example, Kawaguchi and Kyuma (1977) found
that 40% of the tropical lowland soils they studied had at least 45% clay. Soils
with such high clay contents are commonly not easily managed and tend to be
poorly aerated or even waterlogged, especially during monsoon seasons.
The second factor which accounts for the poor physical condition of
wetland rice soils is the tillage and cultural practices followed. Rice paddy
culture generally involves ploughing of the wetland soil and then harrowing
repeatedly while the soil is fully saturated with water or even flooded. This
results in breaking the natural larger aggregates into finer ones, with
considerable expenditure of energy (Ghildyal 1978). Thus, the physical soil
conditions so sought after for good dryland crop production are destroyed.
The apparent specific volume is decreased, the capillary pore space is
destroyed, and hydraulic conductivity is reduced, as is the free percolation of
water. Soil aeration is minimised in the major upper tilled layers of the soil.
In general, these changes in physical properties do not have detrimental
effects on rice yields and production levels common in the tropics. In fact, soil
puddling and associated soil compaction has been shown to have beneficial
effects on rice shoot and root growth, nutrient uptake and water use (Ghildyal
1978). Likewise, yields of rice grain, straw, and roots can be favourably
affected by puddling and/or soil compaction. For example, in one experiment
these yield components were increased significantly by increasing bulk density
from 1.4 to 1.8 g/cm 3 (Ghildyal 1969). An example of the influence of
puddling on soil bulk density and grain yield is shown in Table 2. Likewise,
Patil and Ghildyal (1973) found soil compaction to increase the effciency of N
utilisation.
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Table 2. Effect of soil puddling and compaction on
bulk density of the soil and yield of rice.
Treatment

Bulk density
(g/cm*)

Grain yield
(g/ploQ

Control
Puddling
Compaction

1.54
1.71
E88

1155
1535
2270

Source: Ghildyal 1978.

Kyuma (1981) suggests that physical properties of soils are relatively
unimportant in producing yields of 4 to 5 tonnes of paddy rice/ ha, so long as
adequate water is available. But, he states, in areas such as Japan, where much
higher yields are common, 'elaborate water control and management are
necessary even for rice, and good soil physical conditions are required.'
Chinese researchers indicate general agreement with Kyuma on these points
(personal communication).

Fertility Characteristics of Rice-Producing Soils
Rice is grown under both dryland and wetland conditions. The chemical
properties of soils on which dryland rice is produced are not widely different
from those producing other dryland crops in the same geographic area. But
chemical properties of wetland soils are definitely modified by the water regime
which prevails. The supply of those nutrient elements influenced by oxidationreduction reactions in wetland soils differs markedly from that in comparable
dryland soils. As a consequence, primary attention will be given in this paper
to the chemical properties of wetland soils, although soil constraints on
upland soils will not be ignored.
Ponnamperuma (1972) provided an excellent review of the chemistry of
submerged soils; more recently this has been supplemented by detailed reviews
by Ponnamperuma (1978), Yamane (1978) and Patrick and Reddy (1978).
The submergence of soils in water forces two important electrochemical
changes which, in turn, drastically modify the availability of several essential
mineral elements and of certain toxic ions or materials (Ponnamperuma
1978). Submergence decreases the redox potential (Eh) and reduces the range
in soil pH by increasing the pH of acid soils while decreasing that of alkaline
soils.
Decreasing the redox potential has the following effects on chemical
constituents of soils:
a. Nitrates are destroyed and ammonium is the prominent form of
available N.
b. N fixation is favoured.
c. The availability of P, N, silicon, iron, manganese and molybdenum is
increased.
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d. The availability of sulphur, copper and zinc is decreased.
Table 3 shows the chemical forms of important elements as influenced by
waterlogging of rice soils and in turn by their Eh. Well-drained soils are
characterised by Eh values of about 400 mV which assure the oxidised forms
of the chemicals shown in Table 3. As the Eh is lowered upon submergence,
the reduced forms of the elements become stable. Thus with a very poorly
drained soil (highly reduced) the Eh may be as low as —300 mV and this
condition would encourage only the reduced forms shown in Table 3.
Increasing the pH of acid soils increases the availability of P, silicon and
molybdenum while generally favouring the release of other mineral elements
through enhanced microbial processes. Simultaneously, the toxicity of
aluminium, manganese, iron, carbon dioxide and organic acids is depressed.
These changes are generally favourable to the growth of the rice plant.
Likewise, the decrease in pH of alkaline soils upon submergence is favourable
to rice.
Ponnamperuma (1978) suggests that a pH of about 6.6 and Eh of 0.3 to
0.14, along with a specific conductance of about 2 mmhos/cm at 25°C, are
most favourable for nutrient uptake by the rice plant. He states, 'under such
conditions the availability of nitrogen, phosphorus, potassium, calcium,
magnesium, iron, manganese, and silicon is high; the supply of copper, zinc
and molybdenum is adequate; and injurious concentrations of aluminium,
manganese, iron, carbon dioxide, and organic acids are absent.'
Soil submergence may also provide some disadvantages for nutrition of
the rice plant (Tadano and Yoshida 1978). Reduction in zinc availability can
be detrimental, as can excessive levels of ferrous iron, sulphides and organic
acids.
In summarising the electrochemical changes which occur in submerged
soils, it is well to keep in mind that the rice crop is commonly subjected to
alternate floods and dryland conditions. Only in areas with controlled
irrigation water can farmers be certain of soil submergence as desired. In most
Table 3. Approximate redox potentials at which
indicated oxidised components become
unstable in submerged soils.
Oxidised forms

Redox potential
(mV)

Reduced
form

O2
NO3

+380
+280
+280
+180
-120
-200

H20
N2
Mn"
Fe**
S
CH4

Mn
Fe

so;
co2

to
to
to
to
to
to

Source: Patrick and Reddy 1978.

+320
+220
+220
+150
-180
-280
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rice-growing areas, however, variations in rainfall commonly result in
alternate wet and dry periods which provide alternate reduced and oxidised
conditions in the soils. Thus, the available mineral element status of riceland
soils is subject to considerable fluctuation. In areas with dependable irrigation,
the electrochemical conditions just described prevail, oxidised conditions
being prevalent only when the land is drained purposely to permit harvesting
of the rice and the production of a subsequent dryland crop. On the other
extreme, upland or dryland rice is grown under the same conditions as for any
other upland crop. Dryland rice is produced on about 10% of the ricelands of
Asia (De Datta 1975) and 75% of those in Africa and Latin America (Abifarin
et al. 1972; Sanchez 1972). Soils in the Alfisol, Ultisol and Oxisol orders are
the major soils on which dryland rice is grown in these continents.
On the majority of the world's ricelands, water regimes alternate between
wetland and dryland conditions. The availability of mineral elements
fluctuates, depending on the soil moisture status. Even so, the essential
mineral element status of soils subjected to some flooding is generally more
favourable to rice production than where no such flooding occurs.
There are two reasons why the natural productivity of wetland rice soils in
generally higher than that of nearby dryland soils. First, the wetland soils, by
virtue of their lower location in the landscape, or their naturally poorer
drainage status, tend to be higher in available plant nutrients than their
dryland counterparts. Some soil enrichment occurs from erosion and runoff
from surrounding uplands to the lower lying wetland soils. Second, the
nutrients contained in the irrigation water constitute another source of higher
fertility for irrigated wetland soils. While nutrient contents of river waters in
rice-producing areas vary considerably, the suspended solids and dissolved
nutrients they carry are significant sources of plant nutrients for the rice crop
(Takahashi 1965). In arid areas these nutrients may have detrimental effects,
resulting in excess salinity buildup if nutrient removal is not accomplished
through proper drainage.

Major Constraints to Rice Yields and Production
National average rice yields in the tropics are commonly 1.5 to 3
tonnes/ ha. These are about one-half the levels found in temperate regions. Yet
maximum rice yields in the tropics approach those obtained in the temperate
region countries, suggesting that factors other than climate account for these
marked differences. The following are among the major factors responsible for
these differences:
•
•
•
•

Water availability and management.
Soil inadequacies.
Disease and insect pest management.
Public policies, infrastructure and input availability which provide
incentives (or disincentives) for the adoption of new technologies.
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It is well for soil scientists to recognise the significance of each of these
constraints and of the interactions among them. For example, water
deficiencies or excesses markedly affect soil productivity and the farmer's
ability to remove soil constraints. Likewise, public policies which minimise
returns to farmers for their produce and increase their input costs will curtail
the adoption of technologies needed to remove soil constraints.

Major Soil Constraints
Soil constraints to high rice yields in the tropics have become more
obvious since the release in the 1960s and 1970s of high-yielding rice varieties.
The failure of these modern rices to perform in many areas of the tropics has
led to investigations which have uncovered soil inadequacies not recognised
before. It is now known that over wide areas of the tropics, rice yields are
limited by important soil constraints and that economically viable
technologies to overcome these constraints are available in some cases, but in
others are yet to be devised.
The relative importance of various soil constraints to wetland rice
production in south-east Asia has been estimated by Dent (1980). Selected
data from his paper, shown in Table 4, illustrate soil constraints on 12 soil suborders of significance for rice production.
Soil Water
A deficiency of water stands out as the most serious soil-related constraint
on rice production in south-east Asia. This may be a surprise to some who
conceive of monsoon Asia as being plentifully supplied with water for a crop
which does well even in standing water. But high temperatures and variable
precipitation distribution patterns, coupled with a crop that has a relatively
shallow root system, account for the marked effect of rainfall and of soil
moisture levels on rice yields.
From Table 4 we see that water deficits are less of a problem in soils with
'Aquic' characteristics (e.g. Aquents, Aquepts); either because of their location
at the lower reaches of a toposequence or because of their naturally poor
drainage status, the profile moisture levels of these soils are generally higher
during times of low rainfall than their upland counterparts. Rainfed wetland
rice grown on soils characterised by good drainage, such as those in the Udalf
and Udult suborders, is often subjected to periods of drought alternating with
periods of excess water. Drought conditions are encountered even in areas
with irrigation if the irrigation system is streamfed when the stream flow is
insufficient to provide the needed irrigation water.
Moisture deficits are even more serious in areas of upland or dryland rice
where no bunds are used to hold the water on the land. Dryland rice
commonly suffers from drought, not only in south-east Asia but more
especially in rice-growing areas of Latin America (e.g. Brazil) and of Africa.
The constraints on rice production from excess water are limited to those

Table 4. Soil-related constraints to wetland rice production on major soils in south-east Asia.
Inputs required for alleviating constraint
Soil suborder

Water deficit

Water excess

T

Aquents
Aquepts
Aqualfs
Aquults
Fluvents
Humults
Udalfs
Udults
Uderts
Ustalfs
Usterts
Tropepts

0-2
0-2
0-3
0-3
0-2
3
3
3
2-3
3
2-3
0-3

1
1
0
0
1
0
0
0
0
0
0
0-1

0
0
0
0
0
0
0
0
2
0
2
0

Source: Dent 1980; "0 = none; 1 = low; 2 = moderate; 3 = high i

Shallow depth Fertility

Soil reaction

Soil salinity

Soil erodibility

0-1
0-1
0
1
0
1
0
0-1
0
0
0
0-1

0-3
0-3
0
0-2
0-3
0
0
0
0
0
0
0

0
0
0-2
0-2
0
3
3
3
1
3
1
1-3

needed to remove the constraints.
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areas where flooding reaches such levels as to preclude the use of all but
deepwater rice varieties and to areas of stagnant water where excessively
reduced soil conditions exist. Only soils in the lower lying areas are subject to
these minor constraints.
Soil Texture and Depth
In areas of south-east Asia where wetland rice is grown, soil texture is not
a serious limiting factor (see Table 4). The soils are generally medium- to finetextured, except in some of the upland areas where coarser textures are more
common (Table 5). In all cases, fine textures are preferred, to assure higher
availability of soil water and to prevent loss of rain or irrigation water by
excessive percolation. The same principles apply to wetland rice areas in other
parts of the world.
Table 5. Distribution of tropical paddy soils of Asia
according to the clay content of surface
soils.
Country

Bangladesh
India
Indonesia
Malaysia
Philippines
Sri Lanka
Thailand

Frequency (%) of soils with content of
<18%
Clay

18-25%

6
4
2
6
4
34
25

65
41
28
2}
33
4d
29

>25%
Clay
29
55
70
71
63
26
45

Source: Kawaguchi and Kyuma 1974.

The importance of soil texture (and soil depth) is illustrated by research at
ICRISAT (1975). On a medium-textured Alfisol, water supply was depleted
by upland crops in only 1 to 3 weeks, while on a deep, fine-textured Vertisol,
the supply lasted 4 to 6 weeks.
The depth of soils is generally not a serious limiting factor for wetland
rice production (Table 4). This is probably due to the shallow root system of
most wetland rices, even those with high yield potentials. Breeding
programmes to develop rices with deeper root systems will assure better
utilisation of soil moisture during periods of low rainfall, and will also increase
the desirability of deep soils.
At present, effective soil depth is much more important for dryland rice,
especially that grown in acid soil areas of Latin America and Africa, than for
wetland rice. Where shallow soils or soils with excessively acid subsoils
prevail, moisture and nutrients can be drawn only from the upper soil areas,
resulting in water deficits and concomitant low yields.
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Soil Erodibility
Because of the wide variation in the physiographic location of soils on
which wetland rice is grown, a similar variation occurs in the inputs needed to
alleviate erosion constraints (Table 4). However, soils located on flat or gently
rolling floodplains or in the lower portions of the landscape are not subject to
serious erosion, especially if the land is bunded and wetland rice culture is
followed. Even in upland areas, bunding and paddy levelling will generally
keep erosion losses much lower than they would be in comparable unbunded
areas.
As previously pointed out, the net effect of erosion on wetland rice
production is probably beneficial. Irrigation water and floodwaters from
upland areas are laden with silt and readily available nutrients which the rice
plants can utilise. Yoshida (1961) suggested that the calcium and magnesium
contents in irrigation water were two to six times those required by the rice
plant; 30% of the requirement for silicon and 17% of that for K were supplied
in irrigation water. But for P (1%) and N (8%), the irrigation water content
was low relative to rice-plant needs.
In dryland (unbunded) rice culture, the effect of soil erosion and the
inputs needed to control it are fairly similar to those in upland crops. For areas
where these crops are grown in the tropics, loss of soil by erosion is serious.
For example, potential for erosion in dryland areas of Africa and Latin
America is high. This is indicated in 'ble 4, which shows moderate to high
inputs required to control erosion for those soil suborders characteristic of
upland areas.
Nutrient Deficiencies
In all the soil suborders listed in Table 4, nutrient deficiencies (soil
fertility) provide significant constraints to wetland rice production in
south-east Asia. This is not surprising, since some areas, such as those in the
major floodplains and river valleys, have been cultivated to rice for centuries
and nutrient removal has been considerable over this period of time. The
adoption in the 1960s and 1970s of high-yielding modern varieties forced
attention to the low level of plant nutrients in rice soils, since the full yield
potential of these new rices could be attained only if adequate plant nutrients
were supplied, usually in the form of chemical fertilisers. The higher yield
levels which these new varieties provided in turn resulted in greater removal of
some essential elements in the harvested crop, which were not returned in the
fertiliser applied. These changes helped remind us of the critical role of
fertilisers if high rice yields are to be sustained in the tropics.
Nitrogen. Since rice is quite sensitive to N levels, it is not surprising that
deficiencies of this element limit production over wide areas, especially in the
tropics where soil N levels are low. Nearly half of 410 tropical soils studied by
Kawaguchi and Kyuma (1977) had N levels of 0.1% or less (see Table 6). Since
studies have shown that the soil is the primary source of N for the rice plant,
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Table 6. Range of N, P and K levels in 410 soils of south and south-east Asia.
Available p .
(mg P 2 O 5 /100 g)

Total N

(%)

Exchangeable K
(me/100 g)

Range

% of
samples

Range

%

of
samples

Range

% of
samples

<0.05
0.05—0.10
0.10—0.15
0.15—0.20
>0.20

13
35
30
9
13

<1.5
1.5—3.0
3.0—4.5
4.5—6.0
>6.0

53
17
9
5
16

<0.15
0.15—0.30
0.30—0.45
0.45—0.60
>0.60

31
24
16
10
19

Source: Kawaguchi and Kyuma 1977; a. Using Bray and Kurtz No. 2 extractions.

even when fertilisers are added (Koyama el al. 1973; Broadbent 1978), the
significance of soil N levels for rice production is obvious.
NITROGEN FIXATION. Losses in soil N due to crop removal are generally
lower in wetland than in upland rice culture. In fact, in some areas of the
tropics, wetland rice has been grown continuously for centuries with no
noticeable ill effects on N contents of the soils or on crop yields. While small
quantities of N have been added in irrigation water and in rain and snow and
some returned in crop residues, it is assumed that much of the N for these
continuous cropping systems has come from biological fixation of N. Koyama
and App (1979) suggest that 20 to 50 kg N/ha per crop are supplied in this
manner. Even in Japan, where high rates of fertiliser N are applied, significant
quantities of this element are thought to be supplied by biological fixation (see
Table 7). While the amount fixed may be less than in legume-producing fields,
it is still significant for rice production (Quipsel 1974).
Data cited by Watanabe (1978) from several studies in Japan and in the
tropics show a range of 37 to 113 kg N/ha absorbed by the wetland rice crop
from sources other than fertiliser. Most of this is assumed to be provided by
biological N fixation and not by 'mining' the soil, since the soil N levels
of unfertilised wetland soils have been maintained over periods of
time.
Table 7. Annual balance sheet for nitrogen in Japanese flooded paddy fields.
Nitrogen source

Nitrogen
gain
(kg/ha)

Nitrogen source

Precipitation
Irrigation water
Biological N fixation
Nitrogenous fertiliser

5.0
16.5
40.0
115.4

Uptake by plant
Denitrification
Leaching
Runoff

Total N gain

176.9

Total N loss

Nitrogen
loss
(kg/ha)
95.8
70.0
20.0
0.6
186.4

Source: Yatazawa, Nagoya University, Japan, personal communication, reported by Yamaguchi
1979.

54

MANAGING SOIL RESOURCES

Venkataraman (1979) lists four principal agents for biological fixation in
flooded rice fields:
1.
2.
3.
4.

free-living blue-green algae (BGA),
Azolla, with its symbiotic Anabaena
non-symbiotic rhizosphere bacteria,
bacteria in the bulk of the soil.

azollae,

All living blue-green algae (cyanobacteria) present in wetland rice floodwaters
are known to fix significant quantities of N. Singh (1961) reported the fixation
as more than 70 kg N/ha per year, but levels of 20 to 30 kg/ha per crop are
more commonly observed (Venkataraman 1975; Reynaud and Roger 1976).
Venkataraman (1972) and associates in India have demonstrated the beneficial
effects of algal inoculation on the yield of rice. However, high levels of soil N
may inhibit fixation by blue-green algae (Watanabe et al. 1978; Venkataraman
1979).
Although the Azolla-Anabaena symbiosis as a source of biological N
fixation has received much attention recently, farmers in China took
advantage of this source of N as early as 540 A.D. (Chu 1979). This aquatic
fern is used as a green manure on 134 million ha in China (Chu 1979) and in
more than 300 000 ha in Vietnam (Tuan and Thuyet 1979). The fern floats on
the water surface and can be used as an animal feed, with the manure returned
to the soil. It can also be incorporated directly into the soil as a green manure.
The rate of N fixation by the blue-green algae associated with Azolla is
variable, but may be as high as 1 to 2 kg N/day (Watanabe 1978). Watanabe
and associates (1977) measured an accumulation of 330 kg N/ha in 220 days
in an experiment run in the Philippines. Unfortunately, however, some strains
of Azolla are not well suited in the field to the high temperatures (Becking
1979) common in the summer months, reducing the usefulness of Azolla in the
tropics to the cooler periods of the year.
The nitrogen-fixing ability of blue-green algae, whether free-living or in
association with Azolla, is affected by the availability of mineral elements,
especially P (Chu 1979; Tuan and Thuyet 1979; Roger and Reynaud 1979).
Likewise, high available soil N tends to reduce the amount of N fixed.
Heterotrophic N fixation occurs in wetland soils, especially when a rice
crop is being grown. The heterotrophic organisms associated with rice roots
fix the N, using simple organic compounds excreted by the roots as sources of
energy (Rinaudo et al. 1971; Yoshida and Ancajas 1971). The quantity of N
fixed by heterotrophic organisms depends upon the supply of organic
residues, but may be as much as 20 to 30 kg N/ha per crop (Yoshida and
Ancajas 1973; Koyama and App 1979).
LOSSES OF NITROGEN. The losses of applied fertiliser N from wetland soils
generally exceed those from dryland soils. The various processes by which
these losses occur are illustrated in Figure 2. Volatilisation of ammonia,
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Fig. 2. Fate of fertilizer N in wetland soil. Numbers relate to processes discussed in text: 1 = urea
hydrolysis, 2 = ammonia volatilization, 3 = nitrogen immobilization, 4 = runoff, 5 =
ammonium fixation, 6 = denitrification, 7 = leaching, 8 = plant uptake. (From Craswell and
Vlek 1978.)

denitrification, fixation by soil minerals, immobilisation in the soil organic
matter and leaching account for most of these losses.
Nitrogen losses from wetland rice soils through ammonia volatilisation
and denitrification exceed those from dryland soils. Ammonia loss by
volatilisation may be significant if the pH of the paddy water is above 8.
Under soil and paddy water conditions which encouraged an algal 'bloom'
and a concomitant high paddy water pH, Bouldin and Alimagno (1976)
demonstrated up to 60% loss of applied N fertiliser as volatilised ammonia.
Lower losses were obtained by Mikkelsen et al. (1978), but Vlek and Stumpe
(1978) suggest that the importance of ammonia volatilisation has been underestimated.
Losses by denitrification are thought to be significantly higher than those
for ammonia volatilisation (Mitsui 1977) and to largely account for the
observed low efficiency with which rice utilises applied fertiliser N. It has been
estimated that in Japan 70 kg N/ha may be lost from rice paddies annually
through denitrification (see Table 7). While this level of denitrification may be
higher than would be found in areas using lower N application rates, losses of
20 to 68% of applied fertiliser N have been reported (De Datta 1981) and
denitrification is assumed to be a major cause of this loss.
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The high losses by denitrification are encouraged by the close proximity
of aerobic and anaerobic zones in wetland soils (Figure 2 from Craswell and
Vlek 1979). Nitrates or nitrites formed in the aerobic zone can diffuse into the
anaerobic zone and be subject to reduction and to loss as nitrous oxide or
elemental N. This alternation between oxidised and reduced states also
characterises the situation where alternate flooding and drying occur with
concomitant severe denitrification.
Ammonia volatilisation and denitrification can be minimised by placing
fertiliser nitrogen in the rice root zone (Mitsui 1977; De Datta 1978), a
practice which also reduces adverse effects of mineral N in the soil on biological
N fixation.
FIXATION BY CLAYS. Significant quantities of NH 4 applied to paddy soils
are fixed by vermiculite and illite minerals (Broadbent 1978). Apparently,
however, the fixed NH4 ions are more readily released under flooded
conditions than in dryland soils, thereby making the N available for plant
uptake or nitrification.
The superior yield potential of semi-dwarf rice varieties over traditional
rices can be realised only if adequate N is available. Since most rit e-growing
soils are low in N, significant fertiliser additions of this element are generally
needed to give even modest rice yields. While soil N levels in the tropics can
be enhanced through the recycling of organic matter, the rice production
potential of most tropical soils can be attained only if chemical N is applied
(Patnaik and Rao 1978).
Phosphorus. Most tropical soils on which rice is grown, and especially
those in upland areas, are low in P. Kawaguchi and Kyuma (1977) found that
almost one-fourth of the 410 tropic soils they studied had total P contents less
than 400 ppm, the level considered critically low for rice soils (Table 6). In
spite of these low levels of total P, no general response to fertiliser
applications of this element is noted at rice yields common in the tropics (1-3
t/ha). But with modern high-yielding varieties, where field yields up to 6
tonnes/ha are not uncommon, significant responses to P fertilisers have been
noted, especially on Ultisols, Oxisols, Sulfaquepts, Andosols, and Vertisols
(Goswami and Banerjee 1978).
The beneficial effect of soil submergence on the availability of P explains
the lack of widespread response of rice to P fertilisers (Mitsui 1960; Goswami
and Banerjee 1978). In acid soils, the moderating effects of submergence on
soil pH and Eh influence P availability in two ways. First, there is a reduction
in levels of soluble forms of elements such as iron, manganese and aluminium
which render P unavailable. Second, there is a reduction in the sorption and
occlusion of P on soil solids (Ponnamperuma 1972).
Phosphorus in rice-growing wetland soils indirectly affects N supplies by
influencing the biological fixation of this element. Even where P additions
have no direct effects on the growth of rice, these additions stimulate N
fixation by blue-green algae (Watanabe 1978; Fogg et al. 1973) and by algae
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associated with Azolla (Liu 1979; Tuan and Thuyet 1979). Apparently, the
nitrogen-fixing organisms have a higher available P requirement than does the
rice plant.
Dryland rice is more apt to suffer from P deficiencies than wetland, since
availability is lower under dryland than under submerged soil conditions,
especially with Oxisols and Ultisols. Also, the upland soils tend to be more
acid than their wetland counterparts, both because the upland soils are
generally more highly weathered and because flooding has a general
moderating effect on soil pH (Ponnamperuma 1972). Even under upland
conditions, however, N deficiencies may be at least as limiting as P deficiencies.
Until upland varieties are developed with yield potentials much higher than
those of traditional varieties, however, no general response can be expected to
either element.
Potassium. Deficiencies of potassium in wetland rice-growing soils of the
tropics are generally less common than N or P deficiencies. This is probably
due to three factors:
1. The relatively young and high K-supplying parent materials of many
paddy soils;
2. The generally high clay content of paddy soils and the general Ksupplying ability of these soils;
3. The low rice yields and associated low K removal in the harvested
crop in many areas of the tropics.
There are exceptions to these conditions, however. Some tropical soils are low
in available K and rice responds well to applications of this element
(Mahapatra and Prasad 1970). Furthermore, K availability is higher in
submerged soils than in upland counterparts; therefore, growing rice in
submerged soils increases K uptake—a subsequent loss of K as the crop is
removed from the land (Kemmler 1980).
In areas where high yields of rice are obtained, K fertiliser applications
are generally required, especially if both the grain and straw are removed from
the land. The high crop removal of K (135 kg foO/ha for a 5-6 tonne crop;
see Kemmler 1970) cannot be replenished by most rice-growing soils. These
high yields and associated crop removals are characteristic of the areas of
higher rice yields, such as those in Japan, China, Korea and the United States,
areas in which responses to K fertilisers are common. Modern high-yielding
tropical rice varieties also remove large quantities of K, especially where two
or more crops of rice are grown each year. Increasing cropping intensities and
higher yields per crop will probably force increased use of K fertilisers for
sustained tropical rice production.
Sulphur. Sulphur removal by a rice crop is similar to K removal. If the
crop is removed from the land and the straw is burned or not returned to the
soil, significant losses occur. Since tropical soils are usually not high in
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sulphur (Blair et al. 1980), these losses can be serious. While widespread
deficiencies of sulphur have not been noted generally in the tropics, they have
been noted in some areas of India and Indonesia (Ismanadju et al. 1975; Blair
et al. 1980). As yields of tropical rices are increased, the need for sulphur
fertilisers will become more common.
Zinc and Other Micronutrients. In recent years widespread deficiencies of
zinc have been found in wetland rice areas. In Asia, about 2 million ha have
been reported to be deficient in zinc (Ponnamperuma 1974). Zinc deficiency
occurs on 'alkali, calcareous and neutral soils, on Histosols and, regardless of
pH, on continuously wet soils' (Ikehashi and Ponnamperuma 1978).
Responses of 0.1 to 5.6 t/ha to zinc applications were noted in several
hundred field trials in India (Nene 1968; Randhawa and Takkar 1975). Similar
results were obtained in the Philippines (Katyal and Ponnamperuma 1974).
Zinc deficiency is generally more severe under flooded than under dryland
conditions (Gangwar and Mann 1972).
Iron deficiency is not too common in flooded rice culture since the iron is
solubilised under reduced soil conditions. But on upland calcareous and high
pH soils and on soils containing high manganese, iron deficiency is
encountered (Randhawa et al. 1978). Copper deficiency has been noted on
organic soils and on wetland soils with high pH (Driessen 1978).
Silicon. Silicon appears to be necessary for good rice yields (Yoshida
1975) and to enhance resistance to lodging, to stem borers and to rice blast. In
Japan and Korea, responses to silicon-containing fertilisers are common
(Takahashi 1968; Park 1975). The extent of silicon deficiency in tropical soils
is not known.
Problem Soils (Toxicity)
'In Asia, more than 100 million hectares of land physiographically and
climatically suited to rice lie idle because of soil toxicities caused by salt,
alkali, acid, or organic matter' (Ikehashi and Ponnamperuma 1978). Perhaps
the most significant of these constraints in salinity (Table 8).
Table 8. Growth-limiting factors associated with different saline soils used for
rice production.
Kind of soil

Other growth-limiting factors

Arid saline soils

Alkalinity, zinc deficiency,
N and P deficiency
Iron toxicity, P deficiency, deep water
Zinc deficiency, deep water
Iron toxicity, P deficiency,
deep water
Nutrient deficiencies, H2S toxicity, toxicity of
organic substances, deep water and iron toxicity.

Arid coastal saline soils
Neutral and alkaline coastal saline soils
Deltaic and estuarine acid sulphate soils
Coastal Histosols

Source: Ponnamperuma 1976.
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Saline and Alkali Soils. Saline soils are found in low areas bordering sea
coasts (about 27 million ha in south and south-east Asia), and in arid inland
areas where salts accumulate due to interflow of salt-bearing waters from
higher parts of the landscape or from underlying groundwater (Moormann
and Van Breeman 1978). More than 60 million ha of saline soils are found in
south and south-east Asia (Table 9).
Table 9. Problem soil areas of south
and south-east Asia.
Kind of soil

Extent
(m ha)

Saline soil
Alkali soil
Acid sulphate soil
Organic soil

62.5
2.2
9.8
29.0

Marine salinity is found in the lower parts of the major and minor deltas
of Asia. Large areas of inland salinity are found in irrigated rice-growing
areas of Pakistan (Sind province) and the Deccan plateau of India. Natural
salinity levels may increase if the irrigation schemes are improperly drained,
thereby resulting in a rise in the water table. Inland saline soils are often
interspersed with alkaline soils whose exchangeable sodium is high enough to
actually prevent rice production.
Rice plants will grow on moderately saline soils if the land is flooded and
if the ECe is less than 4 mmhos/cm at 25°C (Mass and Hoffman 1977).
Advantage is taken of this salt tolerance to lower the salinity levels of welldrained rice-growing soils of the Nile Valley in Egypt (Elgabaly 1978). In
effect, rice is grown as a 'reclamation' crop to permit the leaching of excess
salts from the soils while at the same time producing very good rice yields.
After 2 or 3 years of wetland rice, the land is used for cotton production until
salinity buildup dictates the growing of rice once again to prevent
resalinisation of the soil.
Acid Sulphate Soils. Low-lying coastal areas of the tropics contain
millions of hectares of land physiographically suited for rice production.
However, because of the extreme acidity or potential acidity of the soils in
these areas, the production of most crops, including rice, is limited
(Bloomfield and Coulter 1973; Van Breeman and Pons 1978). Pyrite has
accumulated in the soils of these tidal swamp areas. When these areas are
drained, the pyrite is oxidised and sulphuric acid is formed, causing pH values
below 3.5 to 4, hence the term acid sulphate soils. Iron and aluminium
toxicities and associated phosphate deficiency contribute to limiting crop
production on these soils (Ikehashi and Ponnamperuma 1978).
Large areas of acid sulphate soils are found in Vietnam, Thailand,
Indonesia, India (see Table 9) and in several West African countries
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(Moormann and Van Breeman 1978). Throughout the world an estimated 15
million ha of acid sulphate soils are found (1RRI 1977). When submerged in
coastal waters, these soils may be nearly neutral but once they are drained,
they become extremely acid. This is unfortunate, since these soils are
commonly well supplied with plant nutrients and, because of their location,
with water as well. Only by keeping the water table above the subsoil layers
where pyrite is located, and by growing rice varieties which can tolerate
acidity, iron and aluminium, can satisfactory production be obtained.
Significant research efforts are being made to develop and test high-yielding
and pest-resistant varieties with tolerance for acid sulphate soils (Ikehashi and
Ponnamperuma 1978).
Organic Soils. An estimated 32 million ha of Histosols physiographically
suited to the production of rice are found in tropical areas of Asia, Africa and
Latin America (Driessen 1978).
The peat soils are permanently wet unless drained, making them well
suited, theoretically, for a wetland crop such as rice. Unfortunately, the low
mineral contents of these soils (when expressed on a weight-per-unit-volume
basis), combined, in some cases, with the sterility of wetland rice grown on
them and especially on deep peats, reduce the rice-production potential of
peat soils (Driessen 1978). The sterility is thought to be due to copper
deficiency as well as toxic phenols in the organic soils.
Considerable research is needed to ascertain reasons for the poor growth
of rice on organic soils, and to identify and/or develop rice varieties tolerant
to peat soil conditions. If this could be done, large areas of coastal peat soils
would be available for rice production in the tropics and sub-tropics.
Iron-toxic Soils. When acid soils are submerged, some ferric compounds
are reduced to Fe + ' forms and water-soluble iron contents are greatly
increased. Within a few weeks after flooding, the water-soluble iron may
increase from 0.1 ppm to 600 ppm (Ponnamperuma 1972). The rate of
increase in soluble iron is determined by a variety of factors: the content of
organic matter in the soil, the pH, nature and amount of iron oxides present,
and temperature. Iron toxicity is common in acid sulphate soils and in
submerged Ultisols and in Oxisols (Ponnamperuma 1976). It is also found in
acid sandy soils and in association with low manganese contents in certain
akiochi soils noted in Japan and Korea (Park and Tanaka 1968).
When soils are well supplied with plant nutrients, iron toxicity for rice
may occur only when soluble iron contents reach 500 ppm or more. However,
on soils that are low in nutrients, especially in K and P, soluble iron
concentrations as low as 40 ppm may prove toxic (Moormann and Van
Breeman 1978).
Iron toxicities may be alleviated in some cases through lime application
and good water management. Unfortunately, the high capital needed
and the recurring costs of these soil-management practices make them
unacceptable to many low-income farmers. The development of high-yielding
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varieties which can tolerate high soluble iron contents is the preferred means
of obtaining good yield levels on these high iron soils.

Soil Constraints for Upland or Dryland Rice
As already emphasised, flooding alters the physical and chemical
properties of soils, increasing their suitability for a flood-tolerant plant such as
wetland rice. In large upland areas of tropical Africa, Latin America and
Asia, unbunded rice is grown in moisture regimes similar to those of other
upland crops. Almost one-sixth of the world's total rice area is planted to
upland rice (De Datta 1975). However, this crop provides a much smaller
proportion of aggregate global rice production because yields are low (0.5 to
1.5 tonnes/ha) and only one crop per year is grown in most upland
environments.
Upland rice is grown under the wide variety of soil conditions which
characterise upland areas of the tropics—the relatively fertile Alfisols, volcanic
tuff in the Philippines, Oxisols in Central South America, and acid sands in
Africa (De Datta 1975).
Upland rice yields are influenced by a number of soil factors including soil
texture, drainage status, moisture-holding capacity, acidity and natural soil
fertility (De Datta and Feuer 1975). Moormann and Dudal (1965) found a
correlation between fineness of soil texture and upland rice yields. Soil texture
and drainage status are important primarily because of the ways they
influence the availability of moisture to the rainfed rice crop.
The low water-holding capacities of most upland rice areas of Africa help
account for the generally low yields of this crop (Moormann 1973). In flat
areas and on the lower slopes of the toposequence, moisture conditions are
more satisfactory for growing rice. Hydromorphic soils are suitable for upland
rice primarily because of the favourable moisture regime they present.
The soil pH in most upland rice areas of Asia, Latin America and Africa
is quite low, ranging from 4.5 to 5.8 (De Datta and Feuer 1975). Under these
conditions, toxicities of aluminium and manganese are common, as are P
deficiencies.
Infertile Oxisols of Latin America are not well suited for upland rice
production, primarily because of their high iron and aluminium contents
(Cline and Buol 1973). But soils with some weatherable minerals—such as
reddish-brown Latosols and soils derived from basic rocks—are more suited
for upland rice production (Feuer 1956).
Upland rice is a common crop grown in shifting cultivation systems on
sloping lands of the tropics. These systems leave the soil with inadequate
cover during monsoon seasons, resulting in excessive erosion. Soils which are
naturally quite infertile are made even less productive. Concentrated efforts
should be made to increase the productivity of rice and other crops in lowland
areas, thereby relieving the pressure upon poor farmers to exploit the
surrounding sloping uplands.
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Alleviating Soil Constraints to Rice Production
It is obvious that soil factors seriously constrain rice production around
the world. These constraints must be removed, at least in part, if the lowincome countries of the world are to meet their growing needs for rice.
Two general approaches must be used to remove or accommodate these
soil constraints to rice production:
1. rice-producing soils must be modified or supplemented to remove
deficiencies and toxicities, or
2. rice varieties must be developed which will tolerate adverse soil
conditions.
In other words, we must change the soil to suit the rice plant, or we must
change the plant to tolerate soils as they are. Obviously, both approaches
must be utilised simultaneously.
The improvement of tropical rice soils must continue to be a high-priority
objective. We will need to learn a great deal more about these soils.
Unfortunately, few extensive studies have been made of tropical and subtropical soils, and most of our knowledge of soil of temperate regions and
their management cannot be adapted directly to the management of tropical
soils. Failure to recognise this fact has resulted in some disastrous failures.
Furthermore, most knowledge of the world's soils relates to dryland or upland
soils. Little attention world-wide has been given to soils that are submerged at
least part of the year. Perhaps the most telling proof of this failing is that
paddy soils are not even satisfactorily encompassed within the major
international classification systems. This deficiency must be corrected.
A second factor which will strongly affect efforts of improve rice soils is
the economic ability of low-income countries, and especially of small farmers
in those countries, to implement various possible improvements. Soil
modifications which farmers in more developed countries could afford may
require financial inputs far beyond the means of low-income farmers in the
tropics. Furthermore, when soil-management practices involve considerable
risk on the farmer's part, these approaches may prove unacceptable to
impoverished cultivators.
In spite of these social and economic constraints, improvements can still
be made in the management of rice-producing soils which lie well within the
reach of small farmers of the tropics and their governments.
For example, the following steps can be taken:
1. Utilise economic levels of common fertilisers containing N, P and K
and micronutrients such as zinc.
2. Increase the efficiency of utilisation of plant nutrients (especially N) by
selective timing and placement of fertilisers.
3. Improve water management of rice lands through drainage and
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irrigation in order to reduce both moisture deficiencies and excesses
and to control the buildup of salinity in arid areas.
4. Utilise more effectively the practical potential of biological N fixation
by free-living blue-green algae and the Azolla-Anabaena complex.
In many ecological and socio-economic conditions under which rice is
grown, soil constraints may be most easily removed by improving the rice
plant's ability to tolerate the soil's particular deficiency. Initial studies have
shown the potential of this approach (Ikehashi and Ponnamperuma 1978).
Rice cultures from around the world have been collected and are being
screened for their respective ability to tolerate different soil deficiencies and
toxicities. Wide genetic differences in tolerance have been found. Plant
breeders are utilising these differences to develop rice varieties which will have
high yield potential, and which can also resist rice insect pests and diseases
and tolerate adverse soils. Also, attempts are being made to use cell- and
tissue-culture techniques to encourage mutations which are even more tolerant
to adverse soils than existing cultivars. The degree to which plant breeders
and other biological scientists succeed in these attempts may well determine
the rice production levels on adverse soils.
Efforts to improve rice varieties should be most helpful when aimed
primarily at developing varieties that would tolerate soil toxicities whose
alleviation would require high costs. Breeding for tolerance to nutrient
deficiencies could be counterproductive if the resulting high-yielding varieties
merely 'mined' the soils of the essential elements, leaving the soil (and the
farmers) impoverished.

Summary and Conclusions
Soil characteristics play a major role in determining the yield and
production levels of rice. These soil characteristics for rice-growing areas vary
considerably less under flooded conditions (wetland rice) than under normal
upland conditions (dryland rice). Submergence in water generally improves
the suitability of soils for rice production. While dryland rice in the tropics
faces the same constraints as other upland crops, wetland rice is much less
constrained by water and nutrient excesses and deficiencies than are upland
crops.
Wetland production in the tropics is constrained by nutrient deficiencies,
especially of N and, to a lesser extent, P, K and zinc. Rice could be grown in
tidal swamp areas, as well as in inland saline regions, if judicious watermanagement practices can be followed and if new rice varieties are developed
which can tolerate adverse soil conditions.
Two primary approaches are suggested to remove constraints on rice
yields and production. First, where economically feasible, practices should be
implemented to provide plant nutrients, remove toxicities, and manage water
to enhance rice production. Second, efforts should be made to develop new
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high-yielding rice varieties which will at least partially tolerate existing adverse
soil conditions. Both approaches should be pursued simultaneously.
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Distribution and Use of
Arable Soils in the Semi-Arid
Tropics
L.D. SWINDALE*

Abstract
THE semi-arid tropical region has variable rainfall, and is subject to droughts
and floods. Rainfed farming is risky, but the possibilities for large-scale
irrigation are limited. Technologies that take account of the climate and soil
characteristics of the region are being developed to reduce the risks and increase
production in this region of 700 million people.
Very sandy soils, Psamments and Ustalfs are extensive in the semi-arid
tropics, particularly in Africa. Lack of water limits their use in intensified
rainfed cropping. Deep ploughing may be needed to overcome the tendency for
the surface soils to harden on drying. Mineral deficiencies are common, and
fairly easily corrected, but nitrogen management can be difficult, mainly
because of the low buffering capacity of the soil. Extensive grazing is an
alternative and interacting use for these soils.
Medium and fine-textured Alfisols are extensive in eastern Africa, India
and South America. They are moderately well suited to intensified rainfed
cropping. Lack of water limits yields in most years, and droughts may occur as
frequently as one year in five. The soils are deficient in nutrients and have
moderate to high phosphate-fixing powers. They have problems with surface
sealing and are moderately erosive; suitable technologies for adequate control
of erosion in cropped lands are not yet available.
Vertisols are extensive soils in the semi-arid tropics. They have good
water-holding and high buffering capacities. They are difficult to work, are
highly erosive and need surface drainage to prevent waterlogging in heavy rains.
Suitable technologies exist to fully exploit many of these soils for intensified
rainfed cropping.
Oxisols occur extensively in semi-arid regions of eastern and central Africa
and Brazil. Those with high base status, the Eutrustox, have high potentials for
intensified cropping. Those with low base status, the Haplustox, have more
constraints, but technologies have been developed to deal with them.
Many other kinds of soils exist in the region. Even those that are not well
suited to cropping generally have potentials that considerably exceed current
use. The semi-arid tropical region has high solar radiation and gentle
landscapes easily cleared for cropping. Food production can be increased
substantially in the region through rainfed arable farming without recourse to
costly irngation schemes.

* Director General, International Crops Research Institute for the Semi-Arid Tropics (ICRISAT)
Patancheru, A.P., India
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THE region of the semi-arid tropics covers much of the African continent (Fig. 1)
stretching in a broad band from west to east below the Sahara desert, and
including much of eastern and south-central Africa. In Asia it includes most of
India, north-eastern Burma and Thailand. Most of the northern quarter of
Australia, nearly all of Mexico, and large portions of Venezuela, Guyana,
Surinam, French Guiana, Brazil, Paraguay and Bolivia lie within the region.
More than 700 million people are estimated to live in the semi-arid tropics with
55% of them in India.
Rainfall in the semi-arid tropics is highly variable. In low-rainfall years there
may be droughts; in high-rainfall years or even for short periods in low-rainfall
years there may be floods. Deficient rainfall years may be followed by similar
years or by years with excess rainfall.
Sorghum, pearl millet and maize are the major rainfed cereals of the region.
Rice and sugarcane are grown under irrigation and in the river deltas and wheat
is grown under irrigation in the winter season mainly at higher latitudes. The
major grain legumes are pigeonpea, chickpea, cowpea and mung bean.
Groundnut, soybean, safflower, sesame and mustard are the main oilseed crops;
cotton the main fibre crop.
Traditional agriculture in the semi-arid tropics has been evolved to reduce
the risk of losses in dry years, because they can be very severe. The benefits that
could accrue in good years are usually lost. Much of the effort to create new or
improved technology for the region is designed to provide opportunities to invest
safely in anticipation of good years.
Food production in semi-arid India is increasing, although not fast enough
to improve standards of living very much. In semi-arid Africa food production is
declining. (IFPRI 1977; FAO 1978; USDA 1981). The IFPRI report predicts
substantial deficits in cereals in the semi-arid tropics by 1990. India may have
deficits of 20 million tonnes. Per capita deficits in the African semi-arid tropics
may be ten times as great as those in India. A large and urgent effort in research
and development will be required to avert the human misery that such deficits
foretell. The efforts will only succeed if the resources of soil and water are used
wisely and well, and if the inherent variability in the climate of the semi-arid
tropics is offset.
Previous efforts to increase agricultural production in the semi-arid tropics
have achieved only limited success even when they have been acceptable socially,
because they have not relieved climate-and soil-based constraints (Kampen and
Burford 1980). Better technologies are now being developed to ameliorate the
effects of drought, increase food production per unit of land, water and capital,
assure stability in production and contribute directly to improving the quality of
life.

Characteristics of Semi-Arid Tropical Climates
The semi-arid tropical region has high atmospheric water demand and scarce
water resources. Temperatures are high, usually exceeding a mean of 18° C in all
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Fig. 1. The semi-arid tropics, i.e. regions with mean monthly temperatures exceeding 18°C and
either 2-4'/2 wet months or 4'/2-7 wet months annually.
CO
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months of the year. Total annual rainfall varies considerably from about 400 to
1900 mm.
Rainy seasons generally are short with most of the rainfall concentrated in 2
to 5 months; from May to October in the northern hemisphere and October to
April in the southern hemisphere (Table 1). According to Troll's 1965
classification, rainfall exceeds potential evapotranspiration for 2 to 4.5 months in
the year in the dry sub-region and for 4.5 to 7 months in the wet-dry sub-region.
The wet-dry semi-arid tropics of this classification equate approximately to the
sub-humid tropics defined by other climatic classifications. Figure 1 shows the
semi-arid tropics defined by using Troll's classification and a mean annual
temperature of 18°C. It probably includes virtually all soils in the tropics with
ustic soil moisture regimes—i.e., soils that have a dry season of 3 to 9 months—
and all soils with isohyperthermic or hyperthermic soil temperatures, i.e. mean
temperatures at 50 cm depth of 22° C or more, with or without a summer/ winter
difference of 5°C. The figure delineates the geographic mandate accepted by
ICRISAT.
Of the climatic elements important for crop production—rainfall,
temperature and solar radiation—rainfall is the most variable in the semi-arid
tropics. The coëfficiënt of variation for annual rainfall is 20 to 30%, for annual
temperature and solar radiation of the order of 5%. Detailed studies of climate
have shown that the distribution of rainfall within the year is also highly variable,
and cannot be predicted with any reasonable degree of confidence. Smaller
yearly or seasonal totals correlate with larger year-to-year variability.
In tropical latitudes there are large amounts of energy available for
evaporation of water. Since solar radiation is the most important component
affecting evaporation, and since it varies little from year to year, potential
evapotranspiration is more or less constant from year to year. Small negative
deviations in precipitation either from monthly or annual norms are all that are
required to initiate drought. In semi-arid India moderate or worse droughts are
likely to occur one year in every four (Fig. 2).
In most years the rainy season in the semi-arid tropics is long enough for
annual crops to grow. Indeed there is usually excess water in the rainy season,
some of which can be stored in the soil, but most of which runs off and causes soil
erosion. Management of land, crops and livestock is intimately associated with
the inflow and outflow of water.

Distribution of Soils on Arable Lands in the Semi-Arid Tropics
There are many kinds of soils in the semi-arid tropics. Not all of them have
ustic soil moisture regimes and not all have isohyperthermic or hyperthermic soil
temperatures. Many are unsuited to agriculture.
The FAO/UNESCO Soil Map of the World, published at a scale of
1:5 000 000, provides the best single reference to the soils of the entire semi-arid
tropics. Table 2, showing the distribution of soils in the semi-arid tropics on
arable or possibly arable land, i.e., soils on flat to rolling landscapes, has been

Table 1. Average monthly rainfall and mean monthly potential evapotranspiration for selected locations in the semi-arid
tropics.
Lat

Location
Northern Hemisphere
1. Bambey
(Senegal)
2. Hyderabad
(India)
3. Ouagadougou
(Upper Volta)

Long

0

'

14

42

17

27

O

Ele- Jan
ment"

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Annual

16 28W

R
PE

0
136

1
133

0
164

0
173

3
165

30
161

125
138

246
130

187
135

55
144

2
130

1
130

651
1739

78 28E

R
PE
R
PE

2
110
0
143

10
129
3
152

13
181
8
189

23
198
19
195

30
220
84
190

107
196
118
151

165
140
193
135

147
135
265
113

163
119
153
121

71
124
37
149

25
104
2
134

5
99
0
133

761
1757
882
1805

'

12

21

01 31W

12

38

08 02W

R
PE

1
143

0
160

3
204

15
198

60
185

145
152

251
125

334
113

220
119

58
135

12
128

0
134

1099
1796

5. Patos
(Brazil)

07

01

37 17W

R
PE

80
228

151
192

248
168

183
155

62
153

19
148

7
181

3
210

1
241

5
270

17
270

28
273

804
2489

6. Townsville
(Australia)

19

15

146 46E

R

332

364

275

83

34

26

22

10

10

21

55

102

1333

7. Formosa
(Brazil)

15

252
143

204
126

227
136

93
130

17
125

3
113

5
122

3
144

30
148

127
158

255
125

343
128

1559
1592

4. Bamako
(Mali)
Southern

Hemisphere

PE
32

47 20W

R
PE

*R = Average monthly rainfall (mm); PE = Mean monthly potential evapotranspiration (mm).
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Fig. 2. Percentage occurrences of droughts of class moderate and worse in the rainy season in the
Indian semi-arid tropics (Ryan 1974).

compiled from that source, with the names of the soil units taken from the legend
of the Soil Map. Soils with aridic moisture regimes, the Yermosols and Xerosols,
falling within the semi-arid tropics as defined above, have been excluded from the
table and compilation. Figure 3 shows the distribution by continent of the major
groups of the soils on arable lands in the semi-arid tropics.
The Soil Map of the World was compiled from the best data then available.
Detailed soil surveys were used wherever possible, but in many areas only
reconnaissance soil surveys were available, and in large areas, e.g. 55% of the
African continent, estimates of the distribution of soils had to be made from
general information on relief, climate, vegetation and geology with only local
soils observations. Each mapping unit comprises a dominant soil, associated
soils—defined as occupying at least 20% of the unit—and soil inclusions—
defined as occupying less than 20% of the unit. Thus no great accuracy can be
claimed for the areas of the soil units in Table 2 and Figure 3; numbers shown
will be indicative only of areal extent and relative areal importance of
each unit.

ARABLE SOILS IN THE SEMI ARID TROPICS
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Table 2. Distribution of soils on arable lands in the semi-arid tropics from the
FAO/UNESCO Soil Map of the World.
SOILS

SANDY
Km'
Flat

FLUV1SOLS
Calcaric
Eutric
Thionic
ARENOSOLS
Cambic
Luvic
Ferralic
Albic
ANDOSOLS
Ochric
Molhc
Humic
Vitric

16 558
37 033
1 550

—
3 750

—
14 341

SOLONCHAKS
Orthic
Takyric
Gleyic

—
—

SOLONETZ
Orthic
Mollic

—

—
—
—
—
—

4 550

—
—

—

20 041

2 375

3 950
43 108

13 875
13 750

9817
9 125

—

7 650

—
—

825
21 991
212 601
38 441

4 150
550

110 237
773 423
27 025

6917
7 475

—
—
—
—

330 000
148 073
1 505 266
128 608

2 958

—
—
—

7 525
3 750
3 950
92 607

295 283
788 233

—

323 742
1 000 617

—

—
—

—

27 367
46 058
49 316

65 399

1 949

—
—

15 958

1 800

—
34
38
8
8

358
275
525
050

Rolling

26 729
158 474
16 533

—

—

—
—

—

—
—
—

32 724

11 642

Flat

2 192

2 908

9 641

—
8 275
425
3 025

3 333
26 283
14 617

—

—

—
—
—

11 458

—
—

—

—

Rolling

4 742
7 100
24 166

—

TOTALS
Km2

Km!

—

14 316
11 538

CLAYEY

66 950
566 458
8 942

32 250

4 767
20 567

KASTANOZEMS
122 741
Haplic
Calcic
—
Luvic
—

CAMB1SOLS
Eutric
Dystric
Humic
Calcic
Chromic
Ferralic
Vertic

—
—
—

284 008 34 333
104 182 25 983
1 285 734 169 083
90 958 23 033

VERT1SOLS
Pellic
Chromic

PHAEOZEMS
Haplic
Luvic

Rolling

SILTY
KmFlat

13 992
15 038

—
—
—

14 191
13 992
29 354

32 5174 675

—
—

104 379
4 675

—
—
—

159 558
46 058
114 715

—
—
—

12 559

658
102 791

6 342

7 458
38 033

—
—
—

—
29 883
51 941
23 916
591

168 942

4 808
483
4 375
3 918

5 750

17 991
20 883
39 333

—
7 125
2 175
66 767

19 792
124 782
264 433
97 357
41 282
69 049
110 249
39 966
82 351

(contd.)
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Table 2. (contd.)
SOILS

LUV1SOLS
Orthic
Chromic
Calcic
Vertic
Ferric
Plinthic
Gleyic

SANDY
Km ;
Flat

—

NITOSOLS
Eutric
Dystric

—

—

766 176 49 192
76 033 —
79 858 —
9 158 —
1 858 —
19 258 18 375
112 424
242 517

—
11 833
2 991

20 517
28 450

—
—
2 083

5 733
105 167

3 458

508

CLAYEY
Rolling

96 242
59 358
14 591

15 650 12 125
61 925 70 397
10 383 23 716

PLANOSOLS
Eutric
Mollic
So Iodic
ACR1SOLS
Orthic
Ferric
Humic
Plinthic
Gleyic

Rolling

SILTY
KmFlat

43 466
273 759
27 758

Flat

41 562
38 058
9 817

Rolling

983
42 490

—

—
424 898
86 007
44 291

TOTAL
Km2

4 725
108 382

173 191
616311
76 448

207 808

1 653 072
164 649
140 516

—
650 —

129 631

75 367
2 609
15 959

—

—
—

650

—
408

211 958 —
9 891 —
1 933 —

13 708

240 073
194 608
3 683
179 208
81 058

220 173
96 366

60 116

36 916
10 142

201 725

38 217
135 066

160 608
66 457

467 —

262 678
49 807
63 091
171 767

29 550

825 070
561 941
5 100
429 682
125 824

202 291
174 791

426 098
648 663

—
950

15 791
166 674

—

c

ERRALSOLS
Orthic
Xanthic
Rhodic
Plinthic
Humic
Acric

TOTAL

39 266 37 925
332 558 —
2 183 15 875

500 —
2 916

—
3 929 514 596 160

592 628
548 967
39 891
149 150

459 599
622 049 1 621 761 3 373 228
8 209 203 425
2 283 1 095 442
40 149 276 657
148 466
523 221
133 200
9 999 —
292 849
1 092 129 791
14 041
147 840
—
462 191 —
165 408 —
627 599
4 457 776 2 109 514 3 744 823 3 016 189 18 073 976

For the purposes of this paper, associated and included soils are combined
and called associated soils.
Arenosols

Coarse-textured soils containing more than 65% sand and less than 18% clay
comprise 11% of the arable and possibly arable soils in the semi-arid tropics.
Cambic Arenosols, coarse-textured soils with some evidence of a colour or
structural B horizon, and associated soils occupy about 330000 km in the
region. They occur extensively, mostly on flat to undulating topography in subSaharan Africa, developed in aeolian and alluvial sands of Quaternary origin
which overlie basement rocks or indurated iron-stone. They occur also on
slightly stronger relief in Rajasthan and in scattered small areas throughout
northern Australia.
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Fig. 3. Distribution by continents of the major groups of soils on arable lands in the semi-arid
tropics.

Associated and included soils are other Arenosols, very shallow soils,
Chromic Luvisols, hydromorphic and salt-affected soils.
Sand fractions are invariably highly quartzose with small amounts of
weatherable minerals. If the soils are derived from aeolian material, fine sand
tends to predominate. Kaolinite and oxides of iron and aluminium make up the
clay fractions. Properties of a representative Cambic Arenosol are shown in
Table 3, Profile A.
The central concept of the Cambic Arenosols in the semi-arid tropics would
probably be classified as a Typic Ustipsamment in Soil Taxonomy (USDA Soil
Survey Staff 1975). Soils with true cambic horizons would be Ustochrepts or
Utropepts.
Ferralk Arenosols and associated soils are extensive soils, occupying over
1 500000 km2. They differ from Cambic Arenosols in having a CEC of less than
24 meq/ lOOg of clay immediately below the A horizon or in some part of the
cambic horizon, i.e. they contain low-activity clay of the type found in Oxisols
(Table 3, Profile B). The implication is that these soils are derived from more

Table 3. Properties of selected soils of the semi-arid tropics.
Particle Size
Analysis
Horizon

Depth
cm

Moist colour

Sand Silt
%
%

-4

pH
Clay
%

Orga- N
nic
%
C
%

H20

Volumetric
water content
KCi

CEC Base Ca
Na
CaCCfe Extr.
Meq/ satura- Meq/ Meq/
Fe.
100 g tion 100 g 100 g
%
(Sum)
%

Cambic Arenosol, Bambey, Senegal, "Dior" soil, Reference: Charreau, 1974 p. 155.
0-10
7.5 YR 6/4
95.6
0.5
3.4 2.9
0.23 5.5
2.00
10-17
7.5 YR 6/6
95.6
0.4
4.0 1.6
0.14 5.2
2.05
30-35
7.5 YR 5/4
93.8
0.9
5.4 1.3
0.13 4.5
2.40
70-80
7.5 YR 5/6
96.1
0.5
3.0 1.1
0.11 5.2
2.60

47
37
29
37

Profile B.
Al
Ci
C2-C3
C,

Ferralic Arenosol, Kabuyu, Zambia, Reference: Ministry of Agriculture, Zambia: Soil
0-25
7.5 YR 5/4
94.0
1.0
5.0 0.35 0.03 6.3
1.4
25-61
7.5 YR 4/4
92.0
1.0
7.0 0.12 0.02 6.3
1.2
61-198
7.5 YR 5/6
90.0
2.0
9.0 0.10 0.02 5.7
1.0
198-335
7.5 YR 5/6
90.0
1.0
9.0 0.04 0.01 6.2
0.8

Map of Zambia, 1978.
84
1.0
57
0.5
60
0.4
91
0.4

Profile C.
A
AB
Bti

Luvic Arenosol, Darha, Senegal, Reference: FAO. FAO/UNESCO Soil Map of the World, Vol. VI
0-25
Beige
93.0
2.6
5.7 0.20 0.02 6.9
7.4 30
1.64
45-55
Ochre-grey
89.5
4.5
7.4 0.17 0.02 5.6
4.1 46
1.28
100
Ochre-rust
85.0
2.1 14.4
0.02 5.3
2.10

Profile D.
Api
Ap2
E
Bj

Ferric Luvisol, Sefa Sedhiov,
0-6
5 YR 5/3
6-13
5YR6/2
15-25
5YR6/4
40-60
5YR8/4

Profile E.
Ap

Chromic Luvisol, ICRISAT, India, Reference: The Soils of ICRISAT, NBSS & LUP 1982.
0-5
5YR4/4
79.2
6.3 14.2 0.55
6.9
4.8 74

Profile A.

Senegal,
73.2
75.0
61.9
49.3

Reference: FAO. FAO/ UNESCO Soil Map of
4.0
9.4 1.05 0.07 6.5
6.1
4.80
4.1
9.4 0.68 0.05 5.6
5.8
4.05
4.9 21.5 0.38 0.03 5.6
5.4
4.45
5.3 35.1 0.33 0.03 6.2
5.3
5.15

0.45
0.20
0.35
0.30

0.10
0.07
0.06
0.06

3.8
4.8
8.4
8.0

at
field
capa
city
cc/cc

at wilting
point
cc/cc

0.12

0.03

g

0.15

0.04

o

Africa, pp. 276-7.
0.06
0.06
0.08

the World, Vol. VI Africa, pp. 262-3.
73
2.25 0.05
0.83 0.17
62
1.70 0.05
0.85
63
1.70 tr
0.99
71
2.10 tr
l.P
0.17
2.6

Nil

2
z

Not 0.16
determined

0.07

0.08
0.06

Z
6
—

Table 3. (contd.)
Particle Size
Analysis
Horizon

Depth
cm

Moist colour

Sand Silt

PH
Clay

Organic
C
%

HjO

Volumetric
water content
KC,

CEC Base Ca
Na
CaCOj Extr.
Meq/ satura- Meq/ Meq/
Fe.
100 g tion 100 g 100 g
%
(Sum)

%
B,
B21,
B23t

5-18
18-36
71-112

2.5 YR 3.5/6
2.5 YR 3/6
2.5 YR 3/6

66.4
41.4
53.9

5.3
6.6
7.1

27.5
51.4
38.3

0.52
0.63
0.10

6.9
6.4
6.5

8.2
14.8
9.8

64
69
88

3.8
5.8
5.4

-

—
—

—
—

0.3

—

at
field
capa

at wilting
point

city
cc/cc

cc/cc

0.20
0.22
0.24

0.12
0.14
0.16

—

Profile F.
Ah2
AC
CA
CA

Chromic Vertisol, Damazin, Sudan, Reference: FAO. FAO/UNESCO Soil Map of the World, Vol VI Africa, pf . 282-3.
2.5 YR 3/2
38.9
7.3 53.8 1.29 0.06 7.5
50.1 92
26.4 tr
1-18
50.0 85
23.7 0.1
2.5 YR 3/2
36.3
9.6 54.1 0.64 0.03 7.9
18-60
50.4 92
2.5 YR 3/2
33.1 11.2 55.7 0.48 0.02 8.6
26.4 0.4
0.1
60-90
0.2
2.5 YR 3/2
35.8
8.8 55.4
8.7
45.8 98
25.3 0.4
90-120

Profile G.
Ap

Pellic Vertisol, ICRISAT, India, Reference: The Soils of ICRISAT, NBSS & LUP 1982.
10 Y R 3 / 1
22.0 19.1 57.4 0.96
8.1
56.5 90
39.6
0-25

A,,
Al2

25-70
70-143

10 Y R 3 / 1
10 YR 3/1

18.6
15.8

17.2
17.9

64.0
65.8

0.69
0.60

8.2
8.0

60.8
54.9

97
99

45.7
40.5

1.2

1.5

1.1
1.4

2.0
2.4

Profile H.
A
B,
B2

Orthic Ferralsol,
0-22
5
22-62
5
62-141
5

Kitale, Kenya, Reference: Siderius and Muchena, 1977.
47.0
4.0 44.0 1.67 0.17 5.2
5.2
YR3/3
5.0
YR 4/6
39.0
8.0 53.0
5.4
YR4/6
35.0
8.0 57.0
5.0
5.0

15.4
11.3
10.6

36
30
21

4.0
2.4
1.2

tr
tr
tr

Profile I.
Ap
A,
B;;
B;;

Rhodic Ferralsol, Jaiba, Brazil, Reference: Benchmark Soils Project 1979b.
20.5 23.1 56.4 3.10 0.35 6.1
5.5
2.5 YR 3/4
0-10
5.6
2.5 YR 3/4
19.5 17.4 63.1 1.10 0.34 6.5
10-20
16.5 25.2 58.3 0.55 0.07 6.3
5.5
10 R 3 / 4
20-50
19.6 28.2 52.2 0.35 0.06 6.1
5.5
50-120
10 R 3/6

18.9
10.9
9.4
7.7

6X
63
56
61

10.3
5.9
4.5
3.5

0.1
0.1
0.1
0.1

Not 0.40
determined
— 0.44
— 0.44

0.27

0.27
0.27

0.32

0.22

0.28

0.20
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highly weathered sands or are themselves more weathered than the Cambic
Arenosols.
The soils are co-extensive with the Cambic Arenosols in southern Africa, but
occur in somewhat moister climates. They are extensive in north-central
Australia, and occur in large areas in north and central Brazil.
They are often gravelly and shallow. Associated soils are sandy Ferralsols,
Luvisols, Acrisols, very shallow soils, hydromorphic and salt-affected soils
and—in South America--Cambisols.
The central concept of the Ferralic Arenosols would probably be classified
as a Typic Ustipsamment in Soil Taxonomy, i.e. the same as the central
concept of the Cambic Arenosols, or possibly as an Ustoxic Quartzipsamment
if the sand is virtually all quartz. The soil in Table 3, Profile B, has a clay
distribution which appears to meet the requirements for an argillic horizon,
and would probably be classified as an Oxic or Psammentic Paleustalf.
Luvic Arenosols and associated soils occupy approximately 150 000 km2
in the semi-arid tropics. These soils (Table 3, Profile C) contain lenses and
lamellae with more clay than the remainder of the soil and are intergrades to
Luvisols. They are particularly extensive in the Sahel—in Senegal, Mali,
Upper Volta, Niger and Chad. They also occur in western Sudan and in
Mozambique in moister climates than associated Cambic Arenosols. In Niger
and Mali they occur in catenary associations with exposed iron-stone cuirasse
or very shallow soils with iron gravels at the top of the catena, Cambic and
Luvic Arenosols on the upper pediment slopes and in fossil streambeds, sandy
Alfisols on the lower pediment slopes and hydromorphic soils with significant
accumulations of clay in the trough.
Associated soils are Cambic Arenosols, Luvisols, Vertic Cambisols,
Orthic Acrisols, shallow soils and hydromorphic soils.
The central concept of the Luvic Arenosols would probably be classified
as an Alfic Ustipsamment in Soil Taxonomy. Some, including the soil in
Table 3, Profile C, are probably sandy Alfisols.
Luvisols
Luvisols, soils with base-rich argillic B horizons, occupy 15% of the semiarid tropics, occurring in moister climates than the Arenosols in what in
West Africa is called the Sudanian ecological zone. The arable Luvisols may
have sandy, loamy or clayey textures, and occur on level to rolling surfaces.
They are extensive in semi-arid tropical Africa, South Asia and South
America. The red soils of India are preponderantly Luvisols.
Ferric Luvisols and associated soils occupy more than 1650000 km2 in
the region. They are highly-weathered soils occurring on old stable surfaces in
Africa, in Brazil, and in Bolivia east of the Andes, and to a lesser extent in
south Asia. They are often stony or gravelly and underlain by indurated ironstone. In sub-Saharan Africa and Zimbabwe they tend to be sandy and occur
on fiat to undulating landscapes. In East Africa and South America they have
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finer textures, and can occur also on rolling topography.
Clay fractions are dominated by kaolinite and other low-activity clays.
The clay in at least some part of the argillic horizon of these soils is oxidic,
i.e., it has a cation exchange activity of less than 24 meq/100 g of clay (Table
3, Profile D).
Associated soils include Plinthic and Chromic Luvisols, Eutric Nitosols,
Ferric Arenosols, Ferric and Orthic Acrisols, Orthic Ferralsols, very shallow
soils and hydromorphic and salt-affected soils.
Ferric Luvisols have no direct correlate in Soil Taxonomy. Deep soils of
the group would be mostly Oxic Paleustalfs, shallower soils would be mostly
Oxic Haplustalfs.
Chromic Luvisols—soils with strong brown to red argillic horizons—and
associated soils occupy about 620000 km2. They are very extensive in south
Asia, where they are derived from rocks of the basement complex. They are
extensive in southern central Africa and Brazil—where they are stony and coextensive with Ferric Luvisols—and also occur in Australia particularly along
the east coast, and in western Mexico, where they are generally shallow and
stony over calcareous parent materials.
These soils are generally finer textured and have higher activity clays
(Table 3, Profile E) than the Ferric Luvisols, and occur more on rolling slopes
in drier regions or are derived, in Africa, from more basic parent materials.
Associated soils are Vertisols, Ferric Luvisols, very shallow soils—and
severely eroded phases of the Luvisols—and hydromorphic and salt-affected
soils.
Nitosols are soils very similar to Chromic Luvisols. They are always finetextured soils on rolling slopes and occur in small areas throughout semi-arid
tropical Australia, India and western Mexico. In Ethiopia and elsewhere in
East Africa Eutric Nitosols occur on base-rich rocks in moister climates than
Chromic Luvisols.
Chromic Luvisols in the semi-arid tropics may be Haplustalfs,
Rhodustalfs or Paleustalfs in Soil Taxonomy. The Luvisol at ICRISAT
(Table 3, Profile E) is a Udic Rhodustalf.
Orthic Luvisols, soils with yellow-brown argillic horizons, occur in India,
associated with alluvial soils in the Indo-Gangetic plain and in coastal Tamil
Nadu. They also occur in Mexico usually as shallow soils on rolling to hilly
landscapes. Plinthic Luvisols, although less extensive than other sub-groups,
are the important soils on the Mossi Plateau of Upper Volta, one of the most
densely populated areas of West Africa.
Vertisols
Vertisols occupy 7% of the arable soils in the SAT region. They generally
occur on level to undulating slopes. They occupy a large area of central India
and of northern Australia where they are contiguous with extensive Vertisols
in sub-tropical areas. They also occupy large areas in Ethiopia and the Sudan,
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and occur scattered throughout sub-Saharan Africa, particularly in Chad, in
Tanzania south of Lake Victoria and elsewhere in East and Central Africa
along some of the major rivers. Smaller areas of Vertisols occur in Mexico
and central America and in Venezuela. Vertisols are derived from base-rich
rocks or colluvium or alluvium derived from these.
Chromic Vertisols are the most extensive group. They tend to occur on
more sloping land in better drained conditions and are slightly yellower,
browner or redder (Table 3, Profile F) than the Pellic Vertisols (Table 3,
Profile G) with which they are usually contiguous. Extensive areas of Chromic
Vertisols occur in arid areas outside the semi-arid tropics, particularly in the
Sudan.
Associated soils are Vertic, Cambic and Calcic Cambisols, Cambic and
Ferric Luvisols, Cambic Arenosols—around Lake Chad only—and, very
frequently, hydromorphic and salt-affected soils. Vertisols are often
calcareous, contain gypsum or have more than 15% exchangeable sodium in
the subsoil.
Chromic Vertisols in the semi-arid tropics are Chromusterts in Soil
Taxonomy. Pellic Vertisols are Pellusterts.
Ferralsols
Ferralsols are soils with oxic horizons as defined in Soil Taxonomy. They
are the most weathered and extensive soils of the semi-arid tropics, occupying
33% of the region. They generally occur in the wet-dry (sub-humid) sub-region
or on very old surfaces. They are most extensive on level to undulating slopes,
but occur also on rolling land.
Orthic Ferralsols and associated soils are the most extensive, occupying
nearly 3 3,70000 km2. They are yellowish brown to reddish brown in colour
and occur mostly on rocks of the basement complex throughout Africa and
South America. They occur in Kenya, Uganda and eastern Tanzania, in
Mozambique, Malawi and Zambia, in Angola and southeastern Zaire and in
Venezuela and Brazil. They are clayey in texture, with varying amounts of
sand, but little silt (Table 3, Profile H). They occur on level to rolling slopes.
Many Orthic Ferralsols in the semi-arid tropics, e.g. in Mozambique east
of Lake Malawi, occur in highlands and mountainous regions in humid
climates. They are not truly soils of the semi-arid tropics, but it has not been
possible with the evidence available to separate them accurately from the
semi-arid soils.
Associated soils in Africa are other Ferralsols, Nitosols, Ferric and
Plinthic Acrisols, Chromic and Pellic Vertisols, very shallow soils and
hydromorphic soils. In South America the associated soils are Ferric
Arenosols, Ferric Luvisols, Orthic Acrisols, Nitosols and very shallow soils.
Orthic Ferralsols in the semi-arid tropics, i.e. with ustic moisture regimes,
equate to the Ustox of Soil Taxonomy. They may be either Haplustox,
Eutrustox or Sombriustox. The soil profile in Table 4, Profile H, would
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probably be classified as a Typic Haplustox.
Rhodic Ferralsols are red. With associated soils they occupy 520000 km2,
mostly on base-rich rocks of the basement complex, on limestones and basic
volcanic rocks. They are clayey in texture (Table 3, Profile 1) and, as a group,
are the Ferralsols of highest agricultural productivity and potential. Because
of their high value they are often intensively farmed even on strongly rolling
to hilly slopes.
They occur in Kenya, Uganda, northeastern Tanzania, in Mozambique
along the shores of Lake Malawi, in Angola and in large areas in Zambia,
south-eastern Zaire and Zimbabwe. They occur also in northern Sri Lanka,
on the York Peninsula in Australia, in Latin America, and on the volcanic
islands and atolls of the Pacific Ocean.
Associated soils are mostly Orthic and Xanthic Ferralsols, Arenosols,
Ferric and Plinthic Luvisols; Pellic Vertisols and some hydromorphic soils.
Rhodic Ferralsols are mostly classified as Eutrustox and Haplustox in
Soil Taxonomy. The soil profile in Table 4, Profile I, is classified as a
Tropeptic Eutrustox.
Xanthic Ferralsols have yellow to yellowish brown oxic horizons. With
associated soils they occupy 1 000 000 km2 in the semi-arid tropics, mostly in
Australia on the York Peninsula, in northeastern Brazil and in Angola. These
soils are generally sandy in texture. They occur on acidic rocks of the
basement complex, usually in the wettest parts of the semi-arid tropics and in
the lower, less well-drained portions of the landscape. Plinthic Ferralsols
usually occur on the lowest, imperfectly or poorly drained land.
Associated soils are Plinthic, Orthic and Rhodic Ferralsols, Ferric
Arenosols, Orthic Luvisols, and hydromorphic soils. The Xanthic Ferralsols
would mostly be classified as Haplustox in Soil Taxonomy.
Acric Ferralsols are very highly weathered soils that occur on the central
plateau of Brazil. They have extremely low cation exchange capacities (less
than 1.5 meq/100 g clay) in the oxic horizon, which usually carries a positive
charge. Base saturation is also low. These soils cover more than 600000 km2;
they are often deep, on level to undulating slopes and are comparatively well
watered. They are largely unpopulated, but are now coming into agricultural
use through the introduction of technologies developed over the last two
decades (Lobato and Goedert 1977).
Acric Ferralsols in the semi-arid tropics would be lassified as Acrustox in
Soil Taxonomy.
Acrisols
Acrisols, soils with base-poor argillic horizons, are mainly soils of humid
regions. They occupy 10% of the semi-arid tropics in the wet-dry (sub-humid)
sub-region where seasonal rainfall is high, or in humid areas occurring within
the semi-arid region. These soils are often associated with Ferralsols,
occurring on steeper slopes or younger erosional surfaces. Population
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Table 4. Local name, classification, location and soil profile reference of four
benchmark soils of the semi-arid tropics.
Local Name

Classification

Location

Soil

Sandy Soils of the Sahel
Typic
Cambic
Ustipsamment,
Arenosol
siliceous.
hyperthermic

Bambey
Research
Station
Senegal

Table 3,
Profile A

Alfisols (Luvisols) of Peninsuar India
Chromic
Udic Rhodustalf,
clayey-skeletal,
Luvisol
mixed.
isohyperthermic

1CRISAT
Center,
Patancheru,
AP, India

Table 3,
Profile E

Vertisols of the Deccan, India
Typic Pellustert,
Pellic
fine
Vertisol
montmorillonitic,
isohyperthermic

ICRISAT
Center,
Patancheru,
AP, India

Table 3,
Profile G

Oxisols (Ferralsols) of Brazil & Hawaii
Tropeptic
Rhodic
Eutrustox,
Ferralsol
clayey,
kaolinitic,
isohyperthermic

EPAMIG
Experimental
Farm, Jaiba,
M.G.
Brazil

Table 3,
Profile I

Soil family in
Soil Taxonomy

Dior Soil

Patancheru
series

Kasareddipalli
series

Jaiba

Wahiawa
series

Soil unit
in FAO/
UNESCO
Soil Map
of the
World

Wahiawa,
Oahu,
Hawaii,
USA

densities are low, and the soils are generally better suited to tree crops or
pastures than to annual crops.
Orthic Acrisoh and associated soils occupy more than 820000 km2. They
generally have brownish A horizons over reddish B horizons with low to
moderate cation exchange capacities. They occur on late Tertiary or younger
erosional surfaces derived from acid rocks. They are extensive in South
America, in Bolivia east of the Andes, on the central uplands of Brazil and in
Venezuela north of the Orinoco River. They occur in Africa in the Ivory Coast,
Ghana and Nigeria, and in southwestern Tanzania, in Mexico, in northeastern
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Thailand and in small scattered areas in the rest of the semi-arid tropics.
Associated soils are Orthic Ferralsols, Ferric and Plinthic Acrisols, Ferric
Arenosols and some Cambisols, usually on even younger erosional surfaces.
Orthic Acrisols in the semi-arid tropics would mainly be classified as
Haplustults, Rhodustults, or Paleustults in Soil Taxonomy. It is possible that
some of these soils in higher rainfall areas would be classified as Udults.
Ferric Acrisols, Paleustults or Haplustults, and associated soils occupy
560000 km2 mostly in northern Nigeria, eastern Tanzania, central Burma and
Thailand. The soils occur mostly on flat to undulating landscapes, are well
watered, deep and gravelly with sandy textures. Exchange capacities and base
saturations are low, but like the Acric Ferralsols of Brazil, the Ferric Acrisols
seem to be worth more research attention. These soils in north-eastern
Thailand have been exploited widely and profitably in recent years for the
production of cassava for animal feed.
Plinthic Acrisols are soils with poor or imperfect drainage either because
thqy are low-lying or because they have indurated subsoils. They occupy
420000 km 2 under forest or savanna, particularly in South America and
mostly in recent sediments overlying crystalline rocks.
Other Soils
Many other kinds of soils occur in the vast area of the semi-arid tropics.
Most important are the Fluvisols (Fluvents) that occupy 900000 km2 in the
floodplains of rivers. Associated with these are Cambisols (Inceptisols), often
vertic, on more stable terraces. The soils are usually silty to clayey in texture,
occur on level to undulating terrain and are intensively used for irrigated
agriculture.
Kastanozems, or Ustolls, occur in Mexico, Bolivia and Paraguay around
the fringes of arid zones. The soils are often shallow and stony on rolling to
steep slopes and are generally unsuited to arable farming. Where they are
suited, they are used for the production of cereals and vegetables. They are
relatively high in natural fertility, have good structure and respond well to
irrigation.
Salt-affected soils, Solonchaks, Solonetz and related hydromorphic soils
occur widely throughout the region, particularly under rainfalls greater than
800 mm. They usually occur as associated soils or inclusions in areas of more
extensive soils. They occur in large areas in depressions and swampy areas
throughout the region. Where the salt content is low, they are much used for
the production of rice.

Use and Management in Arable Farming
It is not possible to describe in a review paper the use and management of
all the kinds of soils in the semi-arid tropics. To generalise at the level of the
units of the legend to the Soil Map of the World would introduce many
inaccurate and unsubstantiable statements. I have chosen instead to focus on
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four extensive and different groups of soils, somewhat representative of the
dominant arable soils, viz. Arenosols, Luvisols, Vertisols and Ferralsols, in
the semi-arid regions of Africa, Asia and America. The four groups are the
sandy soils of the Sahel, the Luvisols (Alfisols) of peninsular India, the
Vertisols of the Deccan, India, and the Ferralsols (Oxisols) of Brazil and
Hawaii.
To illustrate potential yields and measures to increase yields in rainfed
farming, I have focused more narrowly on one benchmark soil classified at the
family level in Soil Taxonomy in each of the four groups. The soil family
provides the link between soil classification and soil use. The family groups
'the soils within a subgroup having similar physical and chemical properties
that affect their responses to management and manipulation for use. The
responses of comparable phases of all soils in a family are nearly enough the
same to meet most of our needs for practical interpretation of such responses.'
(USDA Soil Survey Staff 1975, p. 80).
The four soil families, their classifications in the legend of the
FAO/ UNESCO Soil Map of the World, local names, and locations are given
in Table 4. The four soil groups and their benchmark soil representatives
illustrate'the problems of and possibilities for rainfed farming in the semi-arid
tropics.
Although irrigation could help significantly, the potential for large-scale
irrigation in the region is quite limited. (OECD 1976; Ministry of Agriculture
and Irrigation, New Delhi, 1976; Sanchez and Cochrane 1980) most of the
arable land will continue to be cropped in rainfed conditions.
The Sandy Soils of the Sahel
Sandy Alfisols, Ustipsamments, and related hydromorphic soils also
containing much sand are the dominant soils in the Sahelian ecological zone
of the semi-arid tropics. They occur in the driest parts of the region on level to
gently rolling topography. Natural vegetation is dry savanna, population is
sparse and subsistence agriculture is the rule, except in the immediate vicinity
of cities and towns.
Towards the arid zone boundary, the soils are used for extensive grazing
by transhumant livestock. Even in the more settled areas, animal grazing is
important in the total farming system.
These soils are used in traditional agriculture to produce staple cereals of
pearl millet and, to a lesser extent, sorghum intercropped with cowpeas. Cash
crops such as groundnut, bambara nut and sorrel are grown on small fields as
sole crops. Cassava is also grown where it can be protected from livestock and
given some supplementary water soon after planting.
Fertilisers and improved seeds are seldom used, but animal manure and
household refuse are used on the fields nearest the homes. Bush fallowing and
burning return some fertility to other soil. Cropping intensities seldom exceed
75% (0.75 crops per year per field) except for the land closest to the homes.
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Land far from the village may be cropped only one year in four. The use of
animal traction is not common and soils are seldom ploughed. All agricultural
operations are done manually and are very time-consuming. Crop yields are
low—the average for most crops is 600 to 700 kg/ha or less—and declining
(Swindale et al. 1981). There is serious concern in the region about increasing
food deficits (IFPRI 1977; USDA 1981).
Potential Yields. It is difficult to find satisfactory data to show the true
potential of these soils. Although much work, ably summarised by Ahn (1970,
1977), Charreau (1974, 1977) and Jones and Wild (1975), has been done in the
savanna region of West Africa, the reports often leave important factors—
particularly soil water—unspecified, the identification of the soils at
experimental sites is rarely given or the duration of the experiments appears
to be insufficient to provide response probabilities over time. Not the least of
the problem appears to be an underlying belief among some researchers that
these soils should not be used in continuous agriculture. To quote one
reference, 'the question whether continuous cropping will be possible under all
conditions without the use of "resting" crops or bush fallows cannot yet be
answered'. (Jones and Wild 1975, p. 216).
Blondel (1971) records yields of about 2000 kg/ha of pearl millet on the
Dior soil, a siliceous, hyperthermic Typic Ustipsamment at the Bambey
Research Station, Senegal. (Table 3, Profile A, and Table 4). Nicou (1977)
records 2000 kg/ha of groundnuts on the same soil. Singh (private
communication) records 1600 kg/ha of pearl millet on a similar soil at
Maradi, Niger.
These very sandy soils in climates with only 3'/2 wet months (cf. Table 1,
No. 1) are close to the bottom of any scale or index of soil suitability for
rainfed cropping. The suitability would increase with increasing clay content
in the soil.
Figures on profitability under intensive agriculture are not available.
Charreau (1974) has given figures to show that semi-intensive agriculture, with
basal dressings of rock phosphate and moderate dressings of N and K
fertilisers plus deep tillage, did not give better economic returns than
traditional agriculture.
Increasing Yields. Low fertility, lack of water and poor physical
conditions are constraints to crop production on the sandy soils of the Sahel.
The soils are generally low in organic matter, N and P (Jones and Wild 1975;
Ahn 1977). Potassium, sulphur and zinc deficiencies show up quickly if the
soils are put to intensive use.
Blondel (1971) and IRAT/Senegal (1972) recommended 50 to 60 kg N/ha
for pearl millet on the Dior soil with a comparatively high N efficiency index
of about 20 kg grain/kg N. Nitrogen management can be difficult because the
soil has low buffering capacity. It can be acidified easily by ammonium
sulphate and urea. The problems have been well summarised by Charreau
(1974). Losses of N due to volatilisation may occur if the fertiliser is not
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properly covered, and leaching losses occur in wetter years or under irrigation.
Phosphate deficiencies can be fairly easily corrected. Rock phosphate,
which is widely available throughout the region, is used to improve the
general phosphate level in the soil. Its usefulness can be upgraded by fine
grinding. Phosphatic fertilisers are used for annual dressings. The soil has low
phosphate-fixing capacity.
The Dior soil has an erratic annual rainfall of 651 mm, an atmospheric
water demand of 1739 mm (Table 1) and less than 100 mm/m of plantavailable soil moisture. Lack of water is clearly the greatest constraint to
intensified cropping.
Although the soil is often several metres deep, and most of the water
throughout the profile is potentially available to plants, pearl millet, the main
cereal crop, does not appear to exploit water much below 1 m (Dancette
1971).
The water constraint can be overcome to some extent by harvesting the
water over a large area by low density extensive cropping, or perhaps over a
large depth by using deep-rooted plants. Stroosnidjer (1977), working with
fertilised native grasses in Mali, has suggested that nutrients, not water, are
the limiting constraints in these sandy soils. There is obviously need for more
thorough investigation of this crucial point.
Variation in texture down the profile, e.g. in Ustipsamments derived from
alluvial sands or in soils with clay lenses or lamellae in the profile, will
improve the water-holding capacity of the soil. Ustalfs will also have higher
water-holding capacity at depth. Charreau and Nicou (1971) recorded 210 mm
available water in the rooting zone of pearl millet in a sandy Paleustalf also at
the Bambey Station.
The Dior soil has poor structural stability at the surface. When dry it is
susceptible to wind erosion. It is not particularly susceptible to erosion by
water, but total porosity is around 40% (Charreau 1974) and the infiltration
rate decreases sharply and runoff increases with saturation. Rainfall intensities
can also be very high for brief periods. Incorporation of crop residues would
be a beneficial practice. Tied ridges can be used to increase the contact time of
the rain at the soil surface.
A major physical problem is the tendency for the surface horizon to
harden when the soil dries out at the end of the rainy season. When the
problem is severe, the soil can become so hard that oxen cannot pull a plough
through it. The problem increases exponentially with increasing clay content
and increasing bulk density to a limit of about 18% clay if the clay contains
2:1 minerals (Nicou and Charreau 1980). A related problem is the impedance
to shoot and root growth. Charreau and Nicou (1971) reported that sorghum
yields decreased linearly by 450 to 600 kg/ha for every 4% decrease in
porosity.
Deep ploughing is strongly recommended by Charreau (1974). It helps
overcome the low porosity and the hardening of the soil after rains and allows
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improved root proliferation, exploitation of soil water at greater depth and
higher yields. Charreau (1977) suggests that the benefits of deep tillage are
gained only with soils with weak structure containing much fine sand and lowactivity clays. Thus, meaningful and consistent results are obtained only if
proper characterisation of the soil is undertaken first.
The Alfisols (Luvisols) of Peninsular India
Haplustalfs and Rhodustalfs (Chromic Luvisols) are the predominant red
soils of semi-arid tropical India. They occur mostly in the south in the states
of Andhra Pradesh, Karnataka and Tamil Nadu on gneisses and indurated
and metamorphosed rocks of Precambrian age, mostly on undulating to
rolling topography. The rainfall on these soils varies from about 600 mm to
the upper limit of the semi-arid tropics. Natural vegetation is mostly
destroyed, but probably was tall grass savanna and deciduous forest.
Population density is high but not as high as on the Indo-Gangetic Plain in
northern India or along the coasts.
Mixed arable farming is the rule with some crops produced almost
entirely for home consumption and others for the market. Animal production
for meat and milk utilises virtually all the rural land not used for crops. The
land is both over-populated and over-grazed.
In rainfed agriculture, sorghum, pearl millet and finger millet are the
major cereals; pigeonpea, mung bean and urd bean the major pulses; castor
and, to a lesser extent, cotton, the major cash crops. Intercropping with as
many as four or five crops together, usually combining at least one cereal and
one pulse, is very common. Almost all the arable land is cropped each year
during the rainy season (Jodha 1980). Where irrigation is available, mostly
from dug wells or tanks, paddy is grown on imperfectly to poorly drained
soils and cash crops such as groundnut or tobacco on the better drained soils.
Sole cropping then largely replaces intercropping. Cropping intensities rise to
120% but seldom higher.
Fertilisers, agricultural chemicals and improved seeds are used only where
the land is irrigated. Land preparation, even in the drylands, is carried out
with steel-tipped implements drawn by bullocks. Seeding and weeding are
done partly by bullock-drawn implements and partly by manual labour.
Yields are low in traditional agriculture, approximately 400 to 600 kg/ha—
about the same as in the sandy soils of the Sahel.
Potential Yields. The All India Coordinated Research Project on Dryland
Agriculture (AICRPDA) has obtained data that reveal the potential yields at
several locations in southern India on Ustalfs (Randhawa and Venkateswarlu
1980). At Hyderabad, at two separate sites on similar soils (Udic
Rhodustalfs), AICRPDA and ICRISAT have obtained average yields over
several years of about 3500 kg/ha of hybrid sorghum (CHS-6) (Randhawa
and Venkateswarlu 1980; ICRISAT 1980). AICRPDA on the same soil
averaged 1500 kg/ha of improved (Aruna) castor. At Bangalore on an Oxic
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Haplustalf, AICRPDA obtained 2700 kg/ha of finger millet averaged over a
4-year period.
Profitability is increased several-fold by the use of improved practices. At
1CRISAT in five field-scale experiments over a 4-year period (1976-1979)
using several crops, average gross returns rose from Rs.l403/ha under
simulated traditional practices to Rs.3823 using improved seed, fertiliser and
management. Average gross profits rose from Rs.424/ha to Rs.2625 (Table 5).
The average gross profit when irrigation was included was Rs.2281/ha.
Increasing Yields. Nitrogen and phosphorus are the major nutrient
deficiencies in the Patancheruvu soil, a clayey-skeletal, mixed,
isohyperthermic, Udic Rhodustalf (Table 3, Profile E, and Table 4) at
ICRISAT Center. The deficiencies are easily corrected using chemical
fertilisers with or without additions of farmyard manure (ICRISAT 1976).
Applications of 40 to 60 kg N/ha and 5 to 10 kg P/ha are recommended for
improved cultivars of sorghum or pearl millet. Local cultivars also respond to
fertiliser applications, but fertiliser alone produces a profit increase of only
60% over the control (Table 5, treatment 3), and will not be economical in all
years. The real benefit comes when fertilisation is combined with improved
management, meaning accurate and timely seed and fertiliser placement and
good weed control or improved varieties or, preferably, both.
The soil at ICRISAT is underlain by strongly weathered parent rock
(murram) at variable depth. The infiltration rate and available water of the
soil are equally variable. When the murram layer is below 1.5 m, there are 110
mm of available water in the first metre of depth; most of this (69 mm) is held
in the upper 60 cm (ICRISAT 1978).
Table 5. Average gross returns to improved technology, inputs and gross profits
(Rs/ha) on the Patancheruvu soil (Udic Rhodustalf) at ICRISAT,
1976-1979.
Treatment
No.

Description of treatment

Average

Seed

Fertiliser

Management

Irri-

1.
2.
3.
4.
5.
6.
7.
X.
9.
10.

Local
Local
Local
Local
Local
Improved
Improved
Improved
Improved
Improved

Local
Local
Improved
Improved
Improved
Local
Local
Improved
Improved
Improved

Local
Improved
Local
Improved
Improved
Local
Improved
Local
Improved
Improved

No
No
No
No
Yes
No
No
No
No
Yes

Gross

Inputs

(Rs/ha)
1403
1919
1872
2853
2977
1887
2277
2295
3823
3676

Gross
(Rs/ha)

979
968
1176
1149
1371
1024
1011
1206
1198
1395

424
951
696
1704
1606
863
1266
1089
2625
2281
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Mean annual rainfall on the Patancheruvu soil is 893 mm, the
atmospheric water demand is 1757 mm. Seventy-five percent of the annual
rainfall occurs in the 4-month rainy season. About 50% of the seasonally
available water is lost through evaporation and drainage. Root extraction
experiments, even with vigorously growing crops, show that most of the water
used by the plant comes from the upper 60 cm of the soil. There is, therefore,
considerable scope for increasing the soil water harvest for greater crop yields
and resistance to short periods of drought within the rainy season.
The soil has poor structural stability at the surface and when cropped, it is
quite susceptible to erosion by water. Mulches can be recommended, but are
not really practicable because at present almost all crop residues are used for
animal feed. The soil also has problems with surface crusting which reduces
infiltration, affects seedling emergence and reduces plant stands. Bullock
power is sufficient to break the crust, but the crust reforms after rain. No
satisfactory technology exists so far for dealing permanently with this
problem.
Land management research has failed so far to find satisfactory methods
of land preparation suited to Indian conditions to prevent runoff and erosion
from this soil when the soil is not covered. Contour bunds reduce runoff and
erosion from watersheds as a whole but not from the area between the bunds.
Contour bunds also lead to waterlogging of the soil immediately above the
bund. Narrow ridges break down easily in heavy rains. Broad ridges and
furrows, much investigated by ICRISAT (Kampen and Krantz 1977),
although providing advantages in improved seed and fertiliser placement,
weed control and supplementary irrigation, lead to increased runoff and
erosion. Where the runoff water is collected in small reservoirs, it can be reused on the fields for life-saving irrigation, but the soil loss is severe and
damaging.
Because the water-holding capacity of this soil is too low to allow postrainy season cropping, efforts are being made to extend the cropping season
through the use of intercropping or relay planting or by shortening the cereal
growing season by transplanting seedlings. Some promising cropping systems
have been identified (Table 6). Combinations involving castor gave maximum
net returns. For food crops the extended cropping systems gave higher net
returns than sole crop.
The Vertisols of the Deccan, India
The Vertisols and associated soils (Black Cotton soils) of the Deccan are
the major resources for dryland agriculture in India. They extend over a vast
area of the northern peninsula, from Gwalior in the north to Raichur in the
south, extending through six states.
The soils are developed in situ from the Deccan trap rocks (mostly augite
basalts) and other base-rich rocks and from colluvium and alluvium derived
from these. Most of the soils lie between 300 and 900 m above sea level on flat
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Table 6. Extended cropping on Alfisols, 1978-79.
Cropping system

Pearl millet + Horse gram
(sequential)
Mung bean + Castor (relay)
Sole Castor
Sorghum + sorghum (ratoon crop)
Sorghum/pigeonpea (intercrop)
Pearl millet/groundnut +
safflower intercrop
Sole millet
Sole sorghum

Yield (kg/ha)

Total
gross
value
(Rs/ha)

Net
returns
(Rs/ha)

Crop 1

Crop 2

1940

616

2168

1079

634
1462
2516
2169
849

885
505
417
208

2772
2485
2417
2694
2347

1514
1630
1322
1584
1119

1940
2506

—
—

—

753
1118

Source: ICRISAT 1979, 1980.
Value for 100 kg pearl millet Rs. 80; mung bean Rs. 200; sorghum Rs. 80; pigeonpea Rs. 230;
groundnut Rs. 150; safflower Rs. 175; horse gram Rs. 100 and castor Rs. 170. Costs of seeds,
fertilisers, operations, insecticides and initial land preparation are deducted for the estimation of net
returns.

to undulating surfaces. Natural vegetation is dry, deciduous forest, but most
of the soils are now under cultivation. Rural population densities on these
soils are about the same as on the Alfisols to the south.
Sorghum, maize and pearl millet are the main cereal crops under dryland
farming; pigeonpea, mung and chickpea are the main pulses; safflower the
main oilseed; cotton the main industrial crop. Soybean production is
increasing on the wetter soils. Sugarcane, paddy, wheat and cotton are grown
under irrigation. Intercropping is common in rainfed agriculture (Jodha
1980). Although many crops are grown together, the major combinations are
sorghum and pigeonpea, cotton and pigeonpea and cotton, sorghum and
pigeonpea. The mixtures usually combine crops with different maturity
lengths, drought-sensitive wiih drought-resistant crops, cereals with
legumes and cash crops with food crops.
Much of the land is fallowed in the rainy season, either because the
rainfall is erratic or so high that it causes problems in land management. Milk
production from extensively grazed sheep and goats is important on these
soils.
Fertilisers and agricultural chemicals are used almost entirely on irrigated
crops. The use of fertilised hybrids of sorghum and cotton is slowly spreading
in dryland agriculture.
Land preparation using bullock-drawn implements is usually limited to
loosening of the surface soil in February or March or before the soils dry out
too much. The use of a blade harrow to break up the soil and remove weeds
just before planting is common. Yields are low, about 800 kg/ha for
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unirrigated sorghum.
Potential Yields. The potential of these soils significantly exceeds current
average yields. Sorghum yields of 4600 kg/ha and maize yields of 3100 kg/ha
have been obtained in intercrops with pigeonpea over 3 years without
irrigation on a Typic Pellustert at ICRISAT. Higher yields, often exceeding
5500 kg/ha of sorghum, are obtained with sole crops. A1CRPDA has
averaged 4300 kg/ ha of maize as a sole crop for 5 years at Indore on a Typic
Chromustert (Randhawa and Venkateswarlu 1980).
Realisation of part or all of the potential greatly increases profitability.
Five field-scale experiments over 4 years (1976-1979) at ICRISAT, using
several crops, gave gross returns of Rs. 1716/ha under simulated traditional
practices and Rs.4802 using fertilisers, improved seeds and improved
management. Average gross profits rose from Rs.486/ha to Rs.3245 (Table 7).
The use of supplementary water increased profits to Rs.3812.
Because the soils have excellent water-holding capacities, improved
cultivars plus fertiliser gave significant increases in gross returns and profits
(see Table 7, treatment 8), but the additional use of improved soil and water
management was needed to obtain maximum returns. The increases in gross
returns and profits are even greater when compared with the traditional
cultivation of a post-rainy season crop only.
Increasing Yields. At ICRISAT Center on Kasareddipalli soil, a fine,
montmorillonitic, isohyperthermic Typic Pellustert (Table 3, Profile G, and
Table 4), crops respond to the application of N, P and zinc. Profitable
responses by improved cultivars were obtained with 80 kg N and 5 kg P/ha.
Maize proved more responsive than either sorghum or pearl millet.
Table 7. Average gross returns to improved technology, inputs and gross profits
(Rs/ha) on the Kasareddipalli soil (Typic Pellustert) at ICRISAT,
1976-1979.
Treatment
No.

1.
2.
3.
4.

5.
6.
7.
X.
9.
10.

Description of treatment

Average

Seed

Fertiliser

Management

Irrigation

Gross
Cost
Gross
returns of
profit
(Rs/ha) inputs
(Rs/ha)
(Rs/ha)

Local
Local
Local
Local
Local
Improved
Improved
Improved
Improved
Improved

Local
Local
Improved
Improved
Improved
Local
Local
Improved
Improved
Improved

Local
Improved
Local
Improved
Improved
Local
Improved
Local
Improved
Improved

No
No
No
No
Yes
No
No
No

1716
2147
2385
3003
3374
2610
3069
3891
4802
5623

No
Yes

1230
1116
1576
1491
1745
1273
1225
1672
1557
1811

486
1031
809
1512
1629
1337
1844
2219
3245
3812
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The soil has high available water-holding capacity. Rainfall and
atmospheric water demand are the same as for the Patancheruvu soil, but
crops are less prone to drought than crops grown on sandy soils or on most
Alfisols. There is 165 mm of water available to crops in the first metre of the
fully charged soil and over 300 mm of available water in the soil depth of 1.8
m. Virtually all of this water is available to plants but lack of full root
penetration below 40 cm depth reduces the usage by about 30% (ICRISAT
1978, Fig. 74). For example, in 1978, a wetter-than-average year, a deeprooting pigeonpea crop used 327 mm of water from 4 September until harvest
on 21 December; 146 mm from rainfall during the period and 181 mm from
soil moisture. At harvest time available soil water in the top 50 cm was
essentially depeted, the available water from 50 cm to 1 metre was about 75%
depleted and the available water in the final 81 cm was half depleted by the
crop. Root densities below 1 m were low (ICRISAT 1980, p. 179). The
hydraulic conductivity is low—of the order of 1 mm/day at 100 millibars soil
moisture tension—and vigorous root growth is necessary to exploit the soil
water at depth.
The infiltration rate of the dry soil is very high (70 mm/hour) because
of the many cracks. The permeability drops to very low values (0.2 mm/hour)
once the soil is saturated. Under a transpiring crop the surface cracks open
after a. few days without rain. For this reason runoff from cropped Vertisols is
usually less than runoff from cropped Alfisols.
The soil is very susceptible to erosion. Land treatment, particularly the
use of ridges or broadbeds or bunds can reduce soil loss by 50% or more, but
crop cover even without land treatment greatly reduces soil erosion.
(Binswanger et al. 1980). The use of ridges, broadbeds or graded bunds also
helps in improving surface drainage, which is often a problem during the rainy
season.
The common traditional practice of fallowing the land during the rainy
season leads to severe runoff and loss of soil. In a wet year as much as 10
tonnes of soil may be lost from fallowed land. Furthermore, cropping in the
post-rainy season only, almost entirely on soil-stored moisture, puts the plants
under moisture stress even on these soils and yields are significantly less than
in the rainy season (Sivakumar et al. 1979).
The cropping and profitability of many Vertisols can be increased by
improved i n t e r c r o p p i n g or sequential cropping. At I C R I S A T
maize/pigeonpea or sorghum/pigeonpea have proved to be useful
combinations of crops. The cropping season is extended by more than 2
months and the combination gives 60 to 70% advantage over sole cropping in
terms of land productivity. Examples of sequential cropping combinations for
the same soil are maize/chickpea or maize/safflower. (Natarajan and Willey
1980).
In dry years crops come under drought stress. In wet years, waterlogging
is a problem. A solution to both can be found by making use of the natural
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topography and drainage patterns. The small watershed is a natural
framework for resource development aimed simultaneously at stabilising and
increasing crop production through more effective use of available water and
at resource conservation through in situ conservation measures.
At ICR1SAT over the last 8 years a technology for land and water
management on Vertisols using graded broadbeds and furrows within small
watershed units has proved successful in achieving both the above objectives
(Kampen 1980). The experiments have experienced 2 years of drought (19731979) and 2 years of excessive rainfall (1975 and 1978).
The 150-cm-wide beds are graded across the contour to a 0.6% slope and
are separated by furrows that drain into grassed waterways. The broadbeds
are not likely to be breached in heavy rainfall, and allow a flexible planting
pattern in rows spaced at 30 cm, 45 cm, 75 cm or 150 cm. They reduce runoff
under both fallow and cropped conditions and greatly reduce soil erosion in
comparison with ungraded fallow soils (Binswanger et al. 1980). The use of
graded broadbeds and furrows gives gross returns and profits five to six times
greater than traditional systems (Ryan and Sarin 1981). They can be
established successfully within existing field boundaries at some loss in profits.
Dry seeding of the crop about 2 weeks before the onset of the rains is
possible on these soils if the early rainfall is fairly reliable (Virmani 1980) and
in most years enables intercropping of short-season and long-season crops, or
the taking of a post-rainy season crop, thereby increasing greatly the gross
returns, profits and the rainfall use efficiency.
The Oxisols of Brazil and Hawaii
The red and reddish-brown soils of semi-arid Brazil and Hawaii are
Haplustox and Eutrustox; Orthic and Rhodic Ferralsols in the Soil Map of
the World. Camargo and Falesi (1975) call the Brazilian soils Dark Red and
Dusky Red Latosols.
Haplustox occur on a wide range of rocks on level to rolling slopes.
Eutrustox, much less prevalent than Haplustox, occur mainly on base-rich
sedimentary volcanic rocks. Natural vegetation is savanna or dry deciduous
forest. Population density in the rural areas is low.
In traditional agriculture in Brazil the soils are used in shifting cultivation
for the production of cotton, castor, maize and beans. Many of the soils lie
virtually unused, particularly those with low pH values and high exchangeable
aluminium.
Potential Yields. The potential of these soils is high. It has been realised in
Hawaii under irrigation and is now being realised in Brazil under rainfed
conditions. Sanchez and Cochrane (1980) estimate that about 5 million ha of
extensive pastureland in Central Brazil have been converted into intensive
cropland in the last 10 years. Upland rice, soybeans, coffee and irrigated
wheat in the winter season are the main crops.
In Hawaii, Tropeptic Eutrustox and Haplustox are used in the production
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of pineapple and irrigated sugarcane. Pineapple yields of 90 to 110 tonnes/ha
are obtained for the 20- to 25-month plant crop and 40 to 90 tonnes/ha for
the ratoon crop of a similar duration. The crop is largely rainfed. Sugarcane
yields under irrigation may exceed 250 tonnes cane/ha for a 20- to 25-month
crop; sugar yields are 30 to 40 tonnes/ha.
Experiments with irrigated maize on these soils in Hawaii and Brazil by
the Benchmark Soils Projects of the Universities of Hawaii and Puerto Rico
have given yields of 8000 to 11 000 kg/ha. With adequate irrigation and
fertiliser applications, Tropeptic Eutrustox constitute some of the most
productive soils in the tropics (Benchmark Soils Project 1979a).
Increasing Yields. Sanchez and Cochrane (1980, Table 6) indicate that
general nutrient deficiencies, high P fixation, aluminium toxicity, low waterholding capacity and soil water stress for more than 3 months are the major
constraints to increasing yields on the Oxisols of semi-arid tropical America.
The chemical deficiencies and toxicities can be corrected but the cost is high.
Farmers prefer to develop the more fertile soils, presumably the Eutrustox, if
the climate is not too dry.
Nitrogen is fairly high in Eutrustox under natural vegetation, but is
quickly depleted in cropping and becomes a constraint to continuous
production. Because the buffering capacity of these soils is fairly low, care is
needed in N management to prevent acidification. Under irrigation, responses
by improved cultivars of maize have been obtained up to N levels of 120
kg/ha or more on a Jaiba soil, a clayey, kaolinitic, isohyperthermic Tropeptic
Eutrustox (Table 3, Profile I and Table 4). Phosphorus is low in this soil,
which has a moderate ability to fix P in forms unavailable to plants; this fixed
P is released slowly to later crops. Thus the response to P depends on the
previous cropping history: where P has not previously been applied, responses
by improving cultivars of irrigated maize have been obtained up to 25 kg P/ha
(Benchmark Soils Project 1979a). Potassium is not limiting on this soil, but
small maintenance dressings are needed in highly intensive agriculture.
The water available to plants between 0.3 and 15-bar soil moisture tension
in this soil is about 110 mm/m. However, 100 millibars is probably a better
approximation to field capacity in these soils (Wolf 1975; El Swaify 1980, p.
314). Judging from Hawaiian soils in the same family (cf. Sharma and Uehara
1968; Tsuji et al. 1975; El Swaify 1980) the total available water-holding
capacity of the soil is probably closer to 150 mm/m. The Jaiba soil has a
mean annual rainfall of 895 mm and an atmospheric water demand of 1648
mm.
Because the hydraulic conductivity is fairly low—of the order of 1
mm/day at 100 millibars soil moisture tension—the available water even in
deep soils of the family can only be exploited by vigorous root growth. Except
for xerophytic plants like pineapple, crops can be grown on these soils only
during the rainy season in rainfed agriculture and even then some
supplemental irrigation will be needed for maximum production.
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Infiltration rates are high on these soils and structural stability is
excellent. Erosion susceptibility is low and trafficability high. The soils display
mechanical behaviour which does not reflect their true particle size
distribution (El Swaify 1980). Because of the high aggregate stability and
inactive clays, there is little swelling of clay with change in base status. Lowquality irrigation waters can be used safely on these soils. (El Swaify et al.
1977).

Conclusion
Soil qualities, traditional yields and potentials for use under high
management in rainfed farming of the four soil families are summarised in
Table 8. The potential yield shown is an estimate based on experimental data
of the average yield obtainable over time in rainfed agriculture. The
differences in potential are due in part to the inherent properties of the soils
themselves and their environment, in part to genetic limitations in the best
adapted cereal and in part to the state of technology relevant to each. Even
the best can be improved.
The difference in potential between the Typic Ustipsamment, Udic
Rhodustalf and Typic Pellustert is adequately indicated by the combination of
rainfall and available soil water. Solar radiation is needed to explain the
greater potential of the Tropeptic Eutrustox. Stochastic water balance
calculations incorporate these three characteristics and help quantify the risks
in rainfed arable farming (Virmani et al. 1980; Franquin 1980). For example,
Virmani et al. (1980) have shown that the growing season at ICRISAT is 4 to
6 weeks longer on the Vertisol than on the Alfisol under various rainfall
probabilities (Table 9).
The potential of the Typic Pellustert is somewhat under-estimated in
Table 8, because neither sorghum nor maize fully exploit the water-supplying
capacity of this soil. Intercropping the cereal with a long-season crop like
pigeonpea utilises soil water more efficiently and increases the potential by 60
to 70% (Natarajan and Willey 1980). Were the potential to be expressed in
profit terms, the difference between the Typic Pellustert and Tropeptic
Eutrustox would be lessened because of the higher fertiliser requirements of
the latter.
Other soils in the region—Haplustox, Acrustox, and the more weathered
sub-groups of Ustults—particularly in the wet-dry semi-arid tropics, have high
to very high nutrient requirements that limit productivity. The problems can
be corrected technically if not always economically. Very low cation exchange
capacities occur in Acrustox and Ustipsamments and some Haplustox, Ustults
and Ustalfs, and, like physical limitations, are difficult to correct. Sanchez and
Buol (1975) have proposed that efforts be concentrated on the better soils in
each sub-region. It may at least be wise to proceed gradually, one step in
technology at a time, after first ascertaining which steps to take first, as has
been done at ICRISAT and illustrated in Tables 5 and 7.

Table 8. Management characteristics and unirrigated yields for four soil families in the semi-arid tropics (SAT).
Soil family

Solar
radiation
(PE)

Annual
rainfall
(mm)

Nutrient
requirements
(kg/
ha)

Soil
toxicities

Typic Ustipsamment,
siliceous, hyperthermic

High

Low

Low

Moderate

Low

Fair

Low

Pearl
millet

Udic Rhodustalf,
clayey-skeletal, mixed,
isohyperthermic

High

Moderate

Low

Moderate

Low

Good

Moderate

Typic Pellustert, fine,
montmorillonitic,
isohyperthermic

High

Moderate

High

Moderate

Low

Poor

Tropeptic Eutrustox,
clayey, kaolinitic,
isohyperthermic

Very
high

Moderate

Moderate

Moderate
to
high

Low

Excellent

Available
soil
water
(mm) in
first
metre

Workability

Erosivity

Main
cereal

Drought
susceptibility
with
main
cereal

Yields—
unirrigated
Traditional
(kg/
ha)

Estimated
potential
(kg/
ha)

High

400

2500

Sorghum

Moderate

600

3500

High

Sorghum
Maize

Low
Moderate

700

5500
4500

Low

Maize

Moderate

?

8000
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Table 9. Length of the growing season (in
weeks)" on the Alfisol and Vertisol
at ICRISAT under three rainfall
probabilities.
Rainfall
probability

Alfisol

Vertisol

Mean
75%
25%

21
19
24

26
23
30

Source: Virmani et al. (1979).
a. From seed-germinating rains—25 June—to end of
season—time when soil moisture stress reduces to 0.5 the
ratio of actual evapotranspiration to potential
evapotranspiration.

Table 10. Annual compound growth rates of five crops in the less-developed
countries of the semi-arid tropics, 1964-1974.
Crop

Area (%)

Yield (%)

Production (%)

Sorghum
Millets"
Chickpea
Pigeonpea
Groundnut

0.71
0.04
-1.29
-0.08
-0.40

2.08
1.20
1.46
0.83
0.02

2.81
1.24
0.15
0.75
-0.38

Source: Ryan and Binswanger (1980).
a. Includes pearl millet (Pennisetum americanum), as well as the minor millets such as Selarias,
Panicums, and Eleusines.

The semi-arid tropical region receives ample solar radiation. It is a region
of gentle landscapes easily cleared for cropping. Its proven ability to sustain
high population densities is an indication of its agricultural value. Food
production can be increased in the region without recourse to major irrigation
schemes.
For the semi-arid tropics as a whole, yields and production of sorghum,
pearl millet and the two major grain legumes are increasing slowly (Table 10).
Only for sorghum does the increase in production exceed the average annual
increase in population for the region—approximately 2.5%. This paper has
tried to illustrate that much more can be accomplished. The long-term
prospects for food production seem reasonably good from a technological
viewpoint. If buffer stocks are accumulated for distribution in the driest years,
the major risk in rainfed farming of the semi-arid tropics will be reduced and
the farmers will be able to invest more of their time and resources for the
good years. The benefits will be substantial and will pervade a huge and
disadvantaged portion of the world's population.
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The Future
of Arid Zones
A. OSMAN*

Abstract
THE future of the arid zones depends on man's awareness of desertification
hazards and the necessity for agricultural development. It is also important
to improve the way of life of the human populations of the arid zones, as
they form the most valuable resource in these regions. Research has proved
that there are tremendous possibilities for the development of arid zones.
More research is needed to breed new crop varieties and devise modern
agricultural techniques suited to these regions and to investigate the use of
solar energy for domestic purposes.
Governmental action is needed to plan an adequate strategy for
development and cooperation should be strengthened at national, regional
and international levels to enable the most productive use of the arid zones
of the world.

THE future of the arid zones is a function of man's activity. Only human
action can decide whether to extend the desertification process or to develop
this region into a productive area. The problem is to find the proper
techniques of achieving this end and of assessing correctly what possibilities
are available for rational development of the arid zones.

Delimitation of Arid Zones
Aridity is a bioclimatic property of the earth which may be expressed by
the relative amount of water gained from rainfall and lost by evaporation and
transpiration: P/ETP. Aridity rises as precipitation decreases and as
evapotranspiration increases. This ratio was used for the preparation of the
UNESCO Man and Biosphere Map of the World Distribution of Arid
Regions.
A ratio of less than 0.03 corresponds to the hyper-arid zone where very
low and irregular rain may fall in any season. There is no perennial vegetation
in this region, which is considered true desert.
A ratio between 0.03 and 0.20 characterises the arid zone, where scattered
vegetation occurs and a very light pastural use is possible, but no rainfed
agriculture occurs.
A ratio of 0.20 to 0.50 characterises the semi-arid zone, where good

*Soil Science Division, The Arab Center for the Study of Arid Zones and Drylands, Damascus,
Syria.
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grazing areas and rainfed agriculture are possible, although precipitation is
often irregular, affecting the yield of annual or perennial vegetation.
Other definitions of aridity are also known. Bagnouls and Gaussen (1957)
used the formula P < 2t. Thornthwaite introduced the aridity index and the
humidity index, where deficit or excess of soil moisture are taken into
consideration. The USDA Soil Taxonomy considers soil moisture regimes as
a factor in soil classification. The aridic (torric) soil moisture regime is
introduced at the highest level of the classification system, the order of
Aridisols, which have no available water for mesophytic plants for long
periods. Most of the time, water is held at 15-bar tension, so that it is not
available for plant growth.

The Importance of Arid Zones
Recently, arid zones have begun to draw particular attention from
planners and scientists. Several reasons could justify this new interest:
1. There is a need to increase agricultural production world-wide; thus it
becomes necessary to cultivate marginal areas, to reclaim less fertile
lands and to benefit from the natural resources, although scattered and
limited, of the arid regions.
2. The populations of the arid zones have a right to an improved way of
life. Although these people have survived in these areas for centuries
and developed civilisations of their own, acquiring a good
understanding of their environment, they have lately begun migrating
towards the big cities, thus aggravating the problems of urban areas.
3. Political and economic instability in these regions often encourages
their use as centres of smuggling and illegal transactions; therefore
they need the particular attention of the governments concerned.

Natural Resources in Arid Zones
The agricultural resources of the arid zones are limited, water being the
chief constraint to improved production. Precipitation is low; evaporation
high; underground water often brackish and low quality, with little or no
recharge.
Land resources are also limited, associated with calcium carbonate,
gypsum crust and/ or salinity; sometimes soils are formed on coarse sands or
directly on bedrock close to the surface. A few soils, however, are deep and
meet all requirements for good crop production.
Grass is an important resource in certain arid zones, providing a wide
grazing area for animals. Other important natural resources possibly to be
found in the arid zones are oil, metal ores, salts or phosphates.
One resource always assured in these regions, but so far unexploited, is
solar energy; intensive research is needed on the use of this promising energy
source.
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The first task is to quantify and assess all the natural resources according
to their actual or potential value.

Current Status of Arid Zones
The arid zones are actually the most neglected areas of the world. Natural
resources are neither explored nor rationally used. There is no proper
planning or control to ensure such rational use and local populations follow
traditional practices which may often accelerate the process of desertification.
Animal production, mainly for meat but also for wool, skins and milk, is
the most important agricultural activity. Sheep predominate but camels and
goats are also reared. There are more animals per surface unit than the
grazing capacity of the land can accommodate. Natural vegetation is being
degraded; soil erosion is increasing; soil depth decreasing; water storage in the
soil being reduced due to surface runoff. The few wooded areas are subject to
depletion by cutting for fuel and to destruction by fire in the dry season.
Notable examples of this kind of destruction are the Mediterranean area and
the Australian Mallee area.
Although water is so scarce and precious, it is much misused, especially
water from runoff. Few studies have been made of the underground water and
of possible water sources. The misuse of irrigation water has affected
increasing areas with waterlogging and salinity, creating new problems for the
planners of agricultural development.
Thus farming systems remain mostly traditional and field crops give very
low yields. As a result, nomadism is still the way of life in many arid regions.

Potential of Arid Zones
Natural resources in arid zones have been under-estimated and misused.
Oil is the only resource which receives special attention. Much more
important in the long run, however, are the permanent resources which could
be developed to advantage: land, water and sun.
The Land
Although arid zones have been severely affected by erosion, it is possible
to control this process. Shifting sands can be stabilised, as has been
successfully demonstrated in some areas, such as in Bikaner (Rajasthan,
India). Salinity can be leached out from the soil to make the land productive.
Gypsiferous soils can also be reclaimed to give good crop yields. Land
reclamation and management, even under difficult conditions, is feasible and
should be undertaken as the benefits in the long term will be enormous.
The Water
Available water in the arid zones is a limited resource, coming chiefly
from rain or from underground. However, rational use of it could make this
precious resource enough for many purposes.

f
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In many areas, runoff from rains forms a wasted source of water that
could be harvested and conserved. Techniques are now available also for
desalination and should be considered as a necessary operation in
development of the water resource. The possibility of using brackish water for
growing salt-tolerant crops should also be explored. Sewage water is a
promising resource that is usually wasted—the use of treated sewage water for
growing crops is another possibility that needs to be exploited.
Solar Energy
One resource that is abundant and guaranteed the year round in the arid
zones is solar energy. Its use on a wide scale for domestic and industrial
purposes is still at the research stage, but solar energy is the most promising
form of energy for the future of the arid zones.
The Human Factor
The future of the arid zones lies not only in the development of its land,
water and energy resources but above all in the development of its human
resources. The peoples of the world's arid zones have lived for centuries in this
harsh environment and adapted themselves to it. Pastoralism and nomadism
are their way of life. These have been among the most neglected groups in the
world. Any plans for the development of arid zones should therefore take their
rights and welfare into account, especially in finding ways to increase
community income by encouraging small industries, handicrafts and tourism.

Success Achieved
For a long time the arid zones constituted an out-migration area because
of the unstable economic conditions. Of late, however, governments have
begun to recognise arid zone populations in development plans and in legislation
to protect the rights of the nomads.
Health schemes have been introduced for both human and animal
populations in several countries. In Australia, primary education for remote
areas has been organised through radio and television broadcasts. In many
areas of the Middle Eastern and Northern African countries, domestic fuel
and butane distribution has been started as a measure against wood
harvesting and deforestation.
Drinking water being one of the scarcest commodities in these regions,
many governments have introduced increased drinking water points. Feed
stores have been set up to provide animal feed. The building of road networks
and new cities is creating fresh opportunities for non-pastoral employment,
stemming emigration.
The application of modern agricultural technology such as the use of
greenhouse and drip irrigation, and the development of new salt-tolerant crop
varieties and new animal breeds are already successful achievements in the
arid zones.
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The Challenge
The future of the arid zones now depends on the policies formulated and
followed by governments. There already exist many research programmes
covering various aspects of arid-zone development; these should be
coordinated and correlated through the scientists and planners, working
together. Cooperation between national, regional and international research
centres should be strengthened. Agricultural research should aim at breeding
crop plants with increased photosynthetic capacity and drought resistance and
feed crop varieties with better palatability. New animal breeds that can utilise
the low quality grass available should also be developed to make efficient use
of the natural vegetation present.
The arid zones also present a challenge to workers involved in land and
water development, engineering and social sciences. Research, however, can
provide only part of the answers. The future of the arid zones will finally rest
on the decision-makers who articulate the policies for management and
planned development of these hitherto neglected regions of the world.
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Soils of
Mountain Areas
I.P. GERASIMOV*

AT the Fourth All Union Congress of Soviet Pedologists, held in Tbilisi in
September 1981, I was invited to present a paper on problems of mountain
pedology. As Tbilisi is the capital of the Union Republic located in the centre
of the Caucasus mountain system, the topic was particularly appropriate, the
problems being of special urgency.
The historic traditions of soil science in my country and the Caucasus
gave me an opportunity to mention the father of pedology, V.V. Dokuchaev,
and his contribution to the study of mountain soils, particularly the Caucasus
Mountains, in which he brought out the additional zonal (belt type)
distribution and succession of different types of mountain soils. Giving a
general summary of his scientific studies of the Caucasus, Dokuchaev in his
classical work 'On investigation of natural zones', put forward the following
generalised concept: that with elevation, there will be regular changes in
climate, vegetation and soil fauna, which are the principal soil-forming
factors. When these factors change, it is quite natural that the changes are
reflected in the soil bodies; from the snow-clad summit to the foot of Kazbek
or Ararat, for instance, the soils are distributed in progressive vertical changes
from podzols and peats at higher elevations to laterites and Zheltozems at
lower elevations (Dokuchaev 1899).
However, further studies by Russian pedologists on different mountain
soils of our country (Caucasus, Tien-shan, Pamirs, etc.) have shown that this
simple «zonal concept or vertical scheme of belt identity and distribution
requires considerable elaboration. Both the composition of the soils and the
order of their distribution and succession in different mountain systems
showed various fluctuations from a single universal scheme.
The same observation has been exemplified by Zakharov in his study of
the soils of the Caucasus, applying the zonality concept. He has further
employed the term 'inversion of soil zones' to cases of soils which vary the
order of succession corresponding to the zonality concept which normally
applies to vertical distribution of soils. As a specific example of inversion, he
pointed out the distribution of the steppic mountain Chernozems of the
Armenian Highland which forms the zone of mountain-forest soils.
The idea of absence of altitudinal soil belts was also put forward for the
soils of the zonal plains. An example of such anomaly has been provided by
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study of the Transcaucasia of mountain steppic (meadow steppic) soils. These
soils are on the slopes of the southern high mountain belt, forming the
mountain-meadow soils. The absence of forest soils in this mountain belt is
observed.
Another outstanding Russian pedologist and geographer, S.S. Neustruev,
studied another aspect of pedology. In his article 'On soil combinations in
plains and mountain lands' (1915), he wrote, 'The diversity and complexity of
the earth's climatic and geological set-up lead us to expect that there can be
no identical soil combinations.'
Thus the question that emerges is this: What should be the priority in
classification of the mountain soils which should be considered, which will be
in harmony with the factors of soil classification for the plains and also
include the specific features of mountain soil formation?
In this connection, Neustruev (1977) in his study of mountain soils has
summarised his views by bringing in the new concept mainly of vertical soil
belts which is similar to the horizontal distribution of soils in the plains.
In the Soviet period, large-scale studies of soils of different mountain
systems have been carried out and substantial information has been brought
out in the form of monographs and scientific papers in the post-war period.
From the various surveys carried out in the mountain areas, it is clear that
there exists a great diversity of these soils with varied geographical patterns.
Although the vertical altitudinal succession of soils is generally acceptable as
identified by Dokuchaev, it cannot be accepted as a universal scheme for all
the mountain soils studied and some variations do occur.
On the other hand, scientific studies have shown the existence of many
geographical structures which are responsible in bringing out the vertical
zonality. Diversity in these structures is reflected both in the environmental
set-up and in soil formation. The only common feature in these varied
structures is the distribution of soils in vertical zonality, which brings out the
succession of soil types. But the composition of soils and the order of the
succession of the soil types as a rule differs not only with different mountain
systems but also in different parts of one large mountain system.
Hence the major task in such soil geographical studies is to bring out the
pattern of successive soil types and the soil composition associated in a
vertical distribution. In other words, such a study reveals the unique soilgeographical make-up referred to as physiognomy, which is peculiar to
mountain pedology and distinct from others. Several reasons make this
approach necessary, namely the geographical location of the mountain system
itself, which brings out a spectrum of soils in the piedmont region; secondly,
the peculiarities in the soil types revealed in vertical soil belts; thirdly, the
solar reflectance which is governed by the latitudinal and longitudinal position
and slope of the mountain and fourthly, the variation in rainfall at different
altitudes. Besides these major factors, the increase in rainfall up to a certain
altitude and its subsequent decrease also depend on the mountain system, air
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circulation, inflow of heat, moisture brought by air masses of different
regions, etc. Thus the temperature and moisture regime of a mountain system
can never be identical to that of the plains.
Further, it is well known that the genetic soil type is determined not only
by temperature and moisture regime but also by other soil-forming factors,
important among them being the ecosystem itself, which brings about
variations in soil components, since, as palaeographical studies have shown,
biotic composition varies not only with individual plant and animal species
but also with the total ecosystem. Such varied ecosystems apparently
determine the character of the soil formation, the biological cycle differences
in soil fauna in the composition of the organic matter and their
transformation into the ultimate product, humus.
Thus, not only the general dynamics but even the very cause of soilformation processes in mountain soils has acquired a unique character.
So much, in short, regarding the theoretical background for the study of
mountain soils with a soil geographical approach. But how does this
background correspond to the actual genesis and geography of soils of the
different mountain land forms?
The present report on aspects of mountain soils is mainly based on the
Russian experience and gives to a certain extent the continuation of my report
at the Soviet pedologists' conference in 1981. I will start by taking the work
carried out for the Caucasian mountain system as an experimental standard
area for the scientific analysis of the current theme. To begin with, there are
six major geographical structures which cause the variations in vertical
zonality of soil distribution unique to this mountain system.
Three major geographical types of vertical zonality are explained in the
first instance. They are the Kuban type, which forms the western part of the
northern slope of the Greater Caucasus; the eastern part which forms the
central vertical part of the slope; and the Dagestan type, covering the rest. The
crust or the upper vertical zone is occupied by the mountain meadow soils, the
micro-podzol covering the western part. The southern slope of the Causasus
has two types of geographical structures indicating the vertical zonality of the
soils: the Kolkhida type in the western part and Logodekhi Zakataly type in
the eastern part of the mountains.
The difference in soil distribution in these two types is noteworthy.
Although the mountain-meadow soils and the forest brown soil repeat in the
upper zones, the podzols in the west intergrade along with the mountain
meadow steppic soils in the east along the southern aspects of the mountain.
The soils are entirely different in the lowest piedmontal outstretch zones; they
are mainly yellow brown soils—Kraznozems and Zheltozems in the west;
mountain cinnamon and grey cinnamon soils in the east.
The distribution of soils in the Armenian type of geographical structure of
the Lesser Caucasus is as follows. Below the crust of the mountain-meadow
soil there is a bifurcation of the forest brown soil and cinnamon soils which
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are developed under humid conditions. Under arid conditions, mountain
Chernozems and chestnut soils are found. In the lowest vertical zone, the
cinnamon and grey-cinnamon soils are succeeded by Byelozems.
This example of soil geographical sub-division of the Caucasus
Mountains and the pattern of distribution should be considered at the first
level of regional distribution in relation to geological structures and vertical
zonality. This type of approach should be attempted for every mountain
system. Only so will we be enabled to scientifically discover the general soilgeographical physiognomy of a mountain land as well as to sub-divide it into
local and regional units, based on the composition and structure of the soil
cover. However, to get to this type of study one needs comprehensive
information on a mountain system, otherwise the study would be inadequate
for soils study at a regional level and for comprehension of the structure
associated with each mountain land. Hence it is very necessary, before
applying the technique, to know the similarities and differences in the vertical
zonality in different mountain systems.
Now let us consider the geographical types of vertical soil zonality using
the example of the Tien-shan and the vertical soil zonality using the example
of the Tien-shan and the Pamirs. There are four distinct structures. The first
pertains to the northern Tien-shan; the second to the central Tien-shan, the
third and the fourth represent the type of vertical zonality structure of the
western Tien-shan and eastern Pamirs.
In the northern Tien-shan structure, the mountain meadow soil found in
the middle zone consists of the mountain forest soils and the southern slopes
of mountain meadow steppic soils. The lower zones are covered by
Chernozems and chestnut soils. The piedmont is covered with Serozems, low
humic and brown semi-desert soils.
In the central Tien-shan region the situation is much more complicated.
The mountain meadow and the mountain steppic soils in the upper zones are
replaced by specific complexes of high mountain cryo-xeromorphic (cold
semi-desert) soils and, on the slopes of the northern side, are covered with
islands of dark-coloured soils under the Tien-shan spruce forests. The lower
vertical zones which also occupy the depressions of the inter-mountain system
are covered with chestnut and brown semi-desert soils.
On the contrary, in the western Tien-shan, below the mountain meadow
soils, a mosaic zone of specific mountain forest soils, steppic soils, is found.
These soils are covered with natural vegetation of juniper growth. Much
lower, belts of the vertical zonal system are succeeded with cinnamon soils
and the dark Serozems. In the eastern Pamirs, the mountain meadow soil in
the upper zone is replaced by cryo-xeromorphic soils; below this vertical zone
is a mosaic in which cinnamon soils (on the northern slope), steppic soils and
dark Serozems are found distributed in succession.
The above example of certain similarities and differences in the type of
vertical zonality in the geographical structure of a mountain system like the
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Tien-shan and the Pamirs should be considered in the study of soilgeographical regions of any mountain areas. Such a study would enable us to
compare the similarity of the soils, the geographical structures and the
different soil covers of a mountain system.
Another approach which is still more generalised is the amalgamation of
large geographical structures instead of the identification of sub-divisions.
This approach is more useful at a global level for any mountain system. An
example of this is provided by the general scheme of soil zonality for
mountain soils of the globe and their composition in vertical soils zones
developed in the USSR. This system has distinguished 14 types of such soil
structures peculiar to different geographical belts (polar, boreal, tropical and
equatorial) on the one hand and the three main facies (western perioceanic,
continental and western oceanic) on the other hand. Such an approach to the
world's mountain systems enables us to recognise large similarities or similar
groups. The grouping in different geographical zones will be different,
depending on the general type of structure.
The most simple is the gradually changing structure characteristic of the
mountain soils in the polar zones.
In the boreal, or moderately cold, zones there is some change in structures
owing to the development of new soil zones in the lower sections of the
mountains and to shifting upwards of the soil zones.
In the sub-boreal regime with moderately warm climate, the boundaries of
the zones shift upward. In the case of the perioceanic and the continental
facies of the high mountains, the zones of sub-alpine mountain meadow soils
and mountain meadow soils are found which are normally absent in the
colder zones. In the continental facies the general structure of mountain
zonality is very complicated.
On the contrary, in sub-tropical regions the structure of mountain
zonality is considerably different due to the development of dry and humid
sub-tropical soils in the system of vertical zonation. In the mountain areas of
continental facies, a major role is played by the mountain steppic and high
mountain desert soils.
In the tropical belt, the structure of zonality becomes simpler because of
the predominantly desert landscapes. The soils are found in a broad spectrum
in relation to altitudes; in addition, soils of the extra arid type, which can be
distinguished from regular mountain desert soils, occur in vertical zonality.
The soils of the humid tropical zones will be comparable in their zonality
to the perioceanic humid facies of the equatorial regions.
These examples, amplifying the local and regional levels of identifying soil
geography of mountain lands, used in conjunction with a generalised scheme,
will go a long way to illustrating the effectiveness of the vertical soil zonality
approach in characterising different mountain systems.
A much more complicated task is to attempt a genetical approach and to
compare mountain soils with the horizontal zonality of the plains.
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An attempt in this direction for the mountain soils of the Caucasus, Tienshan and Pamirs has resulted in identifying three broad groups: (1)
homologous, (2) analogous and (3) unique. Homologous genetical soil types
are those which are similar in their genesis to the plains, owing to similar
factors of soil formation. The differences are mainly quantitative and are
manifested in the morphological features. This group of mountain soils
comprises the mountain podzolic, forest brown, grey, yellow brown, mountain
Chernozems, chestnuts, and the mountain brown semi-desert soils along with
dark Serozems of the mountains. If one employs this approach, suggested by
Gerasimov (1975), it can be easily verified that the process of coding the soils
and the profile morphology will be the same as that of the corresponding soils
of the plains. The main differences appear only in the quantitative parameters.
The second group corresponds to the genetical type, analogue. These soils
are formed under considerably different soil-forming conditions, but
nevertheless have certain similarities with the soil properties of the plains. This
group includes the mountain micro-podzols, the mountain meadows which
are similar to the sod soils of the plains. Some of their properties resemble
some steppic plains soils, particularly the meadow steppic soils, which are
developed under local humification. Besides these common qualitative
parameters of the profiles and the process of coding mountain and plains
soils, other parameters are also employed.
Finally, there is the third group of mountain soils—the unique genetical
type. These, by the very definition, are soils which have no homologues or
analogues in the plains soils, apparently due to the extremely specific
conditions of soil formation. These soils also differ from the other two groups
in specific properties. This group includes three zones of soils: (1) the
mountain forest dark coloured soils developed under spruce forest in the Tienshan, (2) the mountain forest light coloured soils (dry peaty soils developed
under juniper growth) and the high mountain soils of the Tien-shan and the
Pamirs Syrts, respectively. Accordingly, the profile and the process codes of
these soils will be highly specific.
I regret that time does not permit me to deal with the characteristics of
each of these soils in detail.
It should be noted that the concepts I have outlined of mountain soils in
relation to geographical structures and vertical soil zonality as well as the
genetical groupings and their types are still disputable. To a certain extent this
is reasoned on an objective approach; any deficiencies are related to a lack of
scientific data, which compels generalisation by hypothesis.
With the availability of more data, it would become possible to verify the
suggested hypotheses; however, the hypotheses are quite indispensable, as they
form the general guidelines for further investigations.

Summary
This paper deals mainly with the theoretical problems of mountain
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pedology which are important for forestry and agriculture. The chief aim is to
distinguish and identify the similarities between vertical and horizontal
zonalities in the soil cover of f he mountain areas and of the plains. Three
main types of genetical groupings are distinguished: homologous, analogous
and unique. Analysis by modern approaches to the sub-division of the
mountain area for the composition of the vertical soil zones has been
attempted at the local, regional, and global level by specific soil-geographical
structures and composition of the soil cover in the mountain areas.
Such investigations help in development of a general approach
methodology and in evaluation of land resources in the mountain regions.
They further constitute the basis for specific practices in the field of forestry
and agriculture for mountain land forms or areas. It is necessary to develop
such a system to help combat land degradation processes which are active in
mountain areas, such as landslides, severe erosion, mud-flows, and various
man-made types of soil degradation. This study is based on practical Soviet
achievements in the development of the mountain regions.
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