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CHAPTER 5.V

The Use of Fertilizers and.Soil Amendments

R. A. OLSON

5.V.l INTRODUCTION

Soil fertility as it controls the supply of elements and plant nutrition is one of
the foremost indirect factors involved in land transformations. The combined
provision of moisture and nutrients makes it possible for the desert to bloom
in the ultimate transformation. Historical measures for fertility maintenance
involving organic inputs have largely been supplanted in developed countries
by the growth of a chemical industry that annually supplies over 100 x 106
tonnes of inorganic fertilizer nutrients. Extension of the marketing of these
materials into developing countries has only just begun but, as emphasized in
the World Food Conference of 1974, must be hastened as rapidly as possible.
Many constraints are involved, and technology transfer from developing
countries cannot always be effected directly without on-site research.

5.V.2 TRADITIONAL SYSTEMS OF SOIL FERTILITY MAINTENANCE

The importance of soil fertility to agricultural production has been recognized
from the beginning of recorded history. The fertile silt deposition from
controlled flooding of the Tigris and Nile valley lands made Mesopotamia and
Egypt bread-baskets of the ancient world. Agriculturalists of the time recog-
nized the value of these silts to tl).eir crops without knowledge of the
nutritional elements involved. The Greek historian, Herodotus, in approxi-
mately 500 BC, wrote of the very high crop yields achieved in the Tigris
valley, and 200 years later Theophrastus described efforts there at holding
flood waters on the land as long as possible to maximize silt deposition.

5.V.2.1. Animal and Human Wastes

5.V.2.1.1 Animal Manures

The benefit of animal droppings has undoubtedly been recognized since
before the dawn of history. Certainly the very earliest writings associated with
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agriculture refer to the manuring of vineyards (e.g. Homer in The Odyssey). It
is significant that Theophrastus stipulated practices in the management of
manures that hold today: add bedding to the stalls for holding the urine, and
apply the manure abundantly to poor, thin soils but sparingly to rich soils. He
classified manures in the following order of decreasing value: human, swine,
goat, sheep, cow, oxen and horse, apparently not recognizing the high
nutrient quality of fowl manure.

The extreme importance of manure to farming practice throughout
medieval times to the recent past is evident in the traditional farmyard of
Europe, which fostered the central manurial heap or pit for under-water
storage. Likewise in China to this day, animal droppings are not allowed to go
to waste. Unquestionably, these animal manures have done much towards
maintaining the productivity of European and Chinese soils for thousands of
years.

Animal manures that have been stored appropriately during their accumu-
lation can be regarded as well-balanced fertilizers, containing amounts of all
known essential plant nutrients. When used continuously on land at modest
rates, they are very effective at maintaining most soil nutrients at a fairly high
level. Care must be exercised in manure storage, however, to preserve the
nitrogen component. Also, manure coming from dairy and beef animals is
likely to contain substantial soluble salts (up to 10% of the total dry weight);
thus commonly applied annual rate of 25 tonnes manure per hectare may
contain several thousand pounds of soluble salt, which can induce a salinity
problem in just a few years. Another recognized problem with manure where
animals are highly concentrated in feed lots and dairying operations is the
contamination of surface waters by runoff from these areas. Fish kills have
been observed, and eutrophication accentuated by the organic waste intru-
sion. This has resulted in regulations in some countries requiring lagoons to
catch the runoff waste before it reaches streams or lakes.

The primary shortcoming of animal manure as a fertilizer source, however,
is that there is no possible way of producing enough of it to supply the world's
soil-fertility needs. Taking out the portion that is used in some countries for
heating and cooking purposes, perhaps no more than 10-15 % of world
fertilizer needs could be met by animal manure.

Manure is bulky, reducing its economic value, and is not aesthetically
pleasing to handle, which has accounted for a substantial portion of it being
disposed of as a waste product in many of the developed countries. However,
it is now being looked at in a different light in view of the escalating cost of the
energy that goes into inorganic fertilizer production. At today's fertilizer
market prices, the value of the nitrogen, phosphorus and potassium compo-
nents of an average tonne of barnyard manure is around US$5, without
reference to the worth of the micro-nutrients and physical benefits provided
by the organic matter.
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legume in a wide range up to 250 kglha have been measured. Such large
amounts have been found to benefit yields of non-legumes for two or more
years in various climatic regions. Because of the deep-rooting of many
legumes there may also be some transport of deep subsoil nutrient reserves to
the surface soil as the crop is killed and its residues become part of the surface
soil system.

The well-managed legume, when occupying a significant time portion of a
rotation sequence, can accommodate much of the nitrogen requirement of the
cycle. This obviously fits in best with a livestock farming system that can
effectively utilize the associated hay production, which adds a further manure
component for soil-fertility maintenance.

Legumes are, however, among the heaviest users of other soil nutrients like
phosphorus, potassium and sulphur, necessitating greater inputs of these
elements than for production of grain crops. Nor will most of the species
tolerate strong soH acidity, which makes liming a required practice in the
more humid regions with acid soils. Additionally, legumes have a higher water
requirement than non-legumes, ma!dng them generally impractical for the
drier cropping regions unless irrigation can be practised.

5.V.2.3 Organic Farming

Effective use of manures and legumes has been the nucleus of organic systems
of farming in the past and of those espoused presently by 'environmentalists'
in the developed countries. Few legitimate arguments can be made against the
benefits to be derived where a purely organic system is feasible (USDA,
1980). The additional organic material from the manures contributes to soil
structure synthesis, which further assists in erosion control. Requirements for
inorganic nitrogen fertilizer are reduced, as well as for most other nutrients if
substantial manure treatment is included-a prime example being the pig as a
'fertilizer factory' in China. The most serious limitations to organic farming'
worldwide, however, are insufficient amounts of manure and water and the
control of incident pests. To provide the necessary animal manure input a
livestock system of farming with high meat production is required, and this is
a system of low efficiency, compared with food grain production, for pro-
viding maximum food calories and protein per capita-a foremost consider-
ation in food-deficit developing countries. Additionally, a liming programme is
usually required in humid and sub-humid climatic regions to maintain a
higher soil pH level for the Leguminosae than is necessary for good grain and
fibre crops. Where human sewage constitutes the major organic input, as in
China, a high population density is mandatory. Moreover, with both sewage
and animal manure there is no control over the timing of when nitrogen is
made available for crop use, as can be accomplished with inorganic carriers.
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5.V.2.1.2HumanSewage

Human wastes have long been used as a soil-fertility restoring measure,
exemplified by the complex disposal system established in Athens during the
Golden Age of Greece for carrying sewage to adjacent coastal-plain farm
fields and vineyards. Productivity of the farmlands of China has been similarly
maintained for thousands of years.

There can be no question of the potential value of this nutrient source.
Many of the highly developed countries of the world are now putting major
efforts into means for returning these 'wastes' to the land rather than
disposing of them in streams, lakes, or oceans. It is estimated that the total
quantity of US sewage, for example, could supply around 1.5 million tonnes
of nitrogen alone, or about 15% of the amount presently marketed as
inorganic fertilizer.

Using sewage as a fertilizer is not without problems, however. Disease
organisms are rapidly spread, and dysentery is prevalent in those areas of the
world where raw sewage is an important fertilizer source. Composting-
allowing the heat so generated to kill the organisms-is practised throughout
China today, and pasteurizing by other means can also alleviate the hazard. A
more difficult problem is that of heavy elements contained in the sewage when
industrial wastes are added. Elements like zinc, lead, cadmium, selenium and
copper that enter into the sewage system from electroplating and many other
manufacturing processes can become long-term soil, plant and consumer
toxins. These are elements that are not readily leachable from the soil. The
only control possible once the elements have accumulated is to lime the soil to
a high pH level and add substantial quantities of another element like
phosphorus that inhibits plant uptake of the heavy element. Such measures
may prove to be only partially effective and, accordingly, the best solution
remains the segregation of industrial wastes from the rest of the city sewage,
necessitating a modification of existing sewage systems.

5.V.2.2 Rotations with Legumes

The Leguminosae have been recognized for their value in soil-fertility resto-
ration from the earliest historical records. Virgil, the Roman poet, wrote:

'Where Vetches, Pulse and Tares have stood
And Stalks of Lupines grew (a stubborn wood)
Th' ensuing Season, in return may bear
The bearded Product of the Golden Year.'

The primary gain from legume production is nitrogen because of the
symbiotic nitrogen fixation process in the crop's root nodules. Depending on
legume type and thriftiness of growth, residual amounts of nitrogen from the
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Important as manures are for soil-fertility maintenance in many regions of
the world, they serve an equally important role as fuel for cooking and heating
in other regions, where their value as fertilizer is lost. In other situations
where manures are used first for generating biogas as an energy source, the
residue from the process is not greatly reduced in several of its fertility
components.

Tidal and continental fish ponds are organic systems representing a quite
different type of land transformation. Here rates of sewage and/or pig manure
applications are adjusted in accordance with the pond size to supply the
nutritional needs of the fish crop. Silt in the pond bottom after drainage is
reinforced with nutrients from the fish excrement, and is then either spread on
adjacent land or serves as a fertile new land surface.

Again on the plant side of organic farming is the role of blue-green algae in
fixing nitrogen in the rice paddy. Amounts in the range 10-20 kglha are
recognized-not great for the given year's crop but significant over many
years' in nitrogen conservancy. Likewise, the Azolla, a nitrogen-fixing fern,
living in association with hyacinth in a surface water body or rice in a paddy, is
a significant contributor to crop nitrogen economy in China.

The 'natural' connotation given to organic farming systems implies fewer
environmental hazards than when inorganic chemicals are employed. In fact,
however, quite the converse has commonly been found in carefully
documented cases of groundwater nutrient contamination and the eutrophi-
cation of surface waters. Seepage of nitrate into wells close to animal impound-
ments and runoff from fields on which manure had been spread proved to be
primary nutrient sources.

Residue of the previous crop as an organic return to the soil cannot be
overlooked as a factor in land transformations. It has been regarded variously
as a troublemaker in tying up nutrients by microbial immobilization at the
expense of the next crop, as a raw material for energy production, and as the
foundation for one of the best erosion-control measures available to the
farmer. The nutrient content of the stover from a 10000 kglha maize crop is
not very high. Nevertheless, adding up the value of all nutrients contained in
that stover in relation to the cost of those nutrients in fertilizer gives a value of
the order of US$100/ha. In the short term the total quantity is enough to
produce th~ stover for the next crop. Clearly, removal of that residue for
alcohol production, or for whatever purpose, takes away that amount of
nutrient from the soil, and the effect on soil fertility in the long term will be
substantial. Also, its removal will accelerate the rate of decline of organic
matter in soil, the regular return of fresh quantities of which is a most
important factor in soil structure synthesis and maintenance. Finally, the
residue is the key to success of stubble mulch, conservation tillage (reduced
tillage) and ecofallow systems aimed at conserving moisture and retarding soil
erOSIOn.
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S.V.3 ROLE OF INORGANIC FERTILIZERS IN LAND
TRANSFORMATIONS

S.V.3.t Regional and Worldwide Use

The growth of that segment of the chemical industry supplying inorganic
fertilizers to agriculture has been quite phenomenal since the Second World
War (Table 5.V.1). The total worldwide consumption of the three major
nutrients was approximately seven times greater in 1981 than in 1953.
Virtually all of the increased production was used in the developed countries
through the early 1960s; but in the last 4 or 5 years there has been a levelling
off in consumption there, and most of the continued increase has come in the
developing countries (Figure 5.V.1).

Of further interest in Table 5.V.1 is the trend in use of the three nutrients
relative to each other. Phosphate and potash were the dominant nutrients in
the fertilizer trade through the 1950s. With the extensive construction there-
after of efficient nitrogen synthesizing plants, nitrogen consumption has
gradually outstripped the other two to the point where it is now double that of
phosphate and 2! times that of potash. These statistics show that fertilizer has
become a foremost requisite to economic agriculture, as further exemplified
by the fact that food and fertilizer were virtually synonymous terms in
deliberations at the World Food Conference in 1974.

Table 5.V.l World consumption of inorganic
fertilizer nutrients (FAO Fertilizer Yearbooks)

Fertilizer nutrients

Year N PzOs KzO Totals
(million tonnes)

1938/39 2.6 3.6 2.8 9.0
1953/54 5.2 6.3 5.7 17.2
1959/60 9.7 9.7 8.6 28.0
1965 16.6 14.0 10.9 41.5
1967 22.1 16.3 12.9 51.3
1969 27.1 18.3 14.5 59.9
1971 31.8 19.8 16.4 68.0
1973 35.8 22.5 18.5 76.8
1975 38.8 23.0 19.5 81.3
1977 46.1 26.6 22.9 95.6
1978/79 53.7 29.9 23.9 107.5
1980/81 60.7 32.8 25.2 118.7
1981/82 60.4 30.9 23.9 115.3
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5.V.3.2 Impact on Agricultural Production

The dominant influence that inorganic fertilizers are having on agriculture in
the world today is inescapable. They now account for at least 30% of all
agricultural produce of the United States, and probably more of the order of
50% of cereal grain production. Without them the USA would not be an
exporter of agricultural products. Indicative are the data of Figure 5.V.2 from
the state of Nebraska in the country's grain belt. Certainly many different
advances-including improved varieties and hybrids, expanded irrigation
practice, better control of pests and diseases, and improved cultural
practices-have contributed to the approximate doubling of wheat and
quadrupling of corn yields in the past 30 years. These production increases
have come about by reason of the fertilizer input in combination with the
other factors cited. The data suggest that a levelling off in average state yields
has occurred in the past 10 years, awaiting the next major technological
breakthrough comparable to the adoption of fertilizer nitrogen.

The impact of inorganic fertilizers on worldwide production of grain crops
is expressed to some extent in the data of Table 5.V.2, which lists average
wheat and maize yields in major producing countries along with fertilizer
consumption per hectare of arable land. When all of the yield data in this
table are matched with fertilizer consumed in the respective countries and
regions (excluding China and Argentina because of questioned consumption
values), a correlation coefficient of +0.71 is found for maize and +0.91 for
wheat. This implies that the yield obtained is directly proportional to the
amount of fertilizer used. Direct correlations exist, of course, between fertil-
izer use and advanced technologies in other aspects of agricultural produc-
tion, but the major role of fertilizer is unmistakable.

An apparently large disparity exists between developed and developing
countries in Table 5.V.2 in the amounts of fertilizers consumed. With more
than twice the fertilizer rate per arable hectare in the developed countries,
maize yields are almost three times as great and wheat 25 % larger. (The
lesser response of wheat is attributable to the fact that most of the world's
wheat is grown in dry regions where yields are limited as much by moisture as
by soil fertility.)

5.V.3.3 Projections of Further Needs

The World Food Conference of 1974 made it quite clear that a dependable
fertilizer supply was a requisite for meeting the food needs of the developing
countries. The amounts required and the cost for their provision would be
tremendous. Table 5.V.3 presents one projection of quantities involved and
their likely end-effects. If these projections are correct it is obvious that a very
serious demographic problem is in the offing for the world. An approximate
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Table 5.V.2 Maize and wheat yields and fertilizer use by region and selected
countries of the world (FAG Production Yearbook, Vol. 36, and FAG Fertilizer
Yearbook, Vol. 32, 1982)"

"Statistics presented for each region and for the two or three major producing countries in
each region.
bWorldwide (and not just the countries listed).

tripling of fertilizer consumed would increase food grain production by about
50% in developing countries between 1980 and 2000, but with a continuing
decline in grain per capita. In short, growth in fertilizer use with its benefits to
food supplies cannot keep pace with the productivity of people, and some
measure of population control will be essential if widespread starvation is to
be arrested in the twenty-first century.

Average grain yield, 1980-82 Average fertilizer N + P20s
+ K20 use on arable land

Maize Wheat and permanent crops, 1981
Region (kg/ha x 10-2) (kglha)

Worldb 33.2 19.3 78.5
Africa 13.3 11.3 19.5

Algeria 6.8 26.2
Morocco 8.9 23.9
Nigeria 9.1 7.0
South Africa 17.2 90.4

N. and C. America 54.7 22.9 88.4
Canada 19.1 41.9
Mexico 18.3 39.7 66.6
USA 66.0 23.3 102.4

S. America 20.1 14.1 26.9
Argentina 31.3 16.3 2.7
Brazil 17.8 8.9 37.5
Uruguay 13.2 33.3

Asia 23.4 17.3 68.5
China 31.1 20.9 150.1
India 11.3 15.9 33.8
Pakistan 16.2 53.1

Europe 47.8 37.7 225.0
France 57.0 50.7 298.4
Italy 27.0 163.3
Spain 17.3 67.2
UK 59.7 329.6
Romania 35.9 27.7 154.1

Australia 10.3 27.9
USSR 28.1 14.9 82.6

All develQpedb 53.3 21.0 114.8
All developing 19.7 16.8 47.9
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Table 5.Y.3 Grain production in developing countries in relation to fertilizer use

aWeight of nutrient as N + P20S + K20.
bCorresponding figure for Europe in 1980 was around 200 kg/ha.

5.V.3.4 Factors Restricting Use

5.V.3.4.1 Raw Materials, Energy, Economics

From the worldwide standpoint, little cause for concern appears to exist with
respect to the supply of raw materials for fertilizer production. Known potash
mineral reserves can serve world needs for centuries at least, following which
,the 1.6 x 106 tonnes potash per cubic mile of seawater can become an
available source. Phosphate deposits are also extensive throughout the world,
with proven reserves of high-grade materials adequate for at least the next
two centuries, after which lower-grade materials should become mineable.
There is virtually no limit to the amount of nitrogen available for fabrication
into fertilizer, with approximately 85 000 tonnes of it in elemental form over
every hectare of the earth's surface, besides which it is continuously recycled.
The real limitation from the standpoint of nitrogen is the feedstock hydrogen
required for its fixation. Natural gas supplies as currently used for nitrogen
fertilizer production will eventually be used up; a paradox being the fact that
substantially more natural gas is being flared off than presently goes into
nitrogen fertilizer synthesis. Where natural gas is not available and coal
reserves are, gasification of the coal will yield the necessary hydrogen. Again,
the world's reserves of coal are great enough for centuries at least, but once
gone hydrogen can be obtained by hydrolysis of water with somewhat greater
energy input. Nor is sulphur likely to be in short world supply because of
rather large mineral and sour gas deposits of the element, complemented in
modern times by the sulphur being captured from coal-fired plants for
atmospheric pollution abatement.

Thus, a shortage of the required raw materials is not likely to restrict
fertilizer use on a world scale in the foreseeable future. Problems do exist,
however, in those developing countries that have none of the mineral reserves
mentioned. The highly industrialized societies of the developed countries

Fertilizer Grain
Fertilizer Grain consumption production

Population consumptiona production per capitab per capita
Year (x 106) (tonnes x 106) (tonnes x 106) (kg/capita) (kg/capita)

1974 2842 19.0 636 6.7 224
1980 3288 31.0 728 9.4 221
1990 4150 57.0 875 13.7 211
2000 5095 92.0 1021 18.1 200
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Table 5.VA Approximate energy required for fertilizer
production in the USA in 1973 (Nelson, 1975)

Fertilizer nutrient
Energy input for manufacture

(x 106 kcaUt of nutrient)

N
PzOs
KzO

11.1
2.3
1.3

without such reserves have their finished products for sale or barter with
others having the fertilizer or needed raw materials. As a result, it is especially
the substantial number of developing countries without the mineral reserves
that are inhibited in their use of fertilizers for enhanced food and fibre
production.

An available energy source is essential to fertilizer production, whether
from fossil or nuclear fuel, hydroelectric or solar. The latter remains to be
developed anywhere on a major scale, so countries without the other sources
remain dependent for fertilizer production on those that have them. Of the
order of 1200 m3of natural gas is required to produce one tonne of ammonia,
approximately one-half for its chemical constituents and one-half for the heat
required to drive the synthetic process. By far the greatest energy expenditure
goes into the production of fertilizer nitrogen among the three major nut-
rients as expressed in Table 5.VA. These figures do not include energy for
transportation and distribution, although an allowance for handling losses is
included. Nitrogen is the most limiting element for crop production wherever
agriculture is practised. It has become the largest energy input item, for
example, in regions of modern, intensive maize production (Pimental et ai.,
1974).

Ultimately the cost of fertilizer is the factor most restricting its use by the
farmer. The work of FAa and other international groups during the 1960s
and early 1970s demonstrated substantial economic returns in developing
countries from appropriate fertilizer use as expressed by value/cost ratios
(FAa, 1981b). Experience had shown in these efforts that the native farmer
would readily accept the risk of fertilizer purchase where a value/cost ratio of
2 or more was reasonably assured. The multiplying of fertilizer cost that came
with the world energy crisis in 1973/74 has confounded these relationships
(Table 5.V.5). There has been some levelling off in costs but at a level twice
that of the early 1970s. Gyrations in fertilizer prices as expressed here are
neither helpful to the farmer buying fertilizer nor to the industry producing it.
International efforts are needed to stabilize prices in order to foster a
continued growth in consumption in the developing countries for the needed
enhancement of agricultural production.
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Table 5.V.5 Fertilizer prices in world markets
(UN Yearbook of Financial Statistics)

Year

Weighted average cost of all
fertilizers/tonne of nutrient"

(US$)

1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977

127
116
97
87
86
85

114
171
520
340
190
200

aIndex 1967-69 = 100.

5.V.3.4.2 Available Markets

Another important factor restricting use of fertilizer by the farmer in develop-
ing countries is the lack of a market in which to sell the added produce
effected by the fertilizer input. In remote regions of many developing coun-
tries where transportation facilities do not exist, there is little incentive for the
farmer to produce more than required for his immediate family. This pin-
points the need for government involvement in the improvement of transport
facilities and assistance in establishing local markets for the sale of farm
produce. These same markets would serve for merchandizing the various
required inputs of improved seeds, pesticides and fertilizers for upgrading the
agriculture of the area.

5.V.3.4.3 Interest Rates and Land Tennre

Additional disincentives include the high loan interest rates commonly levied
on farmers in developing countries, and the cheap food policies maintained by
governments, resulting in low value-to-cost ratios for food products. Nor do
land tenure systems in many countries afford farmers the incentive to make
improvements in the fertility status of the soil. Where land use rights are
controlled by tribes, as in many countries of Africa, or where large land tracts
are owned by a few wealthy families, as in Latin America, effective fertiliz-
ation practice is not likely to be a priority of the farmer.
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5.V.3.5 Land Transformations Effectedby Fertilizers and Soil Amendments

5.V.3.5.1 Mono-culture

Perhaps the most striking impact of intensive fertilizer use on land use has
been fostering the mono-culture of crops. The advent of fertilizer nitrogen
along with herbicides for weed control, for example, has made the continuous
production of maize on a given tract of land commonplace in the 'Corn Belt'
of the USA. Fertilizer nitrogen took the place of the nitrogen previously
supplied by a legume crop in rotation. Farmers thereby were better able to
specialize in machinery and to acquire expertise in growing that single crop in
the most efficient way possible.

Obvious problems with a mono-culture system are the assured build-up of
pathogens, weeds adapted to the crop's culture, and insect pests. For the most
part, these have not been insurmountable to the able farmer, although costs of
the operation have generally increased with time. Two of the most difficult
problems are those of pest control and compensating for increasing soil
compaction under some climatic and soil textural conditions. Many farmers in
the US Corn Belt who practised mono-culture of corn have adjusted to a
cropping sequence that periodically includes soy-beans to assist in maintain-
ing soil structure, nitrogen supplies and pest control.

5.V.3.5.2 Transformation of Low-quality Soils to Productive Crop Land

Several examples exist worldwide of land transformation from the low
productivity range, bush or sandhills, to productive crop land by the introduc-
tion of fertilizers and other appropriate agronomic practices. One of the best
examples is found on the .Cerrada soils in parts of Brazil and Colombia, SA.
The combination of liming and phosphorus fertilization that overcomes the
aluminum toxicity of these soils, along with appropriate nitrogen fertilization,
has allowed thrifty growth of cereals and soy-beans in place of the existing
low-quality range in this otherwise favourable climatic regime. As long as soil
pH and erosion are kept within reasonable limits, there is no reason why these
large areas should not be major sources of food and fibre for centuries to
come.

Vast areas of the humid tropics where either bush fallow has been practised
traditionally, or no farming at all, have the potential for transformation to
continuous agricultural production with proper fertilization and appropriate
pest control measures. The uncultivated portion that is potentially arable
totals upwards of 800 x 106 ha, essentially half of the current cultivated land
area of the earth (National Research Council, 1972). Temperate region
technology will not prove very helpful for long-term management as a general
rule because of significant soil and climatic differences. Whereas temperate
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cultivation attractive. Once the continuous native cover has been removed,
however, these areas are subject to severe water erosion during periods of
limited crop canopy. Similarly, very sandy lands of low fertility when trans-
formed from sod or bush to intensive crop production can suffer severe wind
erosion when crop or residue cover is limited. Clearly the fault lies not with
the fertilizer per se, but rather in the judgement of those who hope to
capitalize on the short-term profit potential.

5.V.3.5.3 Substitution of High-value Cash Crops for Food Crops

The accessibility of inexpensive inorganic fertilizers has encouraged the
production of high-value cash crops in areas where food grain production
might have better served the country's immediate food needs. Examples
include cocoa, rubber, coconut, fibre and other plantation crop production
encouraged by governments as a means to acquire foreign exchange. The
situation has been exacerbated by the provision of surplus grains by exporting
countries at below production costs, creating a dependence on the external
source. Then, when world food grain supplies are short the country suffers a
serious food shortage, a condition experienced in 1973-75.

A contention that every country should organize its resources into a
programme of national food security is hardly defensible in the modern 'one
world' in which we live. Food grain production is neither ecologically nor
economically feasible in much of the highlands of Central America, for
example, where coffee thrives. Likewise, where cotton grows well during a
hot season that would be depressive to wheat or maize, its fibre should
logically exchange with the country possessing an environment favourable for
the grains' production. Utilizing such comparative advantages should ideally
result in better use and preservation of the land.

5.V.3.5.4 Expanded Area for Crop Production in Dry Regions

It is well established that moisture limits crop production in dry regions more
than any other factor; but it is equally true that effective fertilizer use
enhances the water utilization efficiency of crops. A delicate balance exists in
the dry regions between the soil fertility level and the moisture available. Too
much fertility with limited moisture can be responsible for crop over-
stimulation, but too little nutrient will leave the crop without sufficient root
vigour to seek out and utilize mo;sture stored in deeper soil horizons. Thus,
nitrogen and phosphorus needs for transforming low-value grasslands of
semi-arid regions into productive range for animal production are being
recognized increasingly around the world.

It has been a commonly employed practice to keep land in weed-free fallow
for several months and up to two years in semi-arid regions prior to planting



The Use of Fertilizers and Soil Amendments 217

region soils usually contain 2:1 Si:AI ratio clays and modest to large amounts
of organic matter, giving them high buffer capacities, soils in humid tropical
regions are generally very low in organic matter anodhave in their clay fraction
primarily iron and aluminum oxides and some 1:1 type clay combined with
very low buffer capacity. Fertilization must be practised with extra caution
so as not to accentuate acidity or induce imbalances among the various
elements of plant nutrition. From the climatic standpoint, the higher tempera-
tures year round in the tropics accelerate chemical and microbiological
activities. In most areas there is a wet and a dry season. During the latter, all
available soil moisture is removed from the rooting zone by evapo-
transpiration. As a result, the next season begins with no stored soil moisture,
the opposite of most temperate region farming that allows moisture storage
during the autumn, winter and spring months before the next crop is planted.
The wet season of the humid tropics usually provides more moisture than can
be accommodated by evapo-transpiration, such that leaching, waterlogging or
severe erosion are hazards. The combination of these several factors makes
the proper management of crops and soils far more complex than in temper-
ate regions, and much on-site research remains to be done to develop
techniques appropriate to such regions.

Major changes in the regional and peripheral environments might be
expected from the substantial deforestation of the vast Amazon basin were
this to occur in the future (currently estimated to be proceeding at a rate in
excess of 2.3 x 106 halyear). An almost certain result would be greater runoff
and erosion initially due to reduced soil infiltration rates with severe flooding
of the lower Amazon, a river that now contains 15-20% of the global
fresh-water supply. Subsequently, with less evapo-transpiration taking place
from the region there could be a reduction in annual rainfall, which might also
influence the climate in an adverse way in current agricultural regions to the
south in Brazil. A concern that has been expressed of a diminution in the
oxygen content of the earth's atmosphere by Amazon forest removal is
probably not well-founded.

Equally striking as the bush fallow conversion is the transformation of
sandy brush and rangelands of semi-arid to arid regions into intensively
cropped land with the introduction of centre pivot irrigation and fertilizers, as
in the Sandhills of Nebraska and Colorado in the USA, in Saudi Arabia, and
in some North African countries. The extreme in this respect is the transfor-
mation of desert that supports no more than a few grazing animals per square
kilometre to a highly productive agricultural system. The combination of
water and fertilizer is required; neither applied alone would be effective.

A foremost problem that fertilizers have created with the transformation of
low-quality lands to intensive agricultural production is that of accelerated
erosion. Steeply sloping sites with relatively shallow soils when broken from
sod or forest may produce sufficiently high yields with fertilization to make
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the next crop. During this fallow period moisture is stored to some depth in
soil where it is safe from evaporation loss, while mineralization of nutrients,
especially nitrogen, is occurring simultaneously. The following crop then
benefits from both stored soil moisture and additional nutrients. Unfortu-
nately, fallowing by traditional methods has not been very efficient in storing
moisture because of rapid evaporation losses, 20% storage of rainfall received
being a fairly representative figure. Recent experience with minimum tillage
(conservation tillage, ecofallow, etc.) has indicated substantially greater mois-
ture intake and storage when the previous crop's residues are left on the
surface with minimal soil disturbance, as well as increased erosion control.
This enhanced moisture storage gives an opportunity for expanding the land
area available for continuous crop production without fallow or, at least, with
less time in fallow providing the additional required fertilizer nutrients are
provided.

5.V.3.5.5 Transformations Accompanying Correction of Soil Acidity and
Alkalinity

One of the first recognized improvements of land for agricultural pursuit in
modern times came with liming of inherently acid soils. This amendment
transformed the acid native forest lands of much of northern Europe and
eastern USA into productive cropland following removal of the trees. It was
soon learned, however, that 'lime and lime alone makes for a rich father and
poor son', meaning that the improved soil environment for biological pro-
cesses enhanced the rapid mineralization of soil nutrients for the near term
while hastening exhaustion of these native reserves. At the other extreme, the
use of sulphur products along with appropriate fertilization has made possible
the reclamation of sodic (alkali) soils. Sodium on the soil exchange complex is
replaced by calcium, with eventual improvement in soil structure and internal
drainage making possible the economic production of crops.

5.V.3.6 Long-term Effects of Fertilizers on Soil Properties and the
Environment

5.V.3.6.1 Beneficial Results

Judicious use of fertilizers and lime has a number of beneficial effects on soil
properties and the surrounding environment beyond the obvious enhanced
food and fibre production. By improving growth there is more crop canopy
and more root growth below the surface to protect the soil against the erosive
action of wind and water. The end result is more fresh organic material left in
the soil as roots and as top residue, with all the benefits of such residue on
macro- and micro-biological activity and ultimate soil structure synthesis.
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Further, increased yields from fertilizers applied to better soils decreases the
need for cropping erosive soils that should be left in permanent cover.

A foremost benefit claimed of organic farming systems over farming with
chemical inputs is an increase in soil aggregation from enhanced biological
activity. Many experiments have confirmed this effect, albeit with organic
amendment rates that would allow treatment of but a small fraction of the
earth's arable lands.

The fertilized crop will use slightly more water than where no fertilizer is
applied as yield is increased, but the water is used notably more efficiently in
terms of kilograms produced per unit of water consumed. Judicious fertilizer
use is thereby a significant factor in the conservation of water resources
committed to agricultural pursuit.

Long-term plots of the Rothamsted Experimental Station in England, the
Askov Field in Denmark, the Morrow plots in Illinois, the Sanborn Field in
Missouri and many others have clearly shown that, far from damaging soils as
some have claimed, the proper use of fertilizers and lime will actually improve
them over time.

5. V.3.6.2 Detrimental Effects

Although claims have been made that certain fertilizers are responsible for
'hardening' soils and making them less permeable to water, the effect, where
measured, usually has been the consequence of poor management by the
farmer, such as too much traffic over the soil surface or pulling anhydrous
ammonia shanks through the soil when too wet. Extended use of nitrogen and
phosphate fertilizers, especially the former, can, however, cause an
acidification problem. As a general axiom, each kilogram of fertilizer nitrogen
(other than sodium and potassium nitrates) requires about 1.8 kg of lime for
its neutralization, ammonium sulphate three times that amount. The correc-
tion of such acidification in surface soils thus entails periodic liming of soils
that are not inherently calcareous, which is easily carried out at nominal cost
in most locations. In ignoring the acidity induction, however, farmers will find
that subsoils eventually become acid as well. If this is allowed to progress
until the subsoil is strongly acid with associated manganese and aluminum
toxicities, crop root development is inhibited and productivity declines.
Moreover, correction of subsoil acidity is not readily accomplished since
calcium from applied lime is very' immobile and does not leach readily from
the zone of placement. It is now a generally recognized rule that ammonium
sulphate should not be used as a nitrogen source for tropical region soils of
low buffer capacity because of the acidification problem.

Long-continued, traditional use of the major nutrients nitrogen, phos-
phorus and potassium can bring about nutrient imbalances in soil with effects
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other than toxicity that are deleterious to crop growth. Overloading the soil
with phosphorus, especially in neutral to alkaline soils, can induce zince
deficiencies. When this problem is corrected by building up soil zinc levels
with fertilization, an iron shortage may develop owing to the high phosphorus
and zinc levels. A problem is thus created for which economic soil treatment
measures do not presently exist. Similarly, loading soils excessively with
potassium and nitrogen has been found to cause low magnesium levels in
forages to the particular detriment of animals consuming the forage, i.e. one
of the causes for hypomagnesemia or 'grass tetany'.

Great concern has been expressed about the effects that fertilizers may
have on the nutrient pollution of surface and ground waters (FAO, 1972;
OEEC, 1983). Certainly a prime causative factor in the eutrophication of
surface waters is the concentration of nitrogen and phosphorus in the water,
although other factors like depth, temperature and clarity of the water and
presence or absence of a carbon source may be equally involved. The more
fertile the adjacent watershed from which water drains into streams and lakes,
the more nitrogen and phosphorus likely to be found there. Concentration's of
these elements needed to trigger the eutrophication process, other things
being favourable, are small indeed (of the order of 0.3 ppm nitrogen and
0.01 ppm phosphorus). Other elements are involved as well, such that precise
definition of the role of a single element is virtually impossible. Nonetheless,
as nutrients go, it is most commonly the concentration of phosphorus that is
rate-limiting in fresh water, since even rainfall generally contains more than
that amount of nitrogen.

People do not appreciate the interference with their water sports imposed
by aquatic plant growth. Potentially more serious, however, is the contami-
nation by nutrients of groundwaters that serve as potable water sources.
Problem areas have been recognized in several countries of the world where
nitrate nitrogen has accumulated excessively in the groundwater. When this
concentration exceeds 10 or 11 ppm public health authorities become espe-
cially concerned because of its possible contribution to methemoglobinemia
in infants. Overuse of fertilizer nitrogen with the excess moving downward to
the groundwater has been documented as partially responsible for recognized
high groundwater nitrate in a number of areas (OECD, 1983). At concentra-
tions an order of magnitude higher, adults may be affected adversely as well,
and animals at even higher levels. There are no recorded cases of other
fertilizer nutrients leaching excessively to groundwater and contaminating it
for human use, in part because none other of those commonly applied has the
mobility to move with water through soil material as nitrate does.

Concern has been expressed in recent years about the environmental
consequences of overloading the nitrogen cycle. Whereas biologists have
estimated the total natural fixation of nitrogen in the earth's system (sym-
biotic, non-symbiotic, associative, lightning) to be of the order of 100 X 106
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tonnes annually, it will not be long before fertilizer nitrogen fixing industrial
plants equal that figure. Beyond water pollution, which can be controlled in
large degree by judicious fertilizer use, no other hazard with certain conse-
quences is apparent. Question has been raised concerning the impact of N20
coming from denitrification of fertilizer nitrogen in soil may have on strato-
spheric ozone (Crutzen, 1974). This gas can diffuse to the stratosphere, where
it breaks down into elemental N2 along with small amounts of NO and N02,
which then react with ozone (03) converting it to O2. Depletion of ozone in
the stratosphere would allow greater penetration of ultraviolet light from
solar radiation to reach the earth surface, with probable adverse effects on
both climate and living organisms. Estimates have been made from 'slight' up
to 11.5 % as a likely reduction in ozone from the added production of
100 x 106 tonnes fixed nitrogen per year (CAST, 1976); but substantial
monitoring remains to be done in documenting the actual effects of N20 on
the earth's ecosystems.

Otherwise, most of the NH3, NO and N02 released by plant or soil that
escapes to the atmosphere is returned to the soil in rain, if not reabsorbed
directly by plant or soil. Increased fallout of nitrogen compounds during
recent years in Europe and North America for which the internal combustion
engine is largely responsible is well documented. The compounds of nitrogen
are of relatively small magnitude in the 'acid rain' problem compared with
those of sulphur in most regions of concern. On a global scale, moreover, the
anthropogenic nitrogen contribution is considered to be small compared with
amounts produced by natural phenomena such as forest fires and electrical
storms.

5.V.4 MEANS OF SOIL FERTILITY EVALUATION

In transforming any given soil to a higher fertility state that permits a higher
level of crop production, some means of soil fertility evaluation is essential to
indicate the kind and amount of nutrients needed. Not only should the system
be capable of designating treatments that achieve the most economic yield; it
must also prevent excessive accumulation of nutrients that can become
environmental pollutants. Accordingly, from the standpoints of economy,
energy and resource conservation and environmental quality, it is essential
that fertilizers be used in the most efficient manner possible. A large back-
ground of research and experience is required for effective nutrient prescrip-
tion.

5.V.4.1 Soil Classification Information

Detailed soil maps prepared under modern systems of soil classification can
be very helpful to the farmer in projecting at least some of his fertilizer needs.
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Thus, soils of the Ustoll group, Mollisol order, will generally be near neutral
in reaction and high in the basic elements of plant nutrition, including
potassium, calcium and magnesium, and the farmer need not concern himself
with them in his fertilizer purchase. Variations will exist at the soil type level
as found on detailed maps which designate such factors as depth, texture and
organic matter content of the soil. These can assist in making a closer
projection of needs that will generally involve little more than nitrogen and
phosphorus. On the other hand, soils classified as Udults of the Ultisol order
are almost certain to be rather strongly acid in reaction, with problems of
aluminum and manganese toxicity in crop production. They are always low in
the basic elements and low in organic matter content, with attendant low
buffer capacity. The usual requirements of the fertility programme in this case
is neutralization of the exchangeable aluminum by lime and phosphate, with
further likely need of nitrogen, potassium and one or more of the micro-
nutrients. The major difficulty from the classification standpoint with this
latter group of soils in tropical regions is that little detailed soil surveying has
been done and information on the specific soil type, so useful in temperate
regions, is not likely to exist at the field or farm level in such regions. .

5.V.4.2 Field Trials with Fertilizers

The surest expression of fertilizer needed to transform a low-fertility soil to
one that affords the most economic yield comes with field fertilizer trials as
long as the trials include sufficient coverage of rates and kinds of nutrients
likely to limit yield. Such trials indicate the nutrient needs of similar soils in
the locality that have had similar past management. The FAO Fertilizer
Programme (FAO, 1981b) has conducted thousands of such trials in the past
20 years that indicate nutrient needs by regions. These can be very helpful to
farmers as they initiate fertilizer treatments for soil improvement. Not only
have the trials been useful for delineating likely nutrient shortages, but they
have also served the added extension function of displaying results to farmers
in the respective localities. The technically advanced farmer himself could
conduct such trials on the different soils of his land, although few would have
the time, facilities and competence to properly carry through the operational
details and interpret the results.

Field trials are expensive and time-consuming, but are the absolutely
essential foundation to any soil fertility evaluation programme. They cannot,
however, be depended on indefinitely to express the kind and amount of
nutrients that should be used by farmers of a given region. As fertilizer use
becomes commonplace and varied amounts are used on different fields,
varied residual effects begin to appear, even on soils of a given classified unit.
Further, the varied fertility status at the soil type level from different
pedogenesis makes region-wide projection tenuous. It is important, then, that
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thorough site characterization be made with each fertilizer trial so that
transferability will exist for other sites where quick testing methods have
revealed similar soil characteristics.

5.V.4.3 Soil and Plant Analysis

Ideal as the field trial method is for the specific soil and field in delineating
treatments needed for soil fertility transformation, it is obvious that time and
cost limitations preclude its use for every soil situation. The best substitute
then becomes soil and/or plant analyses that have as their base a sound
background of field experiments. Quick testing procedures on a representa-
tive soil sample are capable of diagnosing nutrient shortages in the soil before
a crop is planted, thereby permitting correction in that year by proper
fertilization.

Soil testing, to be meaningful, must have its methods correlated to the soil
conditions that exist in the region of the service and must be calibrated with
field yield response data for the major crops of that region. Therewith comes
the required background already cited of extensive field trials measuring crop
response to the different fertilizer nutrients. Without this correlation and
calibration foundation, and unless soil samples are collected so as to truly
represent the site, the measurements made will have little meaning and the
associated recommendations are likely to be totally erroneous. Different
crops having varied yield potentials, total nutrient needs, and nutrient extrac-
tion capabilities will have different calibrations; thus the crop to be grown is a
prime consideration in fertilizer recommendations.

Soil testing does, of course, serve several useful functions beyond prescrib-
ing kinds and amounts of fertilizers to be applied. In dry, irrigated regions it
will delineate salinity and sodic problems that limit crop production and
project the treatments required for correction. The service will also recognize
the likelihood of Al and Mn toxicity potentials in acid soil regions and the
quantity of lime needed to alleviate them. Without correction of these
problems, any recommended fertilizer treatments are not likely to provide the
response expected. A foremost requisite of soil testing is that the fertilizer
recommendations therefrom be provided by totally impartial individuals, such
as appropriate governmental or farmer-owned organizations who have
nothing to sell (OEEC-EPA, 1956).

Plant analysis can serve as a useful adjunct to soil testing services in
resolving some soil fertility problems. The service, to be meaningful, must
have the capability of measuring concentrations of most of the essential plant
nutrients because of likely physiological interactions within the plant, where
one nutrient can accumulate in excess, so depressing the uptake and utiliz-
ation of others. Diagnosing nutrient needs from plant analysis is complicated
by varying values with stage of growth, plant part, crop variety or hybrid, and
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attendant climatic factors. Moreover, the results obtained can seldom be
used for fully correcting the problem in the existing crop.

Soil and plant analyses involve complicated chemical procedures. The
quality of the recommendations for fertilizer treatment coming from them can
be no better than the quality of the correlation and calibration work from
which they are derived. Accordingly, only the best trained individuals in a
developing country should be assigned the task of setting up a soil and plant
analysis service. The laboratory will require considerable expensive equip-
ment and several qualified technicians to run the routine analyses. Total costs
can be substantial, but they are quite insignificant in comparison with the
returns that can come from the efficient operation of a laboratory in trans-
forming nutrient-deficient soils to highly productive soils.

5.V.5 CONCLUSIONS

The introduction of fertilizers has transformed many regions of inherently low
productivity into agriculturally effective regions. Examples are: bush fallow to
continuous cropping in tropical rainforest; low-quality range on Cerrada soils
of South America to effective cropland by correction of aluminum toxicity/
phosphorus deficiency; and conversion of the desert to intensive agriculture as
irrigation is also introduced.

Judicious fertilizer use will improve the quality of good arable soils over
time by the greater organic return from crop residues and resulting stimulated
micro-biological activity. Furthermore, the increased productivity of the
better arable lands achieved by fertilizers reduces the need for cropping of
lower-quality erosive areas, which are better left in permanent grass or forest
cover.

Organic systems of soil-fertility maintenance are invaluable for transform-
ing low-productivity lands to agricultural use and should be used to the extent
that is possible. Limitations are: inadequate quantity of organic wastes for
treating more than a fraction of all arable land; salts or toxic components in
some wastes; and inadequate water for legumes in dry farming regions.

The combination of reduced tillage and added fertilizer can extend the
potential area of cropped land in dry regions by the moisture conservation
and nutrients afforded when compared with traditional systems of land
management.

Excessive fertilizer use can result in nutrient pollution of the environment,
as with eutrophication of surface waters and nitrate contamination of
groundwater. Such transformations in associated waters are reversible in a
relatively short period with application of judicious fertilizer management
practices.

Soil acidification as induced especially by nitrogen fertilization can usually
be compensated at modest cost by liming, except in certain regions where no
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surface exposure of limestone bedrock exists. Where acidification is allowed
to proceed to the state that the subsoil as well becomes strongly acid, the
resulting acidity and aluminum toxicity problem in crop production is virtually
irreversible.

Non-judicious fertilizer use can result in soil nutrient imbalances that may
or may not be readily reversible. Examples are: copper toxicity from over-use
of copper fertilizers and Bordeaux mixture; iron deficiency in neutral to
alkaline soils induced by excessive phosphorus and zinc fertilizer application.

A system for soil and plant analysis needs to be established for prognostic
purposes in any given agricultural region in the interests of economy and of
resource and energy conservation, and ultimately the prevention of environ-
mental pollution by fertilizer.
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